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1. INTRODUCTION

Taking into account life extension of Nuclear Power Plants (NPPs) there is a need to investigate 
degradations mechanisms of existing structures defining their aging management program. The Alkali 
Aggregate Reaction (AAR) is observed in some concrete structures in Eastern Canada due to the presence 
of siliceous minerals in the aggregate used from the St. Lawrence River. At this time, there is neither 
regulatory requirement nor industrial standard which addresses the impact of this reaction on nuclear 
structures.  The chemistry of the reaction is relatively well understood; however, the potential mechanical 
consequences of the chemical reaction, in terms of ultimate resistance of structural elements and overall 
structural behaviour as a function of time, are not well known. There is a need to establish the relation 
between the chemistry of AAR, with its evolution in time, and structural mechanic.
The Canadian Nuclear Safety Commission put in place a holistic approach with three interconnected axis 
of research: material, structural and numerical simulation aspect. 
The present report is based on a SMIRT23 paper by Orbovic et al. (2015). With respect to the material 
aspect, (Guatam et al. (2015)), the goal is to perform testing program that determines the transient
chemistry and mechanical properties of concrete samples subjected to accelerated environmental 
conditions for confined and unconfined specimens.  
The structural aspect focuses on testing of squat shear walls, (Habibi et al. (2015), Lamarche et al. 
(2014)), as the most common structural elements in nuclear facilities. The structural tests related to the 
influence of AAR on the capacity of this type of structural elements are not reported in literature. The 
relation between chemical and mechanical properties shall be set up for concrete walls with the goal to 
define their ultimate capacity with the special accent on seismic ultimate capacity (alternated loading). 
Moreover, the relation between the mechanical properties of the concrete samples and the global structural 
behaviour is to be established. In the current codes and standards there are existing design relations 
between the concrete unconfined compressive strength and other concrete material properties (e.g. tensile 
strength, modulus of elasticity). Unconfined concrete strength is then used to define capacity of structural 
elements with an assumption that the capacity is proportional to the unconfined concrete strength (directly 
or to the square root). The destructive material and structural tests are set to assess whether the code 
relations are still valid in the case of concrete with AAR. If the existing relations are not valid, a 
possibility to establish new relations will be assessed. The design equations are based on unconfined 
concrete strength. In the case of the expending concrete due to AAR, special accent should be put on the 
effect of structural confinement due to overall structural effect (presence of surrounding structural 
elements) as well as to the effect of reinforcement and pre-stressing.
The walls are planned to be tested at three different levels of degradation using destructive and non-
destructive methods. As in nuclear facilities destructive methods are not possible in most cases, a set of 
non-destructive methods are used with the goal to measure material properties as well as to correlate the 
material properties  and the structural  (shear walls) behavior. Destructive and non-destructive tests will be 
performed in order to propose reliable non-destructive tests.
The third aspect addresses numerical simulation and the validation of implemented models using the tests 
results, (Jurcut et al. (2015)). Numerical models will be calibrated on material tests and validated on 
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structural tests for three different levels of degradations in order to establish reliable numerical tools
for the structural assessment as well as for the prediction of the behaviour of structures with AAR.
The damaged walls will be then retrofitted using carbon fibres and tested again using destructive and
non-destructive examinations to assess the effectiveness of the retrofit measure.
Based on all available test results, the acceptance criteria for structures affected with Alkali
Aggregate Reaction, are to be established.
The program is performed by the University of Toronto with the participation of the University
of Sherbrooke for non-destructive tests on shear walls.

2. MATERIAL TESTING

With respect to the material aspect, the goal is to execute developed testing program that determines 
the transient chemistry and mechanical properties (ultimate strength under compression and tension, 
elastic modulus and modulus of rupture) of concrete samples with AAR subjected to accelerated 
environmental conditions (50 °C and 95%-100% humidity). The specimens are kept under accelerated 
environmental conditions until exhaustion of the reaction. Both destructive and non-destructive test 
methods are being performed to evaluate the properties, as a function of time.

At material level, following tests are performed: 
- Concrete prism test to characterize the reaction,
- Concrete cylinder test,
- Dog bone specimen tests,
- Cube specimen test to characterize expansion and degradation in mechanical properties for

under different types of confinement.

The following tests measurements are performed with concrete prisms:
- Expansion (longitudinal and transversal),
- Dynamic modulus of elasticity,
- Damage Rating Index (DRI)
- Modulus of rupture test,
- Water absorption test,
- Resistivity

Two types of concrete prism tests are performed 1) the standard ASTM C1293 concrete prism test 
(CPT) and 2) an accelerated concrete prism test (ACPT) performed at 50 °C.  

The damage rating index (DRI) correlated well with expansion in both tests. The expansion 
occurred faster in the accelerated version and DRI for ACPT test was observed larger than that for CPT as 
higher temperature was found to cause larger number of cracks, (Panesar et al. (2014)). Destructive test 
performed with concrete prisms is modulus of rupture test. Non-destructive tests of concrete prisms 
performed are: ultrasonic pulse velocity (UPV) and transverse resonant frequency for dynamic modulus of 
elasticity, (Panesar et al. (2014)). 
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The results of Expansion test 
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Figure 1 Average longitudinal and transverse expansion of the concrete prisms (Panesar et al. 2014) 

The expansion measurements are plotted in Figure 1. The figure presents the plot of longitudinal 
and transverse expansion measurements for prisms made with reactive aggregate and non-reactive 
aggregate (control specimens). The expansion of control prisms remains below the 0.04% limit for the 
non-reactive aggregate as indicated by ASTM C1293 (2008) (Panesar et al. 2014).  

Effect of AAR on concrete properties

Table 1. Effect of AAR on concrete properties 

Age 
(days)

Expansion
, % 

Expansion class DRI Degradatio
n in MOR

Degradatio
n in Edyn by 
UPV

Degradatio
n in Edyn by 
resonant 
frequency

28 0.01% Negligible 123 0% 0% 0%
56 0.05% Marginal (onset of 

cracking)
209 42% 0% 4%

365 0.22% High 614 58% 8% 13%

Table 1 shows the degradation in concrete properties due to AAR for one year as tested for the program 
outlined in Gautam et al. (2015).   DRI and expansion are seen to increase with age. High level of 
expansion is observed in one year. MOR and the dynamic modulus of elasticity are seen to degrade with 
age owing to AAR degradation. The degradation is assumed as starting at the age of 28 days even though 
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the actual degradation might have initiated beforehand. MOR appears to suffer the most due to
AAR (Panesar et al. 2014).

Concrete cylinder tests are: unconfined compressive strength, split tensile strength, Poisson’s ratio and 
static modulus of elasticity test. The results of unconfined compressive strength and static modulus of 
elasticity tests are presented in Figure 2 and Table 2 using the same concrete as in shear wall tests (Habibi
et al. 2015). Dog bone specimen tests are performed in order to determine concrete tensile strength with 
direct tensile tests (Habibi et al. 2015). The results indicate that the regular concrete with tensile capacity 
of 4.76 MPa has 47% higher capacity than the AAR concrete with tensile strength of 3.24 MPa.

A series of cube specimens is tested in order to monitor cube expansion in three directions for free and 
restrained (uniaxial and bi-axial loading) specimens. The change in dynamic modulus of elasticity based 
on UPV is monitored as well. As part of destructive testing, the core drilling of the cube specimen was 
performed. The drilled cores are tested for compressive strength, modulus of elasticity and Poison’s ratio 
(Gautan et al. 2015). 

Based on the tests form the first phase of this project, the unconfined concrete strength was least affected 
among studied concrete properties. Among three concrete properties used in the design (unconfined 
compressive strength, splitting tensile strength and static modulus of elasticity) unconfined concrete 
strength is the only one which did not decrease after accelerated curing comparing to the initial value.

Figure 2. Unconfined concrete compressive strength for regular and AAR specimens (Habibi et al. 
(2015)) 
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Table 2. Summary of Elastic modulus of regular and AAR concrete over time (Habibi et al. 
(2015)) 

Age (days) Elastic 
Modulus of 
REG (MPa) 

Gain % Elastic 
Modulus 
AAR(MPa) 

Loss % 

0 0 N/A 0 N/A 
7 33400 N/A 40950 N/A 
28 35150 5.2 37700 7.9
240 47150 34.3 35750 5.2

3. STRUCTURAL TESTING

The structural aspect focuses on destructive and non-destructive testing of squat shear walls, as 
the most common structural elements in nuclear facilities. The wall design with barbells as boundary 
elements and strong horizontal beams, Figure 2, was chosen based on previously performed tests in 
Bouchon et al (2004) in order to obtain a known failure mechanism. The walls are designed using code 
equations for shear-friction in order to obtain the failure through the wall and to avoid the failure on the 
contact of the wall with the beam. Six walls are casted and, similar to the specimens for material testing,
they are subjected to accelerated ageing in an environmental chamber with 50 °C and 95%-100% 
humidity.    

Figure 2. Geometry and reinforcement of shear wall specimen
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The goal of this test campaign is to focus on the differences in the behaviour and capacity of a wall made 
of sound concrete and the wall with AAR. The walls (two walls in one testing campaign) are planned to be 
tested at three different levels of degradation using destructive and non-destructive methods.  

Destructive – Static Cyclic Loading Tests 

The goal of destructive examinations is to determine mechanical characteristics such as: ultimate 
resistance, ultimate displacement, ductility, residual strength of walls with AAR (compared to sound 
walls) as well as to correlate the level of damage in terms of crack spacing and crack width with the 
structural drift (Habibi et al. (2015)).  
A preliminary finite element analysis of the walls suggested that it would require about 900 kN to 1100 
kN lateral load to fail the specimens. This requires the use of two actuators with 1000-kN capacity. Figure 
3 shows the test setup for the shear wall specimen. Both actuators will be active simultaneously in 
applying the lateral load so that the loading pattern in both directions is similar. The wall will be anchored 
to the “strong floor” with the help of two high strength bolts. In addition, there will be support keys on 
both sides of the bottom beam to provide additional reaction. Axial load will be maintained throughout the 
test with the help of an 800-kN jack (Habibi et al. (2015). 

Figure 3. Test set-up for testing the shear wall specimens 

Regular shear wall was tested at age of 220 days and the AAR shear wall at the age of 260 days. 
Both specimens failed in shear after developing diagonal cracks. The maximum capacity of the regular 
shear wall was recorded as 1180 kN and the maximum capacity of the AAR shear wall was recorded as 
1354.5 kN.  Therefore, the AAR shear wall showed 14.8% higher capacity than regular shear wall (Habibi 
et al. (2015)). 

The next two tests are scheduled to be performed after 14 months and the last two specimens when 
the reaction is completely exhausted (approximately after 22 months of accelerated ageing). The damaged 
walls with exhausted reaction will be then retrofitted using carbon fibres and tested again using destructive 
and non-destructive examinations to assess the effectiveness of the retrofit measures (Habibi et al. (2015)). 

4. NON-DESTRUCTIVE ASSESSMENT

The main goal of non-destructive tests are: 1) to determine the extent of damages due to AAR
using linear and nonlinear acoustic techniques; 2) to determine the walls’ dynamic characteristics using 
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modal analysis (Eigen frequency, operational mode shapes and damping characteristics) (Lamarche et al. 
(2014)) and to correlated them with the results from the destructive material and structural tests (Guatam 
et al. (2015), Habibi et al. (2015)).  

1) Acoustic methods, linear and non-linear, which produce stress waves throughout a solid, are
used to monitor the integrity of concrete against damage mechanisms.

Linear acoustic methods used to monitor AAR damage are:
1.1)   Linear wave attenuation,  
1.2)   Impact echo and  
1.3)   Ultrasonic Pulse Velocity (UPV) 

Non-linear approaches appear to be more sensitive to AAR damage at early stage. Non-linear 
acoustic technique used in this project is called Ultrasonic Travel Time Shift method (Lamarche et al. 
(2014)). The technique uses high frequency ultrasonic waves to probe the medium, while a low-frequency 
high-amplitude wave generated by an impact (typically a hammer) is applied on the surface of the 
medium. The impact disturbs the medium locally, and temporarily modifies its elastic properties. The 
technique benefits from the strong nonlinear elastic behaviour of micro-cracked concrete when subjected 
to stress. This nonlinear behaviour is essentially associated with the opening and or closing of micro-
cracks in the concrete material. The results of acoustic methods are presented in details in Lamarche et al. 
(2014). 

2) For modal analysis two different methods are performed:
2.1)  Frequency response function method; 
2.2)  Basic frequency domain method. 

The frequency response function method deals with the analysis of the output acceleration and the 
input excitation force, which in this case is a hammer blow. This method is generally implemented in a 
laboratory environment because measuring the force input on a specimen is not always easy to do during 
on-site tests. The second method is an output only method that does not take the force measurement into 
account. This type of method is better suited for field testing.

The results in terms of resonant frequencies in longitudinal direction are presented in Table 2 for 
Frequency response function method. The frequency decrease of 8.1% for AAR wall was recorded. The 
same results are obtained using Basic frequency method.

Table 2 Resonant frequency shifts
Mode  NR     AAR Diff.

(Hz) (Hz)           (%)
1         584.6     516.9    -11.6 
2         734.3       680.9    -7.3 
3        1235.0    1135.8       -8.1 
4        1504.9    1413.3     -6.1 
5        1783.4    1665.1      -6.6 
6        1859.7    1734.7      -6.7 
7        2405.2    2155.3     -10.4 
8        2669.3   2526.3     -5.4 

In terms of damping ratios, the damping ratio for regular wall was 0.336% and for AAR wall was 
0.653%, or an increase of 94% (Lamarche et al. (2014)). 
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5. STRUCTURAL MODELING

The third aspect addresses numerical simulation and the validation of implemented models using 
the tests on squat walls (Habibi et al. (2015)) with material properties from material tests as indicated in 
Guatam et al. (2015). The simulation will be carried out using VecTor software developed at the 
University of Toronto. VecTor2 is a two-dimensional finite element program for the analysis of reinforced 
concrete membrane structures under static and dynamic loading. The Modified Compression Field Theory 
(MCFT) and the Disturbed Stress Field Model (DSFM), analytical models for reinforced concrete 
elements subjected to in-plane normal and shear stresses, form the basis for VecTor2. The program has 
been enhanced to take into consideration the effects of lateral expansion, triaxial stresses, cyclic loading, 
construction and loading chronology, and bond-slip (Jurcut et al. (2015)).  

To simulate the AAR effects on the structural behaviour of reinforced concrete elements, two 
mechanisms are considered in VecTor2: induced expansion, and accompanying changes in mechanical 
properties.  

The AAR-induced expansion is treated using methods developed previously for elastic and plastic
strain offsets (Jurcut et al. (2015)).  In this formulation the material prestrains are considered in the 
definition of the material stiffness matrix and element nodal forces. Strain offsets are taken into account in 
the analysis by defining pseudo-stresses reapplied to the element within an iterative algorithm. This 
procedure has been used to successfully model post-cracking Poisson’s effects, shrinkage, and thermal 
expansion. However, AAR effects are significantly different from the volume change mechanisms 
simulated so far with VecTor2. They are directional and time-dependent; long-term stress history 
influence the magnitude and orientation of AAR strains rather than the instantaneous stress condition, 
representing a substantially more complex situation. 

Changes in the mechanical properties of concrete (i.e., tensile strength, compressive strength, and 
modulus of elasticity) are evaluated as percentages of the respective properties of unaffected concrete at 
28 days as functions of the free expansion. The lower bounds to the residual properties were implemented
from (ISE (1992)). More recent studies have shown that a direct correlation between the level of 
expansion and the change in mechanical properties is insufficient due to the multiple factors involved in 
their evolution in time including environmental conditions and aggregate type. Once the material-level 
investigation (Guatam et al. (2015)) is finalized, more accurate reduction functions will be implemented in 
VecTor2 (Jurcut et al. (2015)).  

6. DISCUSSION AND CONCLUSION

In the first phase of the current program (220-240 days after pouring concrete) a set of tests material and
structural was performed in order to assess the differences between the regular concrete specimens and the 
specimens with AAR. At the material level, the unconfined concrete strength was least affected among 
studied concrete properties. Among three concrete properties used in the design (unconfined compressive 
strength, splitting tensile strength and static modulus of elasticity) unconfined concrete strength is the only 
one which did not decrease after accelerated curing comparing to the initial value. 

In structural tests on shear walls all three concrete material properties used in design were lower in the 
wall with AAR than in the wall with regular concrete. Modal analysis showed lower resonant frequencies
(-8.1%), consistent with the lower modulus of elasticity (-24%), and higher damping of the wall with 
AAR. However, the destructive structural tests showed higher capacity (+14.8%) of the shear wall with 
AAR than the regular one. Therefore, based on this test, the code relations between the material properties 
(e.g. unconfined compressive strength) and the structural capacity (e.g. shear capacity) are not valid for 
shear walls with boundary elements affected by AAR and with approximately 0.18% expansion.  One 
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explanation is that the AAR induced concrete expansion introduces confining stresses in the shear wall
due to the presence of boundary elements (massive beams and barbells) and the reinforcement. This 
explanation needs to be justified and the confinement quantified in the subsequent phases of this project
with two higher levels of reaction. Moreover, the level of confinement and its impact on the variation of 
wall shear capacity, as a function of AAR development, should be assessed. The AAR induced expansion 
introduces additional parameters which make the assessment of structural capacity more complex. 

In the current design codes and standards there are established relations between the concrete unconfined 
compressive strength and other concrete material properties (e.g. tensile strength, modulus of elasticity). 
Unconfined concrete strength is then used to define capacity of structural elements with an assumption 
that the capacity is proportional to the unconfined concrete strength. Based on the results of the first phase 
of this program, these relations are not valid for the structural elements with AAR due to the elements 
confinement induced by concrete expansion. 

For this reason it is necessary in the following phases of this program to 1) assess the level of confinement 
as a function of AAR and the possibility of establishing relations between concrete material properties and 
the capacity of shear walls as a function of this confinement and its evolution in time, 2) propose reliable 
non-destructive methods in order to assess the condition of the concrete structures with AAR, 3) establish 
acceptance criteria for ultimate shear capacity and 4) predict the future behavior and acceptable limits. 

The outcome will be used as a technical basis for the CNSC regulatory approach related to the existing 
nuclear facilities with AAR as well as the regulatory measures to put in place to avoid this concrete 
pathology in new builds. 

7. REFERENCES

Orbovic, N.,., et al. (2015) ‘Alkali Aggregate Reaction in Nuclear Concrete Structures: Part 1: A Holistic Approach’
submitted to SMiRT 23, Manchester, U.K.

Gautam, B., et al. (2015) ‘Alkali Aggregate Reaction in Nuclear Concrete Structures: Part 2: Concrete Materials
Aspects’ submitted to SMiRT 23, Manchester, U.K.

Habibi, F., et al. (2015) ‘Alkali Aggregate Reaction in Nuclear Concrete Structures:  Part 3: Structural Wall Element 
Aspects’ submitted to SMiRT 23, Manchester, U.K.

Jurcut, A., et al. (2015) ‘Alkali Aggregate Reaction in Nuclear Concrete Structures: Part 4: Modelling and Analysis’
submitted to SMiRT 23, Manchester, U.K.

Lamarche, C-Ph., et al. (2014) ‘Non-destructive evaluation of a concrete wall damaged by alkali-silica reaction’ 
Reprot 15-12-2014, University of Sherbrooke.

Bouchon, M. et al. (2004) Tests on Reinforced Concrete Low-Rise Shear Walls under Static Cyclic Loading, 13 
WCEE, Vancouver, Canada,

Panesar, D. K., Sheikh, S. A., and Vecchio, F. J. (2014). Investigation of consequences of concrete alkali 
aggregate reaction on existing nuclear structures: Progress Report #5 to CNSC. Toronto, Canada, 

Institution of Structural Engineers (ISE). (1992). “Structural Effects of Alkali-Silica Reaction”, SETO, London. 

NEA/CSNI/R(2016)13/ADD1



Alkali-Silica Reaction (ASR) Degradation of Nuclear Power Plant Concrete Structures 

      J. Philip, P.E. 
   Nuclear Regulatory Commission, Rockville MD, USA 

1. Introduction

The Nuclear Regulatory Commission (NRC) is responsible for monitoring the operations and regulating 
the license renewal process for nuclear power plants (NPP) operating in the United States.  In August 
2010, concrete cracking patterns, typical of alkali-silica reaction (ASR) degradation, were identified in 
some locations of the Seabrook Station in portions of the building below grade and below the ground 
water table. Petrographic examination of concrete cores extracted from the tunnel confirmed the 
presence of ASR.  Compressive strength testing of the concrete cores indicated a 47 percent reduction in 
average concrete modulus of elasticity and a 22 percent reduction in average compressive strength 
compared to test cylinders cast during construction. During construction of the Seabrook Station, low 
alkali Portland cement was used and aggregates routinely passed ASTM reactivity and expansion tests, 
ASTM C227 and ASTM C289, the standards in place at that time.  However, ASR induced degradation is 
still occurring.  The Seabrook licensee plans to submit a comprehensive plan for condition assessment, 
additional tests, long-term monitoring and condition management, structural appraisal under design loads 
of the ASR-affected structures and development of an adequate aging management program. This is the 
first NPP in the United States to confirm the presence of concrete degradation by ASR. 

NRC is conducting research at the National Institute of Standards and Technology (NIST) to assess the 
effects of ASR on the performance of nuclear concrete structures.  The main objective of this research is 
to develop a technical basis and regulatory guidance for NRC staff to evaluate ASR-affected concrete 
structures.  The research will assess the structural performance of ASR-affected concrete structures for 
design basis static and dynamic loading and load combinations through its service life, including the 
period of extended operation for the 20 year license renewal period. 

The overall research outcome is a methodology to determine, for an existing ASR- affected structure; 

1. Current structural capacity to resist static and dynamic loads, and

2. An estimate of future structural capacity to resist static and dynamic loads.

In the research program a testing procedure will be developed that will yield data on material and 
mechanical properties of concrete for performing a structural evaluation of ASR-affected structures.  A 
methodology will also be developed for estimating the extent of the reaction over time, whereby a 
relationship can be established between the extent of the expansion due to ASR and the changes in 
mechanical properties of concrete structures. 

2. NIST Research, “Structural Performance of NPP Concrete Structures Affected by Alkali-
Silica Reaction” (ASR).

The objective of this research study is to develop a technical basis and regulatory guidance for NRC staff 
to evaluate Alkali Silica Reaction (ASR)-affected concrete structures. The research will assess the 
structural performance of ASR-affected concrete structures for design basis static and dynamic loading 
and load combination through its service life, including the period of extended operation for the 20 year 
license renewal period. 

2.1 Laboratory Structural Testing and Structural Modeling for ASR Degradation 

Task 1:  Assessing In-Situ Mechanical Properties of ASR-Affected Concrete 
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Background: 

The objective of this task is to establish the relationship between expansion due to ASR and (1) concrete 
mechanical properties and (2) surface cracking of concrete, and to evaluate the effectiveness of stirrups 
(i.e., hoop reinforcement) in confining expansion of concrete due to ASR. The research study will help 
develop a technical basis and regulatory guidance for NRC staff to evaluate Alkali Silica Reaction (ASR)-
affected concrete structures. 

The main mechanical properties of concrete that need to be determined for the assessment of the 
structural adequacy are: 

a) Compressive strength
b) Tensile strength
c) Anchorage capacity of embedded reinforcement
d) Modulus of elasticity

For non-ASR-affected structural members, if the compressive strength of concrete ( ) is known, other 
properties can be determined using experimentally established relationships from non-expansive 
concrete. For design of concrete members, the ACI 318 Building Code (ACI 318-11) defines the splitting 
tensile strength ( ), the modulus of rupture ( ) and the modulus of elasticity ( ) in terms of the 
measured compressive strength ( ): 

            (psi) (1) 

             (psi) (2) 

      (psi) (3) 

where  is the density (unit weight) of the concrete in units of lb/ft3.  The numerical coefficients (6.7, 7.5
and 33) in these equations are derived from the test results of concrete not affected by ASR. Because the 
degree of reduction due to ASR on the tensile strength and the modulus of elasticity is not the same as 
the degree of reduction on the compressive strength, the above ACI 318 equations are not applicable to 
ASR-affected concrete. At present, no accepted equations such as (1), (2) and (3) for the mechanical 
properties of ASR-affected concrete are available to estimate its tensile strength, modulus of rupture, or 
modulus of elasticity.   

The assessment of the capacity of ASR-affected concrete structures requires the determination of the 
following factors: 

a) Induced stresses in concrete and reinforcement due to ASR expansion
b) Mechanical properties of ASR-affected concrete under such induced stresses

Once these factors are determined, structural capacity analysis can be performed using the total stress 
condition and the modified mechanical properties of concrete. The expansion of concrete due to ASR is 
restrained by adjacent unexpanded concrete, reinforcement, and stresses due to loads on the structure. 
These restraining factors should be considered in assessing the stress condition in concrete and 
reinforcing steel. At present, no standard procedure is available to determine the expansion of concrete 
due to ASR. There are no recommended guidelines for relationships among the mechanical properties of 
ASR-affected concrete. 

ASR reactivity is not uniform throughout the cross section of a concrete member.  Thus, the concrete 
strength determined from cores can vary across the cross section.  In order to determine the mechanical 
properties of the weakest parts of the structure, it would be desirable to detect, using a non-intrusive 
method (such as nondestructive test methods), the locations where ASR is most active. At present, no 
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standardized nondestructive testing methodologies are available to map ASR activity in structural 
members.  

ACI standards related to design and construction of nuclear power plants, ACI 349 (Code Requirements 
for Nuclear Safety-Related Concrete Structures and Commentary), and ACI 359 (Code for Concrete 
Containments) are for sound concrete. These standards assume that the materials are selected so that 
ASR is prevented. Similarly, ACI 318 (Building Code Requirements for Structural Concrete and 
Commentary), to which both ACI 349 and ACI 359 refer, is for sound concrete. Thus, ACI 318, ACI 349 
and ACI 359 do not include any provisions for assessing the strength of ASR-affected concrete members. 

There are several ACI documents (committee reports) that are relevant to ASR. These are: 

a. ACI 349.3R (Evaluation of Existing Nuclear Safety-Related Concrete Structures)
This document provides information on inspection of concrete nuclear structures subjected to
age-related degradation including chemical attacks, thermal exposure, cement aggregate
reactions (ASR) and others. It also suggests test methods that could be used to evaluate
potential for ASR.

b. ACI 224R (Control of Cracking in Concrete Structures)
This document provides information on the principal causes of cracking and recommends
crack-control procedures.

c. ACI 221.1R (Report on Alkali-Aggregate Reactivity)
This document summarizes currently available information on alkali-aggregate reactivity
including alkali-silica reactivity (ASR) and alkali-carbonate reactivity (ACR).  It provides
information on design of concrete mixture (materials) and test methods to evaluate potential for
ASR. The document also provides limited information on repair methods for cracks.

Specifics of Task 1: 

In Task 1, three large concrete block specimens (approximately 3.5 ft wide x 6 ft high x 16 ft long) made 
with three different reactive aggregates will be cast. These blocks will have tri-axial strain gauges 
embedded at selected locations to measure internal expansion of concrete due to ASR and overall 
expansion of the blocks using an optical instrument system.  Also three compression specimens to study 
the effects of ASR affected concrete walls and beams on the compression behavior of columns will be 
cast.  Periodically over the period of three years, cores will be extracted from the block specimens to 
perform compressive and tensile tests under tri-axial condition consistent with the restraint indicated by 
the imbedded strain gages. The restraint condition will be achieved by testing the core specimen in a 
pressure-controlled test chamber. This will help determine the tensile and compressive strength of 
concrete at various levels of expansion.  Cores will be taken in two orthogonal directions relative to the 
direction of concrete placement to evaluate the core orientation with respect to the axis of loading in 
determining the mechanical properties.  

The modulus of elasticity will be determined from both compression and tension tests.  Advanced 
computational modeling of the concrete blocks will be conducted to correlate the state of strain at the 
center of the block with surface cracking at various levels of reaction/expansion.  The modeling results 
will be validated using measurements and observations from the test blocks.  Testing  and analysis will 
provide protocols for (1) estimating the extent of ASR, (2) estimating the resulting volume expansion and 
corresponding internal pressure development, (3) performing expansion analysis of the concrete 
specimen, and (4) estimating the mechanical properties of ASR-affected concrete structural members. 
Selected hoop stirrups in the concrete blocks will be instrumented with strain gages to measure the forces 
induced by ASR expansion on the stirrups. Change in surface dimensions will be measured periodically 
along the length of the specimen using an optical measurement instrument. The effect of the confinement 
due to ASR expansion will be evaluated and compared with numerical model predictions.  Surface crack 
formation due to ASR will be measured by means of an optical measurement system. The measurements 
of surface cracking will be related to internal expansion due to ASR.   All test specimens will be cast and 
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kept in a large environmental chamber (approximately 32 ft wide x 48 ft long x 36 ft high). The chamber is 
being modified to accommodate the test specimens to maintain proper temperature and humidity over a 
period of 4-year.  Cores will be removed from the block specimens, and compressive and tensile tests 
under confinement pressure will be performed to determine the mechanical properties of the concrete 
(compressive strength, tensile strength and modulus of elasticity) throughout the test duration. 
Computational modeling will be performed to validate the computational expansion analysis of the 
reinforced concrete block specimens. The model will correlate the state of strain at the center of the block 
with surface cracking.  Electric resistance gages will be used to measure stain in the reinforcing bars 
including longitudinal bars, stirrups and ties. Tri-axial strain gauges will be embedded in concrete block 
specimens at selected locations to measure internal expansion of concrete due to ASR.  Thermocouples 
will be imbedded in concrete block specimens to measure the internal temperature of the specimens 
during the course of test. Surface expansion of the test specimens will be measured by means of 
demountable mechanical (DEMAC) gauges and laser-tracking system. The outcome expected from Task 
1 will be a methodology for determining the effect of ASR degradation on the mechanical properties of in-
situ concrete in structural members and the effects of hoop reinforcement in confining expansion of 
concrete due to ASR. 

Progress to date on Task 1. 

A detailed plan for Task 1 has been including final design of the test specimens. Task 1 will utilize three 
large concrete block specimens (3 ft 6 in wide, 6 ft high and 16 ft long) and three compression specimens 
(2 ft x 2 ft x 4 ft high), all made with three different reactive aggregates. Each block specimen is 
comprised of 3 regions (Region 1, Region 2, and Region 3).  Each region will be fabricated with different 
amount of hoop stirrups and ties, where Regions 1 and 3 signify, respectively, moderate and heavy 
confinement, while Region 2 represents minimal or no confinement. 

Finite Element Model for Block Specimens 

To estimate the degree of confinement provided by the longitudinal bars and stirrups, a preliminary 
numerical finite element study was carried out for the block specimens with several reinforcement 
schemes. A variety of reinforcement combinations were considered in the study.  The results helped in 
selecting the reinforcement configuration that will be used for the test specimens as shown in Figure 1. 
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Figure 1.  Dimensions and Reinforcement Details of Block Specimens 

Concrete was modeled using solid elements, and reinforcing bars represented by beam elements. Perfect 
bond between concrete and reinforcing bars was assumed in the study. Expansion due to ASR was 
simulated as thermal expansion. An elastic-plastic material with thermal effects was adopted for concrete 
material. Thermal parameters were calibrated to give a maximum concrete free expansion of 0.25%. 
Elastic modulus was assumed to have a linear degradation from E0 at zero expansion to 0.5E0 at 0.25% 
expansion, where E0 is the elastic modulus of concrete corresponding to the 28-day strength, f’c.  The 
concrete strength was assumed to degrade linearly from f’c at zero expansion to 0.7f’c at 0.25% 
expansion, based on published results from the literature. The reinforcing steel is assumed to be elastic 
material in this study and not affected by thermal expansion. Figure 2 shows the finite element model for 
the block specimen, with the reinforcement elements shown separately. 
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Figure 2.  Finite element model for block specimen 

Results of the finite element study corresponding to the selected reinforcement for the test specimen are 
presented at the ultimate expansion of 0.25% for the highlighted sections (Figure 2) at the center stirrups 
for the moderately confined region and the heavily confined region. Surface strains (ε) and core concrete 
strains (ε*) for both confined regions are listed in Table 1.  

Significant reduction of core expansion is evident as indicated by the core concrete strains. The reduction 
in surface expansion in the short-edge direction is larger than that in the long-edge direction. This trend 
also exists for the core concrete expansion. In general, no significant difference between surface strains 
is observed due to different confinement levels for the two confined regions. There is also no significant 
reduction of surface expansion due to confinement compared to the non-confined region. 

Figure 2.  Concrete expansion 
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Table 1.  Surface and Core Concrete Strains 

Short edge Long edge 

Moderate Heavy Moderate Heavy 

Surface Strain 0.217% 0.216% 0.234% 0.226% 

Core Strain 0.125% 0.102% 0.161% 0.161% 

Task 2:  Assessing In-Situ Mechanical Properties of ASR-Affected Concrete 

The objective of this task is to develop a methodology for assessing the effects of ASR on bond strength 
between concrete and steel reinforcement including (1) lap splices in flexural members, and (2) axially 
loaded reinforcing bars.  The methodology will address the degree of loss of anchorage and flexural 
capacities. 

The following sets of tests will be performed to assess the deterioration of bond strength in ASR affected 
concrete structures. Degradation of bond strength will affect the required length of lap splices of tension 
reinforcement in beams and the required length of embedment of axially loaded reinforcing bars in 
concrete.   

Task 2a: Effect of ASR on lap splices of flexural reinforcement 

Cast 16 rectangular (approximately 14 in wide x 24 in high x 10 ft long) ASR-reactive reinforced
concrete beam specimens using one of the three mix designs used for the large block specimens
in Task 1. Two additional beam specimens will be cast using non-reactive material as control
specimens. All beam specimens will be designed in accordance with the 2011 ACI 318 Building
Code. Two different sizes of reinforcing bars will be used. Lap splices will be placed in the
constant moment region of four-point loading test setup with and without transverse
reinforcement. Spliced reinforcing bars will be instrumented with strain gauges to detect the loss
of bond strength. The beams will be cast and kept in the environmental chamber to maintain
proper temperature and humidity.

Perform static four-point loading tests periodically over a period of two years.  Results of the tests
including load, strain, and deflection measurements will help determine the degradation in bond
strength as the ASR reaction takes place.

Task 2b: Effect of ASR on embedment length of reinforcement 

Cast 16 rectangular (approximately 18 in wide x 18 in wide x 30 in high) ASR-reactive block
specimens using one of the three mix design used for the large block specimens. A single
reinforcing bar will be embedded in the block. Two different sizes of reinforcing bars will be used.
Two additional specimens will be cast using non-reactive material as control specimens.  The
embedment length will be determined by the 2011 ACI 318 Building Code. The specimens will be
cast and kept in the environmental chamber to maintain proper temperature and humidity.

Perform simple pullout tests periodically over a period of two years.  The results of the test will
include loss of pullout strength as the specimens experience expansion due to ASR effects.

Progress to date on Task 2 

Work on this task is scheduled to begin in June 2015 

Task 3:  Seismic response Characteristics of ASR Affected concrete Structural Members 
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The objective of this task is to develop a methodology for assessing the degradation of seismic resistance 
of structural members and systems due to ASR.  A methodology for assessing the loss of stiffness and of 
energy absorption capacity of structural members and assemblies will be developed 
 
To avoid sustaining serious damage due to seismic excitation, structures are designed such that the 
lateral displacement of vertical members (such as columns and walls) and the end rotation of horizontal 
members (such as beams and girders) should not exceed the specified allowable values.  If the stiffness 
and energy-absorbing capacity are reduced due to ASR, the response of structural members to 
earthquake excitation may exceed the design limits, thereby making the structure susceptible to serious 
damage or collapse during the design level earthquake. At the present time, seismic analysis procedures 
for nuclear power plant structures subjected to ASR degradation are not available in the open literature.  
It is proposed that cyclic loading tests of ¾-scale normal (one) and ASR-affected (three) concrete shear 
walls will be carried out to assess the effects of ASR on strength and stiffness.  Such tests will yield 
information on the effects of ASR degradation on the energy absorption properties of concrete shear 
walls. The cyclic loading protocol for these tests and the reinforcing ratio and details for shear walls will 
be developed in collaboration with NRC to ensure applicability to NPPs.  The following subtasks will be 
performed: 
 
Research under this task will consist of: 

 Designing and casting four rectangular ¾ scale shear wall specimens; one with non-reactive 
material as control specimen and three with ASR-reactive material using one of the three mix 
designs used for the large block specimens in Task 1.  The shear walls will be cast and kept in 
the environmental chamber to maintain proper temperature and humidity. 

 Periodically performing loading tests of the specimens which will include vertical (gravity) loads 
along with cyclic displacement of the shear wall specimens over a period of two years.  Results of 
the tests will include mainly the hysteresis loops of the walls in addition to strains on reinforcing 
bars and concrete, along with damage patterns.  Results will help to determine the effects of ASR 
on the energy dissipation capacity of shear walls. 

 
Progress to date on Task 3 

Work on this task is scheduled to begin in 2016 

 
2.2 Laboratory ASR Concrete Material Testing and Materials Modeling 

TASK 4:  Estimating the Degree of Reaction in ASR Affected Concrete and the Corresponding 
Expansion

                     The objective of this task is to develop a methodology for estimating the degree of internal expansion due 
to ASR. 
 
For the first phase of Task 4 the materials team are presently working with the structural engineers to 
identify suitable mixture types for the reinforced structural elements. The primary performance criterion for 
the structural testing is the minimum 28-day compressive strength of 30-35 MPa.  The secondary 
performance criterion for the reinforced beams is the flow, or workability, properties. Due to the sensitive 
nature of the sensors and strain gauges, the concrete mixture would have to be placed with an absolute 
minimum of vibration.  There are two types of possible aggregates: natural aggregates and industrial 
glass (fused silica). In addition, the rate and degree of the reaction depends, in part, on the reactive 
aggregate gradation.  Test mixtures are being made using graded fused silica as aggregate.  Given the 
size of the reinforced concrete beams, and the constraints of federal procurement, materials for the OPC 
mixture were sought from regional sources. A local Portland cement with elevated equivalent alkali 
content (0.87 %) was identified and procured. Locally available aggregates have been identified 
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In future phases of Task 4, materials testing will involve using the most promising quantitative method to 
identify and quantify the reactive phases and the amount of reaction product.  No standardized test 
method exists, so a new test method may be developed.  Initially, the method will be used to quantify 
easily identifiable reactive phases.  In the third phase, the method will be validated on mortar samples 
made with natural fine aggregates that are more difficult to quantify.  In the forth phase, the procedure will 
be expanded to account for the sampling challenge of quantifying the amount of reaction product in 
concrete.  

The degree of the reaction will be determined by comparing the volume of reactive phases to the volume 
of reaction product.  By analyzing samples throughout the degradation process, one can estimate a 
“conversion factor” between volume of reaction product and equivalent volume of initial reactive phases.  
Companion expansion samples will be used to validate the assertion that the degree of reaction is a 
useful estimator for the “degree of expansion”. 

The most promising phase identification and quantification method are based on hyper-spectral analysis 
of scanning electron microscope (SEM) images.  The SEM can be used to identify textural features in 
backscattered electron imaging (BEI) mode, and can be coupled with an X-ray detector to perform a 
microprobe analysis of the chemical composition at each pixel of the image.  The microscopist analyzes 
the image and chemical data to identify training sets of pixels that represent the best examples of a 
particular phase.  In hyper-spectral analysis, the entire X-ray energy spectrum at each pixel is used to 
classify all the pixels in the image.   

Progress to date on Task 4 

Work on this task currently is focused on developing the mix designs for the beam specimens identified in 
Task 1 above. 

TASK 5: Estimating the Ultimate Degree of Reaction for use on Existing Concrete Structures 

The objective of this task is to develop test methods for determining the ultimate degree of reaction for 
use on existing concrete structures.   

Although the relationship between degree of reaction and expansion should be monotonic, the specific 
relationship will probably be unique for each concrete mixture.  Therefore, an estimate for the degree of 
reaction by itself cannot be used to estimate the ultimate extent of expansion.  On could, however, 
estimate the ultimate extent of reaction experimentally.  Moreover, knowledge of how fast the reaction will 
occur could be estimated from a few critical parameters.  Therefore, with knowledge of the ultimate 
degree of reaction and an estimate for how fast the reaction will progress could get an estimate for how 
long before a critical degree of expansion is reached. 

The Task is developed in three phases.  In the first phase, a first-order model is developed for the primary 
factors influencing the rate of the reaction, including the degree of reaction.  In the second phase, a test is 
developed for estimating the ultimate degree of reaction.  The outcomes of the first and second phase will 
be developed using mortar bars.  In the third phase, the first-order model and the test for the ultimate 
expansion will be validated using concrete specimens. 

A simplified, first-order model approach is used to predict the magnitude of future expansion in ASR 
affected concrete.  For each identify parameter (temperature, alkalinity, reactive phase volume fraction, 
etc.), identify a simple expression (power law, exponential, etc.) with a minimum of parameters, with the 
overall model being the product of each expression.  The resulting model will not be precise, but it should 
be able to help guide engineering judgment as to whether a critical loss in capacity is imminent or well 
into the future.  As such, it could help to inform decisions whether to modify future inspection schedules. 

Moreover, expansion data from standardized tests indicates that the expansion curve for a specimen has 
the appearance of a sigmoidal curve.  Given that the primary factors (temperature, alkalinity, volume 
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fraction of reactive phase, etc.) are constant, the rate of the expansion is also a function of the degree of 
the reaction.  Therefore, the success of this Task depends upon the success of Task 4 in developing a 
method to determine the ASR degree of reaction. 

Progress to date on Task 5 

Work on this task will commence in 2016. 

TASK 6: ASR Effects on Transport of Ions through Concrete and it’s Potential for 
Causing Other Degradation Mechanisms in Concrete 

The objective of this task is to develop a methodology for assessing the expected service life of ASR 
affected concrete. 

ASR will affect the remaining service life of concrete.  The primary cause of this effect is the cracking that 
results from the expansion.  The cracks act as “superhighways” for transporting water liquid/vapor (which 
can accelerate the ASR) and dissolved ionic species that can initiate other degradation reactions like 
corrosion of the steel reinforcement.  Conversely, if the concrete is restrained (by steel reinforcement) and 
there is an absence of cracking, one would not expect any significant change in the transport or the 
service life.  Therefore, quantifying the effects of ASR on the remaining service life of the concrete 
requires a means of quantifying the effects of the cracks on transport.  Moreover, a relative change in the 
transport coefficient translates into a corresponding relative change in the remaining service life; doubling 
the transport coefficient will roughly halve the remaining service life. 

Progress to date on Task 6 

Work on this task will commence in 2016. 

2.3 In-Situ Condition Assessment (Non-Destructive Testing (NDE) Testing). 

Currently no research is planned nor in progress for NDE testing of ASR affect Structures.  Some 
organizations within the United States have expressed interest in conducting NDE testing of their specific 
approaches on the well characterized beams mentioned in Task 1. 

2.4   Structural Acceptance Criteria. 

Currently there are no plans to develop structural acceptance criteria for ASR affected concrete 
structures.  Based on the outcomes from the research program described above, NRC may develop 
guidance documents for licensing reviews of ASR affected concrete structures and update the generic 
aging lessons learned (GALL) documentation. 

2.5   Structural Repair. 

There is no ongoing or planned research in this area as of the current time. 
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1 Introduction
More detailed information about ORNL research on the effects of irradiation on concrete can be
found in ORNL reports and the publicly accessible literature8;21;19;18;22;20;33;34;32;36;37;35. Some
excerpts are directly quoted in this extended summary.
As noted in8: “Concrete is the most common and predominant material used in construction

of commercial light water reactors (LWRs). Concrete-based LWR structures provide functions
including foundation, support, shielding, and containment27. Many of these structures are large
and irreplaceable sections; therefore, the longevity of a specific plant could reside on the durability of
these concrete structures. The microstructure and hence properties of concrete change overtime due
to slow hydration, crystallization of amorphous constituents, and reactions between cement paste
and aggregates as well as influences from the local environment such as humidity, temperature,
radiation exposure, and/or chemical attack. As a concrete-based structure ages the deleterious
effects due to the local environment are predicted to increase27.
The influence of many environmental factors on large civil structures, similar to those in LWRs,

such as chronic high-temperature exposure, freeze-thaw, and chemical attack has been studied in
detail (e.g.,28;26;24;40). However, a LWR-specific environmental factor, the effect of radiation on
the microstructure and properties of concrete-based structures, requires further investigation14.
The extension of the operating lifetimes of commercial LWRs has reignited the study of radiation
effects on concrete. Of particular interest are the expected radiation exposure (fluence or dose)
on concrete structures in typical LWR configurations and the resulting changes in mechanical and
physical properties, and the mechanisms for such changes.”

∗lepapeym@ornl.gov
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2 Degradation and Laboratory Material Testing
Conducting irradiation experiment on concrete, aggregate and cementitious materials requires an
access to a test reactor, hot-cell laboratory, and radiological-control laboratories for Post-irradiation
evaluation (PIE), making these test, far more onerous than for unirradiated materials. Hence,
severals attempts were conducted, over the past 60 years, to assemble literature data2;16;9;11. More
recently, the database assembled by Field et al. 8 is, by far, the most extensive ever produced:
The 307 compression strength data, 62 tensile strength data, 138 elastic modulus data and 114
linear expansion data collected in the open literature sheds a new light on the effects of neutron
irradiation on concrete: “(1) Concrete irradiated with neutrons exhibited a marked decrease in
compressive strength at fluence levels above 1.0 × 1019 n.cm−2 with lower bounds at 50% of the
reference concrete strength. (2) Neutron irradiation of concrete has a greater impact on the tensile
strength compared to the compressive strength. Loss of tensile strength occurs at fluence levels
similar to those for compressive strength, but a 75% loss of tensile strength can occur compared
to a 50% loss of compressive strength. As a result, the usual relationships (code or empirical
formulae) used to derive the tensile strength in absence of measured compressive strength may not
be applicable. (3) The elastic modulus shows a gradual decrease under neutron irradiation with
significant decreases observed above 1.0 × 1019 n.cm−2, although data reported in this range were
also conducted at high temperature, and the combined effect of neutrons and elevated temperature
must be considered. (4) The decrease in mechanical properties is attributed to many factors, but
indications show that the radiation-induced volumetric expansion (RIVE) is a first-order mechanism
for loss of mechanical properties under neutron irradiation. Radiation tolerance is expected to be
dependent on the aggregate type and a partitioning scheme for evaluating the data was presented.
Data suggest siliceous aggregates present the highest risk for deleterious effects of both irradiation
and elevated temperatures on concrete due to its susceptibility for low fluence amorphization and
corresponding swelling and high thermal expansion coefficients. (5) The estimated fast neutron
fluences (E > 0.1 MeV) in the biological shield during long-term operation (> 40 years) will reach
the levels where the effect of RIVE and loss of mechanical properties are expected and cannot be
ignored as a potential degradation. ” A probabilistic interpretation of the collected data can be
found in18.
As noted in20: “RIVE of silica-bearing aggregate has been confirmed as a potentially important

degradation mechanism39;22;8 for concrete under neutron irradiation: RIVE can develop important
dimensional change, comparable or higher, to those observed for alkali-silica reaction (ASR)-affected
concrete. Neutron exposure, at high fluence, causes amorphization1;5 (disordering of the atomic
structure) and volumetric change41;31;43;39 (change of density) of crystallin structures of aggregate.
Neutrons at energies higher than 0.1 MeV produce about 95% of the calculated damage (dpa) in
simple crystallin systems such as silica and calcite32. Amorphization results in a change of loss
of elastic properties10;39. Volumetric change is prominent for quartz, but is not so marked for
calcite15;23 even at fluence reaching 1.0× 1020 n.cm−2 (E > 0.1 MeV). Fast neutrons produce ion-
vacancy-induced damage in calcite ionic-bonded structure. Damage can be absorbed by the lattice
because of the mobility of the defects42. On the opposite, covalent bonds (like in quartz) are more
susceptible to neutron-induced damage3. Other silicates, like zirconium and micas (muscovite, bi-
otite), exhibit important density/volume change39;3;4 under neutron irradiation above 1.0 × 1019

n.cm−2. The integrity of irradiated granite at high fluence is questioned39. Seeberger and Hilsdorf39

classified the minerals and rocks in three categories: (I) “Serious irradiation damage up to destruc-
tion” : mica (e.g. in granite); (II) “Slight irradiation damage” : quartz, olivine, baryte, serpentine;
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(III) “No irradiation damage” : calcite, dolomite, feldspar, pyroxene, hornblende, magnetite. ”

3 Material Modeling
3.1 Unified Parameter for Characterization of Radiation Intended for Evaluation of

Radiation-Induced Degradation of Concrete
As noted in20: “The principal objective of this modeling, developed at ORNL by Remec32, is to
quantify the contribution of neutrons at different energies to the damage of simple crystallin systems
(silicon, silica and quartz). The damage is quantified in terms of displacement per atom (dpa).
While dpa is “the preferred irradiation parameter for characterization of radiation effects on metals”,
this research is, to the best of our knowledge, the first study on minerals constitutive of concrete
aggregate. It was found that the ≈ 95% of the total dpas are caused by neutron at energies above
0.1 MeV, while only 20%–25% for 2-loop pressurized water reactors (PWRs), and less than 20% for
a 3-loop PWR, of damage is due to neutrons with E > 1.0 MeV. These calculations were obtained
assuming the energy spectrum of a 2-loop PWR. This result sheds a new light on the definition of
the relevant neutron fields to be considered for the structural assessment of PWR concrete biological
shield (CBS)34. This work also provides a fundamental research contribution to the development
of damage at the atomistic scale.”

3.2 Modeling Irradiation Effects on Concrete at the Meso-Scale
The modeling of irradiated concrete, at the meso-scale level, i.e., assuming concrete as a two-phase
materials, was the subjected of recent research38;22. Modeling at the meso-scale is a necessity to
understand the effects and interaction of the multiple phenomenons occurring under irradiation,
and hence, interpret comprehensively literature data derived from experiments conducted at varied
exposure (temperature, in particular) on varied mixtures. ORNL developed a preliminary model22

based on the homogenization theory of random media (micromechanics). The conclusions of that
work are reported here: “ A comparison with limited published experimental data highlights the
importance of separating the irradiation effects in the aggregate and in the cement paste and
understanding their interaction. The predominant role of the aggregate on damage and swelling
is confirmed and quantified. Pre-existing damage in the cement paste is clearly aggravated by the
aggregate expansion though the reduction of the elastic properties of the aggregate tends to reduce
the expansion transfer to the paste.
Of the extensive literature review conducted and presented in our companion paper, only the

data published by Kelly et al. 17 and Elleuch et al. 7 contains systematic information with pre-
and post-irradiation characterization of the cement paste, the aggregate and concrete made of the
previous two constituents. The mechanistic understanding of irradiation effects in concrete needs
further experimental investigation in that spirit.
The broad classification of aggregate (i.e., limestone, silicate and miscellaneous/trap) used in our

companion paper8 provided a qualitative partitioning that led to the identification of the radiation-
induced volumetric expansion, resulting primarily from silicate-based mineral amorphization. For
quantitive analysis, this general classification might be inappropriate because different mineral
compositions can affect an aggregate’s susceptibility to neutron radiation damage.
The inherent limitations of the proposed modeling, which is based on the theory of homoge-

nization of random media, must be overcome. In particular, the behavior of concrete during an
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irradiation test results from the combined effects of several mechanisms, including neutron damage,
gamma radiolysis, and moisture transport coupled with thermal effects. The incremental nature of
these mechanisms is not modeled by the linear approach adopted here: These mechanisms need to be
included in the modeling because different mechanism kinetics may result in different macroscopic
behavior.”
In particular, ORNL is currently developing an advanced meso-scale modeling of irradiated con-

crete using the AMIE code6;12. The primary objective of this work is to overcome the limitations
of the homogenization analytical model22 in order to improve the interpretation of the significance
of test reactor experiments in regards to actual operating conditions in LWRs. Results are expected
to by published in13.

4 Laboratory Structural Components Testing – Destructive Testing
To the best of our knowledge, there has never been any attempt to conduct irradiation experiments
on concrete structural components under accelerated conditions, simply because the size of the
irradiation chambers or tubes in test reactors is at least one-orded of magnitude too small. Only
the actual biological shields of LWRs or irradiation testing facilities can pretend to be the struc-
tural components submitted to irradiation. The possibility of harvesting cores in decommissioned
facilities is discussed in section 6.

5 Structural Modeling
The structural assessment of the CBS requires the determination the irradiation, temperature, and
moisture content fields at different ages. Coupled neutron and gamma transport calculations for
one, three-loop and one, two-loop pressurized water reactor (PWR) were conducted recently at
ORNL33;34. The transport calculations were performed using the DORT computer code from the
DOORS3.2a code system, which includes one-, two- and three-dimensional (1-D, 2-D, and 3-D)
discrete-ordinates neutron and photon transport codes29. Neutron fluxes for all energies, except
the thermal neutron flux, exhibit a monotonic decrease through the reactor pressure vessel (RPV),
cavity, and inside the CBS. The rate of attenuation, however, varies depending on the material.
Modeling the structural significance of irradiation on CBSs or reactor pressure vessel support

structures (RPVSSs) has been the subject of limited research30;25;38. None of these previous works
have accounted for the effects of RIVE, although the linear expansion of irradiated concrete, mea-
sured in test reactors, can exceed 1%. ORNL recent research18 shed a new light on the potential
long-term effects of irradiation on unreinforced CBS assuming a 1D-cylindrical model. Because of
RIVE steep gradient resulting form neutron fluence attenuation in concrete, important mechanical
stresses are developed from the inner surface of the CBS, and propagates inward with concrete
damage. More specifically18: “The overstressed concrete ratio (OCR) of the CBS, i.e., the pro-
portion of the wall thickness being subject to stresses beyond the resistance of concrete, is derived
by deterministic and probabilistic analysis assuming that irradiated concrete behaves as an elastic
materials. In the bi-axial compressive zone near the reactor cavity, the OCR is limited to 5.7%,
i.e., 8.6 cm (31/2 in.), whereas, in the tension zone, the OCR extends to 72%, i.e., 1.08 m (421/2
in.). These results, valid for a maximum neutron fluence on the concrete surface of 3.1 × 10+19

n.cm−2 (E > 0.1 MeV) and, obtained after 80 years of operation, give an indication of the potential
detrimental effects of prolonged irradiation of concrete in nuclear power plants.”

4
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6 Nondestructive Testing and In-Situ Condition Assessment
As noted in20: “No condition assessment is currently being performed on the CBS in service. The
only operation-related information is provided by the RPV surveillance program available publicly
in Agencywide Documents Access and Management System (ADAMS) database. Accessibility to
the reactor cavity is extremely limited: The gap between the RPV and the CBS is about 15 cm (6
in.) wide over a height of nearly 5 m (16 ft.) for a typical Westinghouse design. The estimated flux
in the cavity (i.e., almost equivalent to the neutron fluxes at the outer boundary (1T) of the RPV)
are of the order of 1.0 × 10+10 n.cm−2 s−1 requiring the use of automated in-service inspection
device. The current size of most nondestructive devices and automated carrying-device is also
hardly compatible with the dimensions of the reactor cavity. remote visual (RV) inspection using
endoscopy techniques could provide a potential pathway to examine the presence of RIVE-induced
surface cracking, if any.”
However, since the preliminary structural assessment (See previous section) indicates the de-

velopment of circumferential tensile stresses at the back of the CBS, it opens the possibility to
monitor the back-wall which is subjected to more manageable doses in terms of radio-protection of
personnels and durability of equipments.
Also, “During the last fifteen years, several nuclear power plants in the United States and other

countries have been decommissioned, are in the process of being decommissioned, or decommission-
ing will commence soon. Examples include Zion Nuclear Power Station Units 1 and 2, Milestone
1, Indian Point Unit 1, Crystal River 3, Zorita (Spain), nuclear power plant Krummel (Germany),
and Barseback (Sweden). Harvesting of concrete cores from decommissioned nuclear power plants
will provide an opportunity to generate data from concrete that has experienced typical radiation
fields, while also providing guidance to accelerated irradiation studies. The coupling of accelerated
or laboratory-irradiated concrete with harvested nuclear power plant cores is expected to facilitate
the effort to develop an understanding of the damage mechanisms in irradiated concrete, including
understanding potential effects of accelerated testing.”
Currently, the most likely option is “Jose Cabrera nuclear power plant (NPP), a single-loop,

Westinghouse-designed, pressurized water reactor (PWR) located near Zorita, Spain. The reactor,
which was commissioned in 1968, operated until 2006 accumulating 26.5 effective full power years
(EFPYs) of operation. Based on calculations performed by ENRESA (National Radioactive Waste
Company), the state-owned company responsible for the dismantling of the plant, the maximum
neutron fluence on the front surface of the biological shield is ≈ 8×1018 n.cm−2. This fluence, which
is the highest of any reactor currently scheduled for decommissioning, is believed to be sufficient to
produce microstructural changes in the cement paste and may exhibit the onset of radiation-induced
volumetric swelling of the aggregates. Moreover, the ability to obtain concrete from other locations
within the plant may provide a unique opportunity to separate the effects of temperature, aging,
and radiation on degradation. Specifically, confirmatory research would focus on: (1) validating
predictive models, based on accelerated aging studies, with empirical data obtained from field-aged
concrete in radiation and thermal environments, (2) evaluating concrete radiation gradients in the
biological shield to investigate the changes in properties as a function of the level of radiation, and,
(3) irradiating the harvested cores to higher fluences to evaluate the changes in service irradiated
concrete at extended lifetimes. ”

5
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7 Structural Acceptance Criteria for Structures with
Pathologies/Degradation Mechanisms

No structural acceptance criterion for irradiated structures has been developed yet to the best of
our knowledge. The development of design code rules, such as proposed by ACI 349 Technical
Committee, is not in the core missions of ORNL. However, ORNL can support such development
by providing technical and scientific facts. To the aim, ORNL has been invited to present its
research findings at the ACI Fall 2015 Convention.

8 Structural Repair
No irradiation-induced damage of PWR CBS have been reported at this date.

9 Conclusions and Recommendations for Future Work
“Understanding the effects of radiation on concrete is important in determining long-term or ex-
tended operating performance of concrete structures in existing NPPs. Not surprisingly, this issue
is being addressed by research organizations and utilities across the globe. Moreover, in the last
two years, the light water reactor sustainability (LWRS) Program has been actively working to
build international partnerships and collaborations in an effort to better define the issues, develop
a sound approach to resolving the major questions, and maximizing resources. As part of that
effort, an international meeting, entitled, “International Irradiated Concrete Information Exchange
Framework Meeting,” was proposed and organized by ORNL in cooperation with Professor Car-
men Andrade, Consejo Superior de Investigaciones Científicas (CSIC) (Spanish National Research
Council). Nineteen researchers from five countries attended the meeting, which was held at the
Hotel Colon in Barcelona, Spain, on March 12 – 14, 2014. The foundation for this meeting has
been the understanding that international cooperation will provide the best opportunities to share
resources, acquire valuable specimens from decommissioned NPPs, and build a systematic database
to provide a framework for decisions concerning extended operation of nuclear power plants in a
timely and efficient manner.”
“The purpose of this meeting was two-fold. First, to develop the framework for exchanging

information on a broad set of topics related to the effects of irradiation on concrete used in NPPs
by those who are actively pursuing research, were active in the field, or wish to contribute to the
advancing the current state of knowledge. And second, to provide a forum for discussing issues that
advance the state of knowledge of the effects of irradiation on structural concrete used in nuclear
reactor facilities including storage sites.
The first portion of the meeting included presentations and discussions on past and current

irradiated concrete research and / or issues related to irradiated concrete. The second portion of
the meeting focused on establishing the framework for exchanging information. This included a
discussion of the types of information that could be exchanged, the level of release, an organizational
framework for cooperation including resource and data sharing, and the development of charter
based on the International Group on Radiation Damage Mechanisms (IGRDM) in RPVs.
The final portion of the meeting focused on making a decision or commitment by attendees to

participate in the information exchange. At the conclusion of the meeting, the participants reached
a consensus to move forward with the International Committee on Irradiated Concrete (ICIC)

6
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and that a follow-up meeting should be held within six months to finalize its charter and elect an
executive committee. Moreover, the participants endorsed a plan to determine the frequency and
location of future ICIC meetings. It is anticipated that future meetings will be held on a rotating
schedule in Europe, the US, and Japan.”
“The meeting concluded with the election of Dr. Thomas M. Rosseel, Acting Chair, and Dr.

Carlos Castelao, Consejo de Seguridad Nuclear, (CSN), Acting Vice Chair, to lead the interim
process.” Information on the ICIC, the draft charter, and meeting agenda and presentations can be
found on the ICIC web site http://web.ornl.gov/sci/physical_sciences_directorate/mst/
ICICIEF/index.shtml.
“A second ICIC meeting was hosted by FORTUM and VTT Finland, early October 2014. Twenty-

five attendees from 18 organizations and 7 countries attended the second ICIC Information Exchange
Framework Meeting in Helsinki, Finland, on 8 – 10 October 2014. The purpose of the meeting, which
was graciously hosted by the Fortum Corporation, was two-fold. First, to finalize the framework
established at the first ICIC framework meeting in Barcelona for developing a technical organization
whose goal is to exchange information on a broad set of topics related to the effects of irradiation
on concrete used in nuclear power applications. And second, to provide a forum for broad technical
interactions in research on the effects of irradiation on concrete used in nuclear applications, such as
nuclear facilities, storage, and disposal sites, and which will contribute to advancing the current state
of knowledge. Twenty-three technical papers on the latest results of neutron and gamma irradiation
experiments, plans for harvesting service irradiated concrete, proposed irradiation experiments,
modeling of past irradiation data that address first order affects, and numerical simulations were
presented and vigorously discussed.
At the conclusion of the meeting, the participants approved the revised ICIC Charter with 19 of

the participants and 16 organizations accepting membership in the duly constituted International
Committee on Irradiated Concrete. The participants also selected four Technical Areas (TA) and
corresponding Technical Area Coordinators (TAC). The main function of the TA and TAC is to
facilitate and expedite progress by the membership in specified technical topics. The four TA and
TAC selected by vote of the members are as follows:

1. Structural Performance and Mechanistic Understanding of the Effects of Irradiation on Con-
crete (Yann Le Pape – ORNL, USA)

2. Harvesting and Characterization of Service Irradiated Concrete (Manuel Ordonez, ENRESA,
Spain)

3. Accelerated Irradiation Studies of Concrete and Its Components (Michal Koleska, RC-Rez,
Czech Republic)

4. Characterization of Irradiated Concrete (Carmen Andrade, CSIC, Spain)
Finally the participants elected Dr. Rosseel, Oak Ridge National Laboratory, as Chairman, Prof.
Maruyama, Nagoya University, as Vice Chairman, and Dr. Miguel Ferreira, VTT, as Secretary of
the ICIC. It is anticipated that the first General Meeting of the ICIC will be held in the US in late
October 2015.
Organizations, currently performing research on irradiated concrete, willing to join the ICIC

can submit an application to the ICIC Chairman (rosseeltm@ornl.gov). The ICIC board will
review the application and make a final decision. The possibility of a one-day public session, for
organizations not currently performing research on the topic, but interested in the findings and
outcome of this research, during the General Meetings of the ICIC is being studied.”
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OECD/NEA/NCSI/ASCET 

Assessment of Structures subject to Concrete Pathologies 

EDF contribution 

ASCET workshop – Washington DC from June 29th to July 1, 2015

Frédéric COPPEL, C. SAUVAGET (EDF/CEIDRE/TEGG), Etienne GALLITRE (EDF/SEPTEN) 

1. INTRODUCTION

EDF launched its ageing management programs for the civil structures during the years 90’s so that 

the procedures had been developed independently from US GALL and IAEA IGALL. Three general 

documents present the doctrine of the ageing management: one document is dedicated to the current 

and the two others are dedicated to the two types of containment (with or without metallic liner). These 

doctrine documents give the feedback collected from the plants operation and the first inspections and 

tests; they also give the buildings safety requirements.  

Then the derivation of theses fundamental notes led to Ageing Management Programs for every 

building. In these Ageing Management Programs, every ageing mechanism is addressed on the base 

of a generic inspection document dedicated to civil structure. This generic document contains typical 

sheets depending on the related mechanism. 

In the frame of NPP life extension EDF has built a set of ageing management sheets which present 

every key point by answering to the following questions: 

Which component or structure is affected by the mechanism?

Which are the potential damages due to this mechanism

Design duration hypothesis of the component?

Is the mechanism potential or already encountered?

Did we encounter difficulties that can have affected a safety fonction?

Is the degradation mechanism taken into account in design documents?

Is the maintenance program adapted?

Is the repair easy or difficult?

Is there any risk of obsolescence of the system and is the replacement easy or difficult ?

66 ageing sheet have been written on this basis.

If  the degradation mechanism has already been encountered in EDF or in similar plants and if  

repair or replacement are very difficult, the mechanism lead to the necessity to perform a deeper 
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analysis with a dedicated report called “DAPE” (justification file for plant operating extension); this 

deeper analysis has to be performed   even if monitoring & maintenance actions are adapted 

Four  major reports have been written in this framework: 

One for every series (900 MW and 1300 MW) about the concrete inflation reactions with

the 2 different mechanisms:

Alacali Agregate Reaction

Delayed Ettringite of Concrete

One for every series (900 MW and 1300 MW) about the Containments dealing with:

Pre-stress losses (and consequences on tightness for containment

without steel liner)

Liner corrosion for containment (for plants with liner).

This detailed procedure are derived in every plant and is consistent with the general IAEA guide 

NS-G 2.12 (Ageing Management for NPP) 

2. MATERIAL TESTING

Concerning material testing for the characterization of some concrete pathology, EDF relies 

mainly on standards and technical standards in force. However, for some specific needs, EDF has 

developed its own procedures and test facilities (air permeability test for example). For other tests 

related to concrete pathologies, new test equipments are under development and subject to cross-

laboratory testing (chlorides diffusion, leaching test). 

These tests are generally performed on in situ concrete samples and are intended to characterize 

sustainability indicators. These indicators are mainly: 

In general, and this whatever the pathology: porosity accessible to water, water and gas

permeability,

for reinforcement corrosion:

o the measurement of the depth of carbonation, which will be compared to the

reinforcement concrete coverage. This depth is measured by microscopy or

thymol blue or phenolphthalein projection

o the determination of chloride concentration, which will be compared to a critical

value.

For the internal expansion of concrete pathologies (AAR and DEF), characterization is

primarily done by microspcopy observation and, in case of pathology demonstrated, by

measuring the residual expansions according to standardized procedures (expansion

curve),

EDF also follows the development of new tests such as those related to leaching of concrete. 
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For the characterization of creep and shrinkage, EDF has its own test facilities that allow it to test 

the behavior of prestressed concrete of the containment. These procedures are not yet 

standardized and this is why EDF conducts technical sourcing on this subject (intercomparisons 

with test procedures developed in other laboratories, involvement in test standards under writing). 

For the DEF, EDF is involved in a thesis on the risk of RSI related to a late heat of concrete. The 

objective of this thesis is to see if a concrete subject to a late hot temperature, may or may not 

develop DEF. 

Furthermore, for the characterization of internal expansion of concrete (AAR and DEF) test 

procedures are not harmonized internationally. To move forward in this area and in a process of 

continuous improvement, EDF actively participates in international working groups to compare and 

discuss different practices (such as RILEM). 

3. MATERIAL MODELING

a. Methodology for assessment of the theoretical AAR risk

Softwares to model certain pathologies, degradation mechanisms and concrete ageing exist 

(chloride penetration, carbonation, leaching). These softwares are however not extensively use at 

EDF, especially in light of the difficulties: 

- To calibrate the software with building real data (materials, construction conditions) 

- To model the history of the building and its environment. 

The results from these models can not to date be considered as reliable and can only be 

indicative. These results are, from the point of view of EDF, not mature enough to be used reliably 

in a safety demonstration. 

However a methodology was developed by EDF in the 1990’s in order to estimate the risk of AAR. 

Three parameters were defined: 

- Calculation of active alkali content in concrete mix according to the French recommendations 

LCPC 1994. Active alkali content of concrete comprises active alkali from all components of 

concrete (cement, aggregates, water…). 

This calculation concludes the following for the classification of concretes: 

o A1 : active alkali content < 2.2 kg/m3 of concrete
o A2 : active alkali content between 2.2 kg/m3 and 3 kg/m3 of concrete
o A3 : active alkali content > 3 kg/m3 of concrete
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- Aggregates qualification according to the French recommendations LCPC 1994. Aggregates 

qualification is done from original quarries used for the site construction. 

Aggregates qualification concludes the following for the classification of aggregates: 

o NR : Non-reactive aggregate
o PR : Potentially reactive aggregate
o PRP : Potentially reactive with pessimum effect (flint, chart)

- Environment description of the concrete structure considered : 

o H : Humidity exposure (relative humidity > 80%)
o T : Temperature exposure (T>35°C)
o N : Normal exposure (T<35°C and relative humidity < 80%)
o A: Alkali exposure (from a system containing alkalis)
o M : Marine or industrial water exposure

The theoretical risk of AAR is then determined according to the table below : 

Active alkali 
content A1 < 2.2kg/m3 2.2kg/m3 < A2 <

3kg/m3 A3 > 3kg/m3

Environment N H T A M N H T A M N H T A M 

NR 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 

PR 0 1 1 4 2 1 3 3 4 3 1 4 4 4 4 

PRP 0 0 0 2 1 0 x x 2 1 X 1 1 2 1 

Nota : “0” means “MB0”, “1” means “MB1”, etc… 

With : (MB meaning “Matériaux Béton”, in english “Concrete Material”) 

MB0 : Negligible “theoretical” risk of AAR 

MB1 : Low “theoretical” risk of AAR 

MB2 : Medium “theoretical” risk of AAR 

MB3 : High “theoretical” risk of AAR 

MB4 : Very high “theoretical” risk of AAR 

MBx : Specific pop-out risk 

b. Methodology for assessment of the theoretical DEF risk

EDF has developed a methodology in order to estimate the risk of DEF. This methodology requires 

four parameters to be determined: 
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- The active alkali content in concrete, calculated using formula presented in the French 

recommendations LCPC 1994). Two kind of concretes are distinguished : 

o Active alkali content < 3 kg/m3 of concrete : A1 and A2 concretes
o Active alkali content > 3 kg/m3 of concrete : A3 concretes

An environmental description for humidy/water exposure. Two kinds of humidity/water exposures are 

distinguished 

o Structures not in permanent contact with water : XH1 exposure class (dry environment) and
XH2 exposure class (high rate of humidity)

o Structures in permanent contact with water : XH3 exposure class

- The cement or binder composition. The positive effects of fly ash, blast furnace slag, and silica 

fume are considered. Limestone fillers are considered to have a negative effect. 

- The maximum temperature reached during hydration. If the temperature is not known 

accurately, the LCPC method is used to estimate it (annex4 of [3]). LCPC method consists of : 

o Estimating the maximum temperature rise in adiabatic conditions depending on the concrete
mix and heat of hydration of cement.

o Estimating the maximum temperature rise in the concrete structure depending on its
dimensions

o Estimating the maximum temperature reached in the concrete structure depending on the
temperature of fresh concrete.

The determination of the risk of DEF is then made according to the table below : 

XH1 – XH2 XH3

Binder composition
L-LL: limestone fillers, 

FA: fly ash, GGBS: 
slag,     FS: silica 

fume 

Concret
e

alkalis
T < 70°C 

70°C < T 
and  

T < 80°C 
T > 80°C T < 65°C 

65°C < T 
and    

T < 75°C 
T > 75°C 

PM ES cement 
without CEM I and 
CEM II/A-L ou LL 
OR 
Binder > 40% 
FA/GGBS/FS 
OR 
Binder > 30% FA/FS 

A1 - A2 OB0 OB0 OB1 OB0 OB0 OB1 

A3 OB0 OB1 OB1 OB0 OB1 OB2 
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20% FA/FS < binder < 
30% FA/FS 
OR 
30% FA/GGBS/FS < 
binder < 40% 
FA/GGBS/FS 
OR 
Binder < 30% 
FA/GGBS/FS with FS 
> 8% 
OR 
Binder < 20% FA/FS 
with FS > 8% 

A1 - A2 OB0 OB0 OB1 OB0 OB1 OB2 

A3 OB0 OB1 OB2 OB0 OB2 OB3 

CEM I alone 
OR 
Binder < 20% FA/FS 
with FS < 8% 
OR 
Binder < 30% 
FA/GGBS/FS with    FS
< 8% 

A1 - A2 OB0 OB1 OB2 OB0 OB2 OB3 

A3 OB0 OB2 OB3 OB0 OB3 OB4 

CEM I + limestone 
fillers > 5% of binder 
OR 
CEM II/A-L ou LL 

A1 - A2 OB0 OB2 OB3 OB0 OB3 OB4 

A3 OB0 OB3 OB4 OB0 OB4 OB4 

With : (OB meaning « Ouvrage Béton », in english « Concrete Building ») 

OB0 : Negligible “theoretical” risk of DEF 

OB1 : Low “theoretical” risk of DEF 

OB2 : Medium “theoretical” risk of DEF 

OB3 : High “theoretical” risk of DEF 

OB4 : Very high “theoretical” risk of DEF 

The determination of the “theoretical” risk of DEF requires the estimation of the temperature reached 
during concreting. This parameter depends on several aspects which is the main particularity and 
difficulty of DEF appraisal. 
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4. STRUCTURAL TESTING

see 7. In situ assessment 

5. STRUCTURAL ACCEPTANCE CRITERIA

see 7. In situ assessment 

6. STRUCTURAL MODELING

a. Modeling of structures taking into account creep and shrinkage

The main mechanisms that have to be modelled in the French Nuclear Power Plants at the structure 

scale are the drying skrinkage and the creeps due to the fact that a large part of the containments 

are designed without steel liner. 

The research and development department of EDF has been working in this field for a long time and 

has performed both experimental campaign and numerical tools. During the years 1990’s 1D 

specimens have been tested and then during the years 2000’s 2D specimen (loads in 2 perpendicular 

directions) are tested for creep measurement in different drying conditions. These tests are used to 

calibrate the numerical models. To summarise the phenomenon that are modelled are the following 

ones: 

The autogenous shrinkage

The drying shrinkage

The basis creep

The drying creep
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This four different phenomenon are today clearly indentified in the Eurocodes, but it was not the 

case in the previous codes: so the values of the effects of these phenomenon have to be check on 

the existing plants and recalibrated. 

So EDF with the contribution of SEPTEN, TEGG and R&D department, after several PHD on this topic 
have built numerical models computed with ASTER software (ASTER is an EDF brand) that is used to 
validate industrial calculations performed for the actual plants themselves. So EDF has been able to 
use this complete scientific procedure on a 900 MW Plant as showed in the following picture: 

Figure 1 : view of containment structural model with EDF ASTER 

This picture shows the amplified strains due to the pre-stress, but taking into account creep and 
shrinkage in an explicite physical way: so this model can be submitted to an accidental load where 
final stress may be more penalizing than common model  

For every plant, the monitoring measurement are taken into account to recalibrated the extrapolated 
delayed deformation as illustrated in the following picture: 
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These recalibrated delayed strains are used in the final mechanical model which is analysed for the 
periodic safety review, such as in the following exemple: 
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With this kind of model, EDF is able to predict the potential area with excessive tensile stress in test or 
accidental load case, so that EDF is in position to decide which area has to be covered by synthetic 
additional liner. This approach is today generic at an industrial scale that led to satisfying results for 
periodic pressure tests 

b. Modeling of structure with inflation reaction

i. Industrial study

The only industrial case where inflation reaction has been modelled is the DEF of Chooz 
reactor building raft  where abnormal strain had been detected by the permanent 
monitoring system. 
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This permanent monitoring system (quasi-continuous measurement) and the laboratoty 
test led to inflation kinetic assessment. Then EDF was able to inject this inflation strain in 
the global mechanical model as a equivalent thermal load: this calculation led to 
acceptable results, even for long term due to the low kinetic in this case. 

ii. Research study

The general idea of this approach is to model the inflation strain in a more scientific way than in the 
simplified approach where empirical assumption are taken to calibrate the kinetic (simple 
extrapolation of measurement, without acceleration). Here the kinetic will be based on scientific 
approach. 

The global methodology to fit the chemical model is summarized in the following figure. Two 
complementary stages are recommended: first laboratory tests on drilled specimens allows to obtain 

kinetic parameter ( AAR in eq 3), next a finite element inverse analysis of displacement and crack 
pattern allows to fit maximal swelling amplitude  (Vg in eq 2). 

AAR kinetic and swelling amplitude assessment

Affected structure 

Core samples drilled in various zones: 
- Wet, dry, concrete type… 

Structural monitoring: 
- Displacements 
- Temperatures 
- Moistures… 

Laboratory tests:  
Assessment of reactive silica consumption kinetic

Reactive silica consumption measurement for each 
drilling zone and for each aggregate size range 

Finite element inverse analysis of the affected structure: 
Swelling amplitude assessment 

Search for swelling amplitude compatible with: 
- environnemental conditions 
- reactive silica consumption kinetics 

Finite element analysis
- Displacements and damage patterns prediction 
- Repair efficiency assessment… 

Figure: Global methodology summary 

Kinetic of AAR 
As mentioned, the objective of this first fitting stage is to obtain parameter AAR  of eq 3. Based on 
previous works on the effect of the size of reactive aggregates on the swelling capability of mortars 
(Poyet, Sellier, Capra, Foray, et al., 2006), an original procedure is used for assessing chemical 
advancement for each aggregate size of the concrete. This process splits the problem into two sub-
phases: 
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1- Aggregates of the affected concrete are first extracted by chemical attack and sifted (X.X. Gao, Cyr, 
Multon, & Sellier, 2013). Then the residual reactive silica content is assessed for each reactive 
aggregate size using a specific procedure based on a comparative study of swelling tests of mortars 
(Xiao Xiao Gao, Cyr, Multon, & Sellier, 2013). Several types of mortar containing only one aggregate 
size from the dam concrete are cast. The aggregates are crushed in order to obtain a same aggregate 
size distribution in each mortar. Moreover, a sufficient amount of alkali is added to the mortar 
cement paste to be sure that all the residual reactive silica contained in the crushed aggregates will 
be consumed during the tests. Consequently, the total swelling measured for each mortar depends 
only on the residual reactive silica contained in the reactive aggregate. Thus the chemical 
advancement of the reaction in the aggregate of the dam at the coring date can be deduced from the 
tests (Figure 10). 

Time (from the building date) 

A0 

AT 

A∞=1 

Aggregates in situ  
(in the affected concretes) 

Aggregates crushed and softened for the 
accelerated test (in the mortars) 

Mortar swelling 

Time

(2) Swelling potential of mortar
made of sound aggregates 

Reactive silica consumption rate (A) 

(1) Swelling potential of mortar
made of altered aggregates 

(3) 

(3) Swelling potential reduction 
due to in situ alteration 

Time (from the test start up date  T) 

Figure 1: Principle of the chemical advancement assessment 

2- The constant representing the kinetics of in-situ chemical advancement ( AAR  in Eq 3) is deduced 
from the chemical advancements measured for each aggregate size (AT in Figure 10) and from the 
environmental conditions taken into account through the integration of Eq 3 (between the beginning 
of construction and the current date). 

Maximal swelling amplitude 
The fitting between model and reality requires determination of the maximal volume of gel ( gV  in Eq 

1).  In order to assess this constant, the kinetic parameter AAR  is taken equal to the one given by 
laboratory tests (previous stage), so Vg is the last parameter to be fitted. On purpose the model is 
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directly fitted on the observed behaviour of the structure. The constant gV   is then iteratively 

assessed to adjust the FE model response (in terms of structural displacements) to measurements 
performed on the structure as illustrated in figure 14 and 15. 

PA
 

PB
 

 
PC

x
z

y

Figure 2:  Mesh of the left river pile and coordinates system used. Points chosen for in situ displacement 

measurements (se figure 16) 
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Figure 3 : (a) Fitting of the swelling amplitude on the structural displacements (point PC direction yy), 

To perform relevant calculations, the mechanical properties of the concrete in the structures also 
have to be precisely known. Measurements should be made of strength, modulus and creep 
characteristic. The method has been successfully tested for the Temple-sur-Lot dam. The results 
show that the fitting of the amplitude, using one significant displacement combined with the 
laboratory determination of the chemical kinetic parameters, allows other displacements of the dam 
and a realistic damage field to be assessed. Based on this work, a prediction of the dam’s 
displacements and damage fields has been made for the coming decades. It shows that, although 
most of the displacement has already occurred, displacements and damage will continue to occur for 
several decades. 

The complete description of the method Is given by a dedicated annexe (written by A Sellier) 
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7. IN SITU ASSESSMENT

To follow the ageing of concrete structures on all its in-operation nuclear power plants, EDF has 

developed a consistent methodology based on the following stages: 

- Visits of structures, 

- Identification of defects (the characteristics are defined for each type of defect) 

- Classification of defects, according to a predefined logic diagram. This classification is related 

to the frequency of visits (usually every 5 to 10 years). 

- Analysis of the harmfulness of defects, 

- Incidence declaration, if any, 

- Repair. 

The cards supports the declination of this methodology on site are based on considerations related to 

materials and the effects of aging on functional requirements associated with safety related civil 

structures. 

- Each maintenance card contains the following topics: 

- structure or parts of structure concerned, 

- The relevant functional requirement (structural strength, watertightness and airtightness, 

resistance to LOCA) 

- The examination procedures and the specific equipment required for the review, 

- Defects covered by the card, 

- Points to be observed for each of the defects concerned, 

- The helpful comments and related technical documents, 

- The rating thresholds, 

- The principle of classification of defects (leave as is, to follow, perform specific studies, 

treatment) 

Concerning the risk of corrosion of reinforcement, the general approach by EDF follows the following 

chronological steps: 
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- Visual observation of defect: characterization of cracking, exposed corroded reinforcement 

and concrete spaling, 

- Further diagnosis of the pathology if needed: 

o on samples of concrete, if the evolving nature of defects has been demonstrated

(measuring the chloride concentration, carbonation front)

o In-situ: measurement of concrete cover, large-scale characterization by electrical

measurements (corrosion potential mainly)

- Mapping of risk, diagnosis and analysis of possible repair solutions. 

On this issue (assessment of risk corrosion) and especially on corrosion due to chlorides, EDF is 
expecting from ASCET group information about detection techniques (NDT or lab test) and risk 

assessment in order to eventually complete its set of inspection points in specific areas. In case of 

high risk level, a pending question is the feasibility of cathodic protection (this system has been used 

successfully for reinforced concrete for thick structures?). 

The in-situ monitoring of internal expansion of concrete usually includes three steps: 

- In-situ detection of characteristic defects by visual examination and over time monitoring 

(cracking, exudates). This visual monitoring is determined based on the ranking of the 

theoretical risk (from the assessment described in Section 3 above for AAR and section 6 for 

DEF). 

- Diagnosis of pathology on samples of concrete, if the evolving nature of the faults has been 

highlighted (microscopy observation, expansion tests) 

- Enhanced surveillance by auscultation and instrumentation of the part of the structures 

affected, if the diagnosis confirmed the defect and its prognosis of evolution raises doubts 

about the capacity of the structure as a whole, to ensure the functional safety requirements ( 

structural strength and impermeability to water and air). 

8. REPAIR

In general, for the repair of corrosion of reinforcement, EDF applied recommendations of the 

profession. 

In order to be as relevant as possible on these recommendations, EDF makes an active standard 

watch on products and repair methods, especially those on the concrete cracking and reinforcement 

corrosion. 
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Large-scale trials of application of impregnation products (corrosion inhibitors) were performed. 

Efficiency measures of these products and methods have been made, notably through coring on tests. 

They showed that this efficiency was relative and depended on many parameters. 

EDF also remains prudent to date on the use of electrical methods to reduce the risk of reinforcement 

corrosion. 

9. CONCLUSIONS AND RECOMMANDATIONS

To follow the reinforced concrete nuclear structures, EDF has developed a national maintenance 
program applicable to all of these structures. This program is tailored to the requirements of each 
structure. 

In parallel with this in situ following of concrete structures, EDF performs active research of: 

- The evolution of knowledge on the AAR, DEF and creep, 

- The products and repair techniques. 

It now appears necessary to continue to make progress on: 

- The definition of acceptance criteria, including those related to the AAR and DEF, 

-  Harmonization of practices and standards in terms of characterization and diagnostics, 
particularly in the field of NDT applied to civil engineering, 

- Large-scale repair methods, in addition applied to concrete nuclear structures, sometimes 
prestressed: electrical methods (extraction of chlorides), impregnating and corrosion inhibiting 
products. 

- Sharing information between Nuclear Operators (pathologies, diagnostics and repairs carried 
out) 
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EDF-LMDC Model principles 
In order to evaluate the safety level and the maintenance costs of its dams, “Electricité de France” 
(EDF) needs to reach a better understanding and better prediction of the swelling phenomena. In this 
context, EDF and LMDC have been developing a numerical model integrated in a finite element 
computer code in order to simulate AAR (Grimal, Sellier, Le Pape, & Bourdarot, 2008) and DEF 
(Salgues, Sellier, Multon, Bourdarot, & Grimal, 2014) affected structures. One of the purposes of this 
model is to quantify both swelling and damage in terms of anisotropy and amplitude. Indeed, 
experimental investigation3, 4, 5 confirms that AAR or DEF swelling becomes strongly anisotropic as 
soon as the stress state is deviatoric.  As AAR and DEF amplitude and kinetics also depend strongly on 
the moisture content and temperature, the model takes these environmental phenomena into 
account carefully. This model is in the continuity of other researches carried out on AAR simulations6, 

7, 8, 9, 10, 11, 12; starting from their considerations relative to the effect of internal pressure induced by 
the AAR gel on the concrete considered as a porous media, it adds delayed strains (creep), drying 
shrinkage and anisotropic damage in the constitutive laws to improve the long term behavior 
modeling. The model is illustrated below trough AAR aspect, but complenetry information can be 
found in (Salgues, Sellier, Multon, Bourdarot, & Grimal, 2012; Salgues et al., 2014) for DEF. 

Swelling mechanisms 
The final amplitude of the AAR depends, for a given temperature, on three main factors14 : 

alkali content in the pore solution,
amount and type of reactive silica present in aggregates,
moisture content.

Fig. 4(a) shows such a AAR gel. Cracks in the gel were induced by the preliminary drying necessary for 
the electron microscope observation. If the amount of gel is sufficient, it migrates until it entirely fills 
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the porosity connected to the reactive site as outlined in Fig. 4(b), inducing strong pressures within 
the aggregate.  

(a) 

Reactive 
aggregate

AAR Gel

Gel migration in 
connected 
porosity

400 m

2 mm

( b )

(a)

(b)

Fig. 4–Dehydrated AAR gel observed in a pore by electron microscopy3 

No damage appears until the connected porosity is filled, although chemical reactions occur (Fig. 
5(a)).   

Reactive aggregate

AAR gel Gel
Concrete
Connected Porosity

AAR gel under
negligible pressure

AAR gel under
significant pressure

A B

Fig. 5–Principle of the evolution of pore pressure 

When the pressure appears (Fig. 5(b)) it is balanced by tensile stress in the cement paste. This tensile 
stress adds to the stress induced by structural loading. If the resulting stress in a given direction is 
larger than the tensile strength, matrix damage appears in this direction. That is why AAR observed 
damage on structures is often anisotropic, in accordance with the orientation of cracks parallel to the 
major principal compressive stress induced by loading or restrained swelling, which can be due for 
example by a reinforcement as illustrated on (Fig. 6). Consequently, strong anisotropic swelling 
occurs corresponding to crack opening. When the gel reaches the crack, its pressure decreases 
notably, changing the stress state in the structure. Thus, as AAR swelling is mainly caused by an 
oriented crack opening, it is useful to model the AAR phenomenon in the framework of anisotropic 
damage mechanics. 
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Crack parallel to the longitudinal reinforcement of a beam 
affected by AAR at bottom

Fig. 6–Anisotropic damage in a reinforced concrete beam (Multon 3) 

Model capabilities 
AAR (or DEF) and its effects were modeled using a phenomenological approach taking into account 
the different phenomena summarized in Fig. 7. The main developments made in this model concern 
(i) the interactions between AAR or DEF pressure and long-term strain (creep) and (ii) the swelling 
anisotropy induced by oriented cracking. Particular attention is also paid to modeling moisture 
effects on both ISR and long-term strain. The swelling dependence on the stress state is then a 
consequence of all these elementary phenomena. 

Reactive aggregate and alkali Moisture

 AAR Gel 

Thermal activation

External loading

Gel pressure Water pressure

Temperature

Chemical reaction

Connected porosity
evolution

Rheological behavior

Crack opening 

Macroscopic stresses

Anisotropic damage

Plastic strain

Creep and shrinkage

Instantaneous strain Delayed strain

(     )

consequence
equivalence

Swelling
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Fig. 7–Main phenomena taken into account in the EDF-LMDC AAR modelling ((Grimal et al., 2008) 

Hence, the mechanical effects of AAR are the consequences of a long-term internal loading due to 
chemical pressure (Pg in Fig. 8). In addition with external loading ( i in Fig. 8), Pg loads concrete, 
which is considered as a visco-elasto-plastic damaged medium (module VEPD1 in Fig. 8).  

Fig. 8–One dimensional idealized view of expansive concrete behavior model ; Pg is the gel pressure 
and VEPD is the Visco-Slasto-PLastic & Damage model  

The following paragraph summarizes how the AAR gel pressure is computed according to the 
environmental conditions and the strain state. Then the constitutive mechanical modeling (VEPD 
module) is not described but information are available in (Grimal et al., 2008). 

Gel pressure modelling 
The gel pressure (Pg) modeling is based on the assumption that the stress state and AAR gel 
formation were independent. This means that it is assumed that the stress state could not restrain 
chemical reactions. In Ulm et al. or Farage et al.(Ulm, Constantinides, & Heukamp, 2004)(Farage, 
Alves, & Fairbairn, 2004), concrete is considered as a porous medium composed of a solid matrix 
with gel occupying some voids. These voids include those connected to the reactive aggregates (A0Vg 
in Eq. 1) and those induced by the medium strain and attainable by the gel (bgtr  in Eq. 1). Thus, the 
following formulation assuming proportionality between the gel pressure and the volume of gel 
created (AVg in Eq. 1) was chosen.  

trbVAAVMP ggggg 0 (1) 

Where (.)+ is the positive part of the equation, gM  is the AAR gel bulk modulus, gb  is a coefficient 

which allows a decrease of gel pressure according to the volumetric expansion tr  (especially 

induced by cracking). gV  is the maximum gel volume fraction that can be created by the AAR: it 

corresponds to the theoretical volume of gel created in one unit volume of concrete kept in 

1 VEDP stands for Visco Elasto Damage & Plasticity 

VEPD module: Creep and nonlinear behavior of concrete 
matrix (anisotropic damage and plasticity) 

AAR or DEF 
pressure module 
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saturated conditions for an infinite time.  A is the chemical advancement of the reaction, increasing 
from zero to one when the chemical reaction is over. A0Vg is the gel volume necessary to fill the 
porosity connected to the reactive aggregates(Capra & Sellier, 2002).  

Chemical advancement law 
The parameter A used in eq 1, evolves more or less quickly depending on the absolute temperature T 
and concrete moisture. The kinetics law used for A was inspired by Poyet’s works(Poyet, Sellier, 
Capra, Thèvenin-Foray, et al., 2006). Poyet showed that the volume of gel created during time (t) and 
its growth kinetics were both proportional to the degree of saturation (Sr) of concrete porosity 
defined by Eq. 2.  

satC
CSr (2) 

With C the mass of water per volume unit of concrete and Csat the value of C at water saturation. C 
was computed according to the water mass balance equation, in which it is possible to take into 
account the water consumed by the AAR gel. Concerning temperature, an Arrhenius law was applied 
to model the thermo activation process15. Finally the following form was obtained for the chemical 
advancement: 

ASr
Sr
SrSr

TTR
Ea

t
A

ref
AAR 0

0

1
11exp.1 (3) 

Where AAR  is the relevant parameter for the kinetics, Ea the activation energy of the AAR (usually 
about 47000 J/M [24.748 Btu/M]), R the gas constant (8.31 J/M/°K), Tref (in Kelvin) is the absolute 

temperature of the test (where AAR  was evaluated), and T is the current absolute temperature. Sr

and 0Sr  are respectively the current saturation degree and the smallest saturation degree necessary 
to allow the evolution of the chemical reaction. Fig. 9 gives some numerical variations of A for 
different histories of moisture conditions. This figure shows the increase of the kinetics and final 
amplitude of A with an increasing degree of saturation. 
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Fig. 9–Evolution of AAR advancement under different saturation degrees at 38°C 1/ AAR =0.6%day-

1) 

Damage dependence on AAR swelling 
Usually, AAR produces large concrete swelling. In the absence of viscoplastic adaptation, this state of 
strain would produce a very great damage. However, experimental data  show a moderate decrease 
in the mechanical characteristics ( )1( d  in Fig. 10 with d the mechanical damage) comparatively to 

the AAR volumetric swelling.  
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Fig. 10–Evolution of the mechanical characteristics versus AAR swelling, the mean value of (1-d), 
corresponding to the proposed law, is evaluated from the Young’s modulus (E), the tensile strength 

(Rt) and the compressive strength (Rc) evolutions  (Capra & Sellier, 2002). 

A decrease of 20% in the mechanical characteristics is observed for a volumetric swelling of 0.1%. But 
it has to be noted that a direct tensile test with such an imposed strain level would lead to a 
completely damaged state. The particular behavior observed for concrete in presence of AAR can be 
explained by two complementary phenomena: multi-cracking around reactive aggregates, and a 
long-term visco-plastic adaptation of the cement paste. Multi-cracking leads to large strains because 
of the cumulative effect of micro-cracks opening. The visco-plastic behavior of cement paste 
(particularly for C-S-H) limits micro-stress concentration and thus micro-crack propagation and 
associated damage as illustrated in figure 8. 

Reactive aggregate

AAR Gel
Concrete
Crack opening

AAR gel under
pressure

AAR gel under
negligible
pressure

Fig. 11–mechanism of gel pressure attenuation under damage 

 So, to model this compatibility between large AAR swelling and the associated moderated damage a 
plastic tensile strain variation depending on tensile damage is used. This plastic strain limits damage 
by allowing a relaxation of the self-equilibrated stress induced in cement paste by AAR gel pressure. 
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When concrete is subjected to an internal pressure (Pg) inducing damage, the plastic strain follows 
the empirical law presented in Fig. 10. This law allows limiting the damage (dAAR)  by increasing the 

plastic strain iplp,  to keep the couple damage-strain in conformity with the following law. 

AAR
i

AAR
i

iplp d
d

10,          (4) 

Where 0  is a fitted parameter in accordance with experimental results given by Capra Sellier and 

Bourdarot (Capra & Sellier, 2002) and which, in Fig. 10, is usually close to 0.37%. This plastic strain 
necessary to model AAR swelling is of course not sufficient to explain other long-term strains such as 
multi-axial creep. Thus, in order to obtain reliable predictions of long-term strain induced by both the 
pressure of AAR and the loading stress, a creep strain model and a shrinkage model  (Alain Sellier, 
Buffo-Lacarrière, & Souyris, 2011; Alain Sellier & Buffo-Lacarrière, 2009) are combined with damage  
and plastic modules(A. Sellier, Casaux-Ginestet, Buffo-Lacarrière, & Bourbon, 2013a, 2013b).  Finally, 
the resulting finite element model is able to consider effect of humidity, both in term of shrinkage 
and AAR swelling as illustrated in figure 9, but also more complex behavior of structure elements 
anisotropicaly loaded as illustrated in figure 10. 

 

Fig. 12–Simulated saturation degree (Sr) dependence of reactive concrete swelling 
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Fig. 13–Vertical and radial simulated strains of cylinders free to swell or axially compressed 

To conclude this part relative to ISR modeling : In this model, AAR or DEF acts on the concrete state 
via a gel pressure depending on temperature, moisture content and the maximal volume of AAR gel 
coming out of the reactive siliceous part of aggregates or DEF. A rheological model is used to control 
the long-term behavior of concrete including basic and drying creep and shrinkage phenomena. An 
orthotropic damage model based on the effective stress concept takes swelling transfer between 
strain constrained directions and free swelling directions into account. The model is currently used to 
compute large structures affected by ISR as illustrated in figure 11 and 12 whre the model is applied 
to assess a dam affeceted by AAR (Alain Sellier, Bourdarot, Multon, Cyr, & Grimal, 2009). 

Figure 14 : Comparison between tensile damage field on deformed mesh and crack pattern observed on the 

dam in 2004 
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Figure 15 : Tensile damage field evolution on deformed mesh 

Fitting procedure 
The global methodology to fit the chemical model is summarized in figure 13. Two complementary 
stages are recommended: first laboratory tests on drilled specimens allows to obtain kinetic 

parameter ( AAR in eq 3), next a finite element inverse analysis of displacement and crack pattern 
allows to fit maximal swelling amplitude  (Vg in eq 2). 

AAR kinetic and swelling amplitude assessment

Affected structure 

Core samples drilled in various zones: 
- Wet, dry, concrete type… 

Structural monitoring: 
- Displacements 
- Temperatures 
- Moistures… 

Laboratory tests:  
Assessment of reactive silica consumption kinetic

Reactive silica consumption measurement for each 
drilling zone and for each aggregate size range 

Finite element inverse analysis of the affected structure: 
Swelling amplitude assessment 

Search for swelling amplitude compatible with: 
- environnemental conditions 
- reactive silica consumption kinetics 

Finite element analysis
- Displacements and damage patterns prediction 
- Repair efficiency assessment… 

Figure 16: Global methodology summary 
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Kinetic of AAR 
As mentioned, the objective of this first fitting stage is to obtain parameter AAR  of eq 3. Based on 
previous works on the effect of the size of reactive aggregates on the swelling capability of mortars 
(Poyet, Sellier, Capra, Foray, et al., 2006), an original procedure is used for assessing chemical 
advancement for each aggregate size of the concrete. This process splits the problem into two sub-
phases: 

1- Aggregates of the affected concrete are first extracted by chemical attack and sifted (X.X. Gao, Cyr, 
Multon, & Sellier, 2013). Then the residual reactive silica content is assessed for each reactive 
aggregate size using a specific procedure based on a comparative study of swelling tests of mortars 
(Xiao Xiao Gao, Cyr, Multon, & Sellier, 2013). Several types of mortar containing only one aggregate 
size from the dam concrete are cast. The aggregates are crushed in order to obtain a same aggregate 
size distribution in each mortar. Moreover, a sufficient amount of alkali is added to the mortar 
cement paste to be sure that all the residual reactive silica contained in the crushed aggregates will 
be consumed during the tests. Consequently, the total swelling measured for each mortar depends 
only on the residual reactive silica contained in the reactive aggregate. Thus the chemical 
advancement of the reaction in the aggregate of the dam at the coring date can be deduced from the 
tests (Figure 10). 

Time (from the building date) 

A0 

AT 

A∞=1 

Aggregates in situ  
(in the affected concretes) 

Aggregates crushed and softened for the 
accelerated test (in the mortars) 

Mortar swelling 

Time

(2) Swelling potential of mortar
made of sound aggregates 

Reactive silica consumption rate (A) 

(1) Swelling potential of mortar
made of altered aggregates 

(3) 

(3) Swelling potential reduction 
due to in situ alteration 

Time (from the test start up date  T) 

Figure 17: Principle of the chemical advancement assessment 

2- The constant representing the kinetics of in-situ chemical advancement ( AAR  in Eq 3) is deduced 
from the chemical advancements measured for each aggregate size (AT in Figure 10) and from the 
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environmental conditions taken into account through the integration of Eq 3 (between the beginning 
of construction and the current date). 

Maximal swelling amplitude 
The fitting between model and reality requires determination of the maximal volume of gel ( gV  in Eq 

1).  In order to assess this constant, the kinetic parameter AAR  is taken equal to the one given by 
laboratory tests (previous stage), so Vg is the last parameter to be fitted. On purpose the model is 

directly fitted on the observed behaviour of the structure. The constant gV   is then iteratively 

assessed to adjust the FE model response (in terms of structural displacements) to measurements 
performed on the structure as illustrated in figure 14 and 15. 
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Figure 18:  Mesh of the left river pile and coordinates system used. Points chosen for in situ displacement 

measurements (se figure 16) 
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Figure 19 : (a) Fitting of the swelling amplitude on the structural displacements (point PC direction yy), 

To perform relevant calculations, the mechanical properties of the concrete in the structures also 
have to be precisely known. Measurements should be made of strength, modulus and creep 
characteristic. The method has been successfully tested for the Temple-sur-Lot dam. The results 
show that the fitting of the amplitude, using one significant displacement combined with the 
laboratory determination of the chemical kinetic parameters, allows other displacements of the dam 
and a realistic damage field to be assessed. Based on this work, a prediction of the dam’s 
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displacements and damage fields has been made for the coming decades. It shows that, although 
most of the displacement has already occurred, displacements and damage will continue to occur for 
several decades. 
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Introduction

This contribution is based on IFSTTAR (and previously LCPC and LPC network) experience 
in research, consultancy and expert investigations related to bridges and large (non nuclear) 
civil engineering structures affected by Alkali-aggregate reactions (AAR), Delayed ettringite 
formation (DEF) and/or both. This topic has been active at IFSTTAR since the mid-1980s 
due to the first evidenced cases of AAR-affected road bridges in France. Moreover, DEF has 
been diagnosed as the main origin of disorders in certain massive part of bridges since the 
mid-1990s. Structures recognized as affected by AAR or DEF in France comprise over 500
road bridges, and DEF represents the main pathology for more about 100 of them, some 
being critical for the highway network (Fig. 1). The authors were also involved as consultants 
for the management of several hydraulic dams and facilities in Switzerland and Africa.

The R&D activity has been focused on 2 operational objectives:
- Prevention: understanding, providing tests and guidance documents to avoid new cases
(Fig. 2)
- Diagnosis: detecting as early as possible the affected structures to optimize mitigation and
management: appropriate surveying, assessing the residual safety, possibly retrofitting the 
structure (Fig. 3). 
Some of the large R&D experimental programs conducted at IFSTTAR on concrete 
expansions have been jointly funded with EDF (the French electricity company), some with 
ATILH and CERIB (cement and precast concrete industries) and some others with IRSN (the 
French Institute for Nuclear Safety).
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Fig. 1 Some important bridges affected by AAR and/or DEF: Térénez bridge (before 
replacement), Bellevue bridge

Fig. 2 Guidance documents for AAR prevention (French standard) and DEF prevention 
(general guidelines and performance test protocol)

Fig. 3 Guidance documents for in-situ damage identification of AAR and/or DEF and for the 
management of affected structures

NEA/CSNI/R(2016)13/ADD1



1. Material Testing

Material testing comprises performance tests supporting the prevention methodology, 
residual expansion tests providing input to structures diagnosis and structural re-assessment
(Fig. 4), and chemical observation procedures and analysis methods which support the 
diagnosis.

For the prevention of AAR, the expansion test carried out on concrete specimens at 
moderate temperature and for a rather long period (one year) complements information on 
aggregate given by petrography and chemical information related to the concrete mix (total 
alkali content). It may help finding solutions when non-reactive aggregate are difficult to use 
or when the total alkali content is high.
For the prevention of DEF, control of the maximum concrete temperature is the primary 
measure, since alternative methods related to chemical composition of the mix are 
insufficiently based. In this situation, expansion tests can help validating solutions where the 
threshold temperature is exceeded, while keeping the risk under control due to the mix and 
thermal process characteristics. The thermal and hygrometric cycles at the beginning of the 
test, although sometimes unrealistic with respect to the project, have been determined to 
trigger and accelerate the reaction (A. Pavoine’s Ph.D.). 
In both cases, calibration of the method and associated thresholds has deserved important 
efforts. The situation is considered satisfactory since no new cases have been diagnosed 
after the prevention guidelines have been enforced, except when they had not been followed.

Residual expansion tests are similar for DEF and AAR, except that thermo-activation is used 
for accelerating the expansive process in case of AAR. Research programs have checked 
the consistency of residual expansions measured from successive steps, with the global 
expansion curve obtained from initial survey. One major remaining issue concerns the 
control of alkali content, risk of leaching and induced artifacts (size effect, modification of 
aggregate reactivity in case of alkali leaching etc.). Moreover, even though the relevant 
expansion characterization should be 3D, current practice is limited to 1D (axial) 
measurement (Fig. 5). 

Fig. 4 Guidance documents for residual expansion tests in case of AAR and DEF
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Determination of the chemical origin of expansions is critical for taking the correct 
management decisions, and even adopting the appropriate residual expansion determination 
and assessment procedure. To this aim, although aggregate petrography is useful, and 
although visualization of AAR-gel products through uranyl-ions fluorescence had been 
successfully developed (Fig. 6), SEM observation associated to back-scattered electron 
analysis is the most frequently used and reliable method (Fig. 7), even if it is only semi-
quantitative.

Fig. 5 Typical expansion monitoring along the axis of cylinders

Fig. 6 Evidence of AAR gels through uranyl-ions fluroescence

Fig. 7 Evidence of AAR products (left) and compressed delayed ettringite in cracks (right)
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2. Material Modeling
Material modeling has been understood as giving a reliable description of chemically-induced 
expansion with time, considered as an imposed strain in a coupled chemo-mechanical 
model. This description has been made popular under the name of Larive’s law for AAR. It 
has been modified by Brunetaud for DEF (Fig. 8). The time evolution of expansions is thus
characterized by only 3 to 5 parameters. 
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Fig. 8 Mathematical description of expansions as proposed by Larive for AAR and modified 
by Brunetaud for DEF

It has not been attempted to derive these parameters from the concrete mix-composition or 
similar material a priori information, or from a micro-meso approach, due to the number of 
parameters involved and the frequency of operational situations where detailed information 
are missing. It is expected to identify the data from a limited number of (residual) expansion 
test results (Fig. 9). 

The dependency of the parameters of Brunetaud’s and Larive’s laws with temperature and 
moisture, which is necessary for extrapolating the result of laboratory tests in a real structure 
reassessment, has been characterized and quantified for AAR (works by Larive and Poyet). 
For DEF, opposed effects of the temperature on amplitude and kinetics have prevented from 
a simple quantification until now. However Poyet’s model could be used for the moisture 
dependency, even though the relative humidity threshold could be higher for DEF (related to 
liquid water presence).

The influence of applied stresses on AAR-induced expansions, in term of volumetric as well 
as oriented chemically-induced strains, has been experimentally investigated (Fig. 10) and
modeled. A similar investigation is to be finalized for DEF. Interpretation of tests leads to the 
difficult issue of separating creep and chemical expansion. This aspect is under investigation, 
in relation to the case of structures submitted to important permanent loads, such as dams.

Fig. 9 Axial measurement of swellings in a residual expansion test
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Fig. 10 Creep tests of AAR-affected cylinders, some of them transversally restrained, and 
automated axial and transverse strain monitoring (Multon & Toutlemonde 2006)

In case of relatively limited expansions due to AAR, it has been shown that moisture transfer 
parameters could be taken as unaffected, which is no more the case for DEF when 
significant cracking occurs. This theme is currently investigated.

In the case of DEF, the expansion potential as determined from a single test with a given 
thermal treatment has to be modified in amplitude given the thermal evolution at early age 
actually sustained at the considered location. The determination of this coupling has been 
modeled by N. Baghdadi, further refined by R.-P. Martin. Presently, B. Kchakech’s Ph.D. will 
provide improved basis for a valuable improved model relating the early age thermal history 
with the resulting DEF potential expansion. A better scientific basis will thus also be given to 
temperature thresholds associated to DEF prevention.
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3. Structural Testing

Structural testing has been conducted at IFSTTAR within two main large scale programs on 
3 m-long beams, submitted to moisture gradients and thus differential chemically-induced 
strains (Ph.D. Theses of S. Multon and R.-P. Martin, Fig. 11).

Fig. 11 Ageing of 3 m-long plain and reinforced concrete beams affected by AAR and/or 
DEF, with amplified expansions along the immersed bottom chord. On the right, failure of a 
plain DEF-affected beam due to the excessive chemically-induced deformations

The residual bearing capacity of the aged specimens has been quantified and compared to 
different models (Fig. 12). Conversely to plain concrete specimens, reinforced concrete 
beams have kept satisfactory integrity and application of conventional strength of materials 
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verifications has turned out possible, even if some material properties have to be taken as 
degraded.

Fig. 12 Residual bending capacity of an aged AAR-affected reinforced concrete beam 
(Multon, 2003)

During these tests, the possibility to use non-destructive monitoring methods has been 
evaluated. The sensitivity of these methods for early detection is still hardly sufficient, and 
important artifacts are associated to the variations in water saturation.
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4. Structural Acceptance Criteria

For bridges, criteria associated to early management decisions are mainly related to the 
opening of visible cracks, with thresholds of 0.5 mm for single cracks and cracking index 
higher than 1 mm/m for critical zones. These limits are associated to the location and 
structural or operational significance of the cracked zones within the structure (Fig. 13, 14).
When monitoring data have been made available, these instantaneous criteria are combined 
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with quantification of the expansion evolution for further management decisions: global strain 
variation higher than 0.5 mm/m/year or single crack opening evolutions higher than 
0.2 mm/year.

Fig. 13 Widely open cracks mainly due to ASR (left) or DEF (center and right) in bridge piers

Fig. 14 Widely open cracks along the strands of pre-stressed or post-tensioned AAR or DEF-
affected bridge beams

For other civil engineering facilities, similar thresholds related to the variation of global 
dimensions and shape of the structure (and significant trend over years as compared to 
seasonal variations) seem to be used as alerts.

Whatever these figures, decisions related to the structure operation have been and should 
remain related to public safety, SLS and ULS reassessment, as well as to durability 
consideration for reinforcement or pre-stressing. Some examples follow:

- Even though the global structural safety is not engaged, important cracking of curbs leading 
to possible combined damage with freeze-thaw degradations and re-bars corrosion may 
require immediate preventive measures with respect to cover pieces dropping;

- Non-compatibility of concrete deformations, e.g. oval-shaping of reservations, with respect 
to equipments or active components in a hydraulic facility, may correspond to loss of 
serviceability and require rapid corrective actions;

- In the case of a bridge, serviceability degradation due to excessive deflection may be 
critical, but also locally excessively open cracks with respect to re-bars or pre-stressing 
protection (Fig. 15); 
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- In the case of a dam, the global safety margin with respect to stability may be questioned in 
case of damaged material characteristics possibly leading to loss of tightness and uplift due 
to water infiltration, or under a seismic event applied on a chemically-damaged structure. 

Fig. 15 AAR-affected bridges that had to be dismantled due to excessive deflection (left) or 
widely open cracks engaging the structural safety

As a conclusion on this aspect, important decisions on structural acceptance related to AAR 
or DEF-affected structures have been (and should remain) taken based on advice of 
technical committees comprising material experts, structural engineers and operators, with 
due consideration of careful structural re-assessment.
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5. Structural Modeling

Structural modeling has been developed from the early 2000s, first for AAR, within Li Kefei’s 
Ph.D. Thesis, as a key step for affected structures re-assessment including prognosis and 
evaluation of repair / retrofitting efficiency. 

It is originally based on a weak coupling assumption between a chemically-induced strain 
potential, temperature and moisture fields modulating the resulting chemically-prescribed 
strain, and the mechanical response (Fig. 16). Successive refinements have been introduced 
to cope with intrinsic or stress-induced anisotropy, representation of discontinuities (major 
cracks, sawn cuts), superimposed creep and shrinkage. The model, implemented within the 
general F.E. Software CESAR-LCPC under the name “ALKA”, has been extended as “RGIB” 
for also addressing DEF-induced strains, the expansive potential being derived from the 
early-age thermal computation (N. Baghdadi’s Ph.D.).

Fig. 16 Global modeling of chemo-mechanical structural response, including thermal and 
water saturation influence, after Seignol et al. (2012)

Structural modeling takes part of the diagnosis of the structure (Fig. 17) when adjusting the 
material model parameters from residual expansion tests to best fit the monitored evolution 
of the structure under consideration (measured relative displacements and evolution). It is 
used in the structural safety evaluation of the structure at the present state and at the end of 
its expected service life, possibly after different retrofitting / strengthening measures have 
been simulated.

Documented validation of RGIB capabilities concern Térénez and Bourgogne bridges (Fig. 
18), among other cases. Recent application of its predicting ability can be illustrated with 
Salanfe (Fig. 19) or Songloulou Dams and Veytaux hydraulic power plant (Fig. 20). 
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Validation of advanced couplings (e.g. amplification of moisture transfer due to DEF-induced 
cracking) can be done using the structural tests on large beams detailed in section 3.

Fig. 17 Residual expansion tests, monitoring, modeling and prognosis, after K. Li et al. 
(2004)

Fig. 18 Stress prediction in the pylon of a cable-stayed bridge affected by DEF in its massive 
lower part, after Baghdadi (2008)
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Fig. 19 Veytaux hydroelectric plant: Difference in AAR development depending on differential 
water saturation

Fig. 20 AAR development in Salanfe dam resulting in global crest displacements
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6. In-situ Condition Assessment

In-situ monitoring provides the first data for prioritization and management decisions related 
to further survey and deeper investigations (Fig. 21).

Fig. 21 Outline of the monitoring and management decisions for ASR / DEF-affected bridges 
according to LPC guidelines, 2003

1.   Prioritisation (classification of structures) 
Depending on the critical location and structural function of affected zones 

2.   Initial assessment 
  Characterization of cracking 
  Instrumentation for monitoring of deformations 
  Programming of measurements 

Survey of cracking IF0  and survey of global deformation Dm0 

Every 3rd month if IF0  > 1 mm/m or single cracks w0 > 0,5 mm, otherwise once a year 
3.   Monitoring (leading to priorization) 

Present cracks ?  
Evolution ? 

Ongoing monitoring required if IF or Dm/Dm  > 0,5 mm/m/year or evolution of 
single cracks w > 0,2 mm/year for w0 > 0,5 mm 

4.   (According to priority) Search for the causes of disorders 
  Sampling  
  Laboratory analysis of samples and diagnosis 

5.  (According to priority) Forecast of the evolution 
  Residual expansion tests 
  Specific recalculation (chemo-mechanical model) 
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It is mainly based on visual inspection and crack monitoring (Fig. 22), either for localized 
widely open cracks, or for cracked zones (determination of cracking index and evolution).
Guidance documents are provided. It is reminded that as soon as structural health 
monitoring is decided, detailed temperature and weather / water level information 
concomitant with relative distance measurements are highly desirable, since all data are 
necessary for a precise analysis and further calibration of the expansion model.

The possibility to use alternative non-destructive techniques (e.g. wave propagation, 
vibration response) could be attractive in certain situations where access to remote zones is 
difficult. For the moment, due to uncontrolled influence of moisture, such techniques have not 
been deemed reliable enough for in-situ assessment to replace distance and deflection 
measurements and cracking survey. Namely, distance and deflection measurements and 
cracking survey appear as directly related to the output of the structural modeling, which 
appears as a mandatory step for effective condition assessment.

Fig. 22 Examples of use of laser distancemeter and methodological guidelines for cracking 
survey
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7. Repair

Management decisions, among which repair / retrofitting, should be based on a risk analysis 
approach, as detailed in appropriate guidance documents (Fig. 23), which formally integrates 
the information gained on the structure itself, significance of the present and evolving 
damage, cause and prognosis of the disorders etc.
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Appropriate maintenance, e.g. restoration of efficient water drainage of bridges, is of course 
a preliminary mandatory task.

Mitigation and repair techniques have been classified and feedback has been documented 
for some of the methods: prevention of spalling, application of a waterproofing membrane - at 
least some mm-thick is recommended (Fig. 24), forced drying, external strengthening by 
fiber-reinforced polymers (Fig. 25), passive re-bars or additional post-tension (3D analysis is 
required), coating (Fig. 26), jacketing (Fig. 27), creation of sawn cuts (Fig. 28), crack injection 
(which only temporary delays the risk of reinforcement corrosion), concrete substitution (Fig. 
29)… Whatever the solution, it is for the moment advisable to follow up its efficiency until 
stabilization of the expansive phenomena. 

Fig. 23 Guidelines for mitigation       Fig. 24 Test of an abutment retrofitting  
and repair of AAR / DEF affected structures   by application of a waterproofing membrane

Fig. 25 FRP application on the pylon   Fig. 26 Coating supposed to prevent water ingress
of a suspended bridge (low efficiency)      without long-term efficiency in DEF mitigation
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Fig. 27 Confinement of AAR-induced expansions: jacketing by reinforced shotcrete

Fig. 28 Substitution of the DEF-affected cap beam of Fozière Viaduct, allowing conservation 
of the rest of the viaduct bearing A75 motorway in operation

Fig. 29 Sawn cut for limiting AAR-induced compressive stresses and simulation of induced 
displacements and efficiency on an affected dam
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Conclusion

The « progressive methodology » applied from more than 15 years for the management of 
AAR / DEF affected structures has proven satisfactory to focus funding and efforts on the few 
most severe cases while maintaining appropriate survey on all identified cases (experience 
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at a regional level in Brittany). (Numerical) reassessment has turned out necessary in severe 
cases: which requires sound and quantitative understanding of mechanisms and precise 
calibration with in-situ measurements / residual expansion tests.  

The following issues are considered still pending and may correspond to critical sources of 
uncertainty as applied to the management of AAR / DEF-affected structures.
For ASR:
- the question of possible stabilization of the expansions at long term, or not? 
- the quantitative assessment of the prediction uncertainty; 
- the difficulties in micro-macro relation depending on aggregates reactivity and size.
For DEF:
- how to accelerate the mechanism for a quicker performance test? 
- better understand the role of cement chemistry (SO3, alkalis), SCM and aggregate; 
- better understand the role of liquid water vs. average relative humidity; 
- understand how / whether the reaction(s) can be stopped; 
- implement coupling between saturation & mechanical computations; 
- describe possible interference between DEF and AAR; 
- clarify the reliability of computations, scatter of data / results. 

Further research and development efforts should especially address these issues as priority 
objectives.
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ABSTRACT

Mesoscale Simulation of Alkali-Silica Reaction (ASR) Deterioration of Concrete and

Interpretation of Nonlinear Ultrasound Measurements

Alkali silica reaction (ASR) in concrete is a complex, multi-scale chemo-mechanical problem

characterized by expansion and cracking of concrete meso-structure. Driven by various environ-

mental factors such as humidity and temperature levels, it causes microscopic to macroscopic

cracking of concrete resulting in degradation of concrete mechanical properties. In the recent

past, many research efforts were directed towards evaluation, modeling and treatment of ASR

effects on structures but a comprehensive computational model was still lacking. In this report,

the recent advances in modeling of ASR effects within the framework of the Lattice Discrete

Particle Model (LDPM) are presented. LDPM simulates concrete heterogeneous character at

the scale of coarse aggregate pieces. The presented formulation, entitled ASR-LDPM, allows

precise and unique modeling of volumetric expansion; expansion anisotropy under applied load;

non-uniform cracking distribution; concrete strength and stiffness degradation; alkali ion con-

centration effect; and temperature effects of concrete subjected to ASR. In addition, a unique

advantage of this formulation is its ability to distinguish between the expansion directly re-

lated to ASR gel expansion and the one associated with cracking. Simulation of experimental

data gathered from the literature demonstrates the ability of ASR-LDPM to predict accurately

ASR-induced concrete deterioration.
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From the experimental evaluation point of view, so far, many standardized test methods

have been proposed to investigate concrete vulnerability to ASR and they are characterized by

time durations varying from only two weeks (accelerated mortar bar test) to up to two years

(concrete prism test). While these tests can give some insight on the susceptibility of new

structures to ASR damage, the assessment of the residual loading carrying capacity of existing

ASR affected structures mostly rely on destructive evaluations. This approach is not only cost

ineffective, but also difficult or even dangerous to implement for sensitive structures such as, nu-

clear power plants. Promising alternatives are ultrasonic nondestructive evaluation techniques

that have been adopted successfully to detect metallic materials fatigue damage and debond-

ing in composites. These techniques can detect early damage stages that cannot be captured

accurately by using simple linear measurements but do not provide a direct measurement of

the damage characteristics (e.g. statistics of crack opening) and, much less, of the deterioration

of the mechanical properties. This was achieved by integrating non destructive measurements

with accurate computational modeling of the damage mechanisms associated with ASR. In this

report, the integration of nondestructive experimental evaluation with ASR-LDPM is presented.

The numerical simulations demonstrate (1) the ability of LDPM to replicate ultrasonic nonlinear

phenomena and (2) that a strong correlation exists between these phenomena, local character-

istics of cracking evolution, stiffness and strength reduction.
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CHAPTER 1

Introduction

Alkali-Silica Reaction (ASR) is a process associated with aging concrete structures subjected
to relatively high humidity environments. In very simplistic terms, one can describe ASR as the
reaction of noncrystalline silica, contained in aggregate particles, with alkalies, present in the
cement paste, and water, to form an expansive product, often called “ASR gel”. While humidity
is a key factor for the occurrence of ASR [1, 2, 3], temperature has also an essential role in
determining the ASR rate of reaction [4].

ASR results in concrete deterioration over time [5] in the form of both strength and stiffness
reduction, directly related to cracking and damage caused by the progressive expansion of the
formed ASR products.

ASR is a worldwide problem, and since its first discovery, it has been the subject of several
conferences, workshops, and scientific publications[6, 7]. ASR was observed for the first time in
US by Stanton in 1940 [8]. This early research studied various aspects of ASR including (a) ASR
chemistry; (b) ASR effects at structure and material level; (c) the formulation of testing methods
to investigate the vulnerability of aggregate and mixes to ASR; and (d) the implementation of
techniques for the mitigation of ASR effects. Since that time, many research efforts have been
devoted to study these different aspects.

Various experimental programs investigated different ASR aspects including the controlling
factors affecting ASR progression and extent, and the assessment of its effect on concrete. Typ-
ically, small scale testing of accelerated ASR lab specimens has been extensively used both for
research and practical applications. The Accelerated Mortar Bar Test (AMBT) [9, 10, 11] is
usually used to determine the vulnerability of a specific aggregate type to ASR. This test lasts
for only 16 days. It is performed using crushed aggregate sampled from the same test aggregate
batch under elevated temperature of 80◦C in alkali rich solution. While very appealing from the
practical point of view, this test is very limited in giving a complete picture about the extent
of the ASR reaction. A better, yet slower, test is the Concrete Prism Test (CPT) [12, 13]. In
this test, concrete prisms are prepared from the exact concrete batch. CPTs can be performed
under various relative humidity and temperature conditions [14, 15, 16, 17], but as far as
relative humidity is concerned, the most typical approach is to use sealed conditions. CPT has
two typical time ranges, a 6 month accelerated duration which is usually performed at 60◦C,
and a longer one ranging between 1 to 2 years and usually performed at 38◦C. The applicability
and expansion limits for different versions of this test were investigated by Jason et. al. and
Fournier et. al. [18, 19]. Contrarily to the AMBT, the source of alkali in this test is usually
the cement paste, where NaOH is added to the mixing water to reach a typical alkali content
around 1.25% Na2Oeq. This test can better represent the real structure behavior as in most of
the cases in real world structures, the source of alkali is the cement paste. In addition, this test
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uses the same aggregate size and distribution of real concrete which is a key factor affecting the
extent and speed of ASR expansion. While the aforementioned tests have standard procedures
in terms of time duration and specimen size, many experimental programs were performed on
larger specimens for longer time periods and under a wider range of environmental and loading
conditions. Multon and Toutlemonde [20] tested concrete cylinders for 450 days to investigate
the effect of applied stresses on ASR expansion and cracking. They found that the observed
expansion is redirected from axial to lateral (or viceversa) under external loading (or lateral
confinement). Large scale and long time experiments were also carried out by Fournier et al.
[21]. In their experimental program, they tested concrete prisms of 75×75×250-300 mm for
52 weeks (1 year) at 38◦C and RH of 95% and also recorded expansions of concrete blocks
measuring 0.40×0.40×0.70 m for 10 years in two exposure sites in Canada and Texas (USA).
Various measurements and correlations were reported in this study, including the effect of ex-
posure conditions, the effect of concrete alkali content and air entrainment on ASR expansion
and the correlation between blocks and prism expansions. Additional experimental work related
to ASR effects has been pursued by several other authors in a variety of different experimental
programs. See, among many others, Refs. [22, 23, 24, 25, 26, 27, 28, 29, 5].

Many authors also researched methods to assess ASR effects on built structures . Other
than expansion measurements, the techniques used to characterize ASR effects on concrete
mechanical properties are divided into the following categories : (1) Destructive sampling from
real structures through coring of specimens at different locations and over time, and testing
these samples for residual concrete strength [30]; (2) Electric conductivity techniques reflecting
the degree of cracking as a reduction of conductivity [31]; (3) Imaging techniques for micro-level
damage characterization including Scanning Electron Microscopy (SEM) techniques, Energy-
Dispersive X-ray (EDX) techniques [32, 33, 34], Petrography methods [35], Thermography
methods [36] and Radar measurements [37].

All aforementioned testing methods were utilized to study different factors affecting ASR,
including, but not limited to, pessimum size (particle size associated with the maximum expan-
sion over the test time period compared to both smaller and larger aggregate sizes) [38, 39],
type of aggregate [40, 22, 41, 42], temperature, relative humidity [43, 44, 2, 3], alkali content
[45, 46, 47, 48], and stress state [49, 20]. In addition, other research efforts were also directed
to the mitigation of ASR problems by using either admixtures, especially fly ash [50, 51, 52],
or remedial actions such as slot cutting or grouting of cracks [53].

Of the damage assessment techniques described above, the destructive ones have the major
drawback of measuring material properties under stress conditions completely different from the
real ones. Nondestructive techniques, do not suffer from this shortcoming but their interpretation
is often non-trivial and requires, as it will be demonstrated in this paper, advanced models
describing ASR phenomena.

From the modeling point of view, ASR effect on concrete structures was addressed also
through numerous research efforts. Models considered the problem at various length scales and
with different levels of detail. First attempts describing ASR gel evolution based on petro-
graphic measurements were proposed by several authors [54, 55, 56, 39, 57, 38, 58, 59, 60].
These models replicated various aspects of ASR expansion such as aggregate pessimum size,
ASR induced expansion and pressure but did not reflect the fracture mechanics aspects of the
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deterioration process. Bažant [61] was the first to propose a fracture mechanics approach to
predict the pessimum aggregate size.

In the literature, one can find macroscopic models trying to describe the global mechanical
deterioration due to ASR. The phenomenological model presented by Charlwood et al. [62]
and Thompson et al. [63] is considered one of these earliest models. More refined models
[64] and others considering creep [65] were developed later and, although they predict well
displacements and stress history in the structure, they completely lack the ability to predict
crack patterns as well as to describe the physical phenomena linking ASR to the deterioration
of mechanical properties. Chemo-mechanical coupled models were subsequently introduced for
a more improved modeling. Models based on the ASR kinetics were formulated [66, 67, 68]
and implemented within smeared crack finite element frameworks [69, 70] and they were able
to reproduce some ASR expansion data available in the literature [71]. Saouma and Perotti
[72] and Multon et al. [73] introduced models considering stress state effects . Damage models
combining in a consistent thermodynamic fashion the chemical and mechanical components of
the ASR process were proposed by Comi et al. [74, 75]. The effect of humidity and temperature
was incorporated in the reaction kinetics law by Poyet et al. [76]. While all previous models
were deterministic, Capra and Sellier [77] presented a probabilistic model based on the main
parameters of ASR and concrete. For very extensive literature reviews of available ASR models,
the reader may want to consult Refs. [78, 4, 79, 80].

Despite some success, the common disadvantage of all aforementioned models is the inability
to simulate crack patterns and crack distribution due to ASR. This, in turn, limits the ability
to predict the degradation effect of ASR and forces the assumption of phenomenological rela-
tionships between ASR gel expansion and concrete mechanical properties. In addition, it also
limits the ability of such models to explain complex triaxial behavior of concrete under ASR
and also forces the assumption of phenomenological relationships between ASR gel expansion
and stress state. These limitations are inherently connected to modeling concrete as an isotropic
and homogenous continuum [81].

Due to lack of reliable miniscale or mesoscale models – describing concrete as a three-phase
(aggregate, binder, interfacial transition zone) or two-phase (aggregate, binder) material, re-
spectively – very limited results are available on fine scale modeling of cracking induced by
ASR. Comby-Peyrot et Al. [82] developed a 3D computational tool to describe concrete be-
havior at mesoscale with the application to ASR. The model predicted well concrete nonlinear
behavior up to the peak but was unable to reproduce complete degradation in the softening
regime. Dunant et Al. [83] proposed a 2D model able to qualitatively reproduce material dete-
rioration of concrete properties by simulating expansive gel pockets inside the aggregates. The
2D character of the model, however, prevented the model from obtaining good results from a
quantitative point of view. Shin and colleagues [84, 85] used scanning electron microscopy tech-
niques to obtain microstructural images of specimens suffering from ASR and to develop refined,
and computationally very intensive, 2D finite element models of damaged internal structure of
concrete.

Not until recently, such limitations were never overcome. In 2013, Alnaggar et al [86] pro-
posed a multiscale model for ASR deterioration of concrete structures entitled ASR-LDPM. The
model represents a leap in the field by modeling ASR effects within the Lattice Discrete Particle
Model (LDPM) [87, 88]. LDPM, in a full 3D setting, simulates the mechanical interaction of
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coarse aggregate pieces through a system of three-dimensional polyhedral particles, each resem-
bling a spherical coarse aggregate piece with its surrounding mortar, connected through lattice
struts and it has the ability of simulating the effect of material heterogeneity of the fracture
processes. ASR-LDPM can reproduce realistic crack patterns under free expansion, restrained
expansion and expansion under various loading conditions. In addition, it can replicate the de-
terioration of concrete strength and stiffness, temperature effects on reaction kinetics and alkali
content variations. It is worth noting that, ASR-LDPM can predict degradation of mechanical
properties without the need of any phenomenological relationship between such degradation and
expansion.

This report presents the ASR-LDPM model [86] and its application in interpretation of
Nondestructive evaluation measurements using acoustic nonlinearity changes [89]. The whole
procedure is presented in an explicit formulation assuming for the first time that all strains are
imposed and leaving the damage prediction to be solely reproduced by the superior capabilities
of the LDPM [88, 86] to replicate physically, the complex behavior of concrete under a multitude
of loading and strain conditions.
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CHAPTER 2

Material aspects and lab. material testing
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CHAPTER 3

Material Modeling: Lattice Discrete Particle Modeling (LDPM)
of Alkali Silica Reaction (ASR) Deterioration of Concrete

Structures

3.1. Computational modeling of ASR damage in concrete

This section presents a review of the ASR-LDPM used for the simulation of ASR damage
in concrete.

3.1.1. The Lattice Discrete Particle Model (LDPM)

The Lattice Discrete Particle Model (LDPM) [87, 88] is a meso-scale discrete model that sim-
ulates the mechanical interaction of coarse aggregate pieces embedded in a cementitious matrix
(mortar). The geometrical representation of concrete mesostructure is constructed through the
following steps. 1) The coarse aggregate pieces, whose shapes are assumed to be spherical,
are introduced into the concrete volume by a try-and-reject random procedure. 2) Zero-radius
aggregate pieces (nodes) are randomly distributed over the external surfaces to facilitate the
application of boundary conditions. 3) A three-dimensional domain tessellation, based on the
Delaunay tetrahedralization of the generated aggregate centers, creates a system of polyhedral
cells (see Figure 3.1a) interacting through triangular facets and a lattice system composed by
the line segments connecting the particle centers.

In LDPM, rigid body kinematics is used to describe the deformation of the lattice/particle
system and the displacement jump, �uC�, at the centroid of each facet is used to define measures
of strain as

(3.1) eN =
nT�uC�

�
; eL =

lT�uC�

�
; eM =

mT�uC�

�
where � = interparticle distance; and n, l, and m, are unit vectors defining a local system of
reference attached to each facet. It was recently demonstrated that the strain definitions in Eq.
3.1 correspond to the projection into the local system of references of the strain tensor typical
of continuum mechanics [90, 91, 92]

Next, a vectorial constitutive law governing the behavior of the material is imposed at the
centroid of each facet. In the elastic regime, the normal and shear stresses are proportional to
the corresponding strains: tN = ENe∗N = EN (eN − e0N ); tM = ET e

∗
M = ET (eM − e0M ); tL =

ET e
∗
L = ET (eL − e0L), where EN = E0, ET = αE0, E0 = effective normal modulus, and α =

shear-normal coupling parameter; and e0N , e0M , e0L are mesoscale eigenstrains that might arise
from a variety of phenomena such as, but not limited to, thermal expansion, shrinkage, and
ASR expansion.
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For stresses and strains beyond the elastic limit, LDPM mesoscale nonlinear phenomena are
characterized by three mechanisms as described below.

Fracture and cohesion due to tension and tension-shear. For tensile loading (e∗N > 0), the

fracturing behavior is formulated through an effective strain, e =
√

e∗2N + α(e∗2M + e∗2L ), and

stress, t =
√

t2N + (tM + tL)2/α, which define the normal and shear stresses as tN = e∗N (t/e);

tM = αe∗M (t/e); tL = αe∗L(t/e). The effective stress t is incrementally elastic (ṫ = E0ė) and
must satisfy the inequality 0 ≤ t ≤ σbt(e, ω) where σbt = σ0(ω) exp [−H0(ω)〈e− e0(ω)〉/σ0(ω)],
〈x〉 = max{x, 0}, and tan(ω) = e∗N/

√
αe∗T = tN

√
α/tT , and e∗T =

√
e∗2M + e∗2L . The post peak

softening modulus is defined as H0(ω) = Ht(2ω/π)
nt , where Ht is the softening modulus in pure

tension (ω = π/2) expressed as Ht = 2E0/ (lt/le − 1); lt = 2E0Gt/σ
2
t ; le is the length of the

tetrahedron edge; and Gt is the mesoscale fracture energy. LDPM provides a smooth transition
between pure tension and pure shear (ω = 0) with parabolic variation for strength given by

σ0(ω) = σtr
2
st

(
− sin(ω) +

√
sin2(ω) + 4α cos2(ω)/r2st

)
/ [2α cos2(ω)], where rst = σs/σt is the

ratio of shear strength to tensile strength.
Compaction and pore collapse from compression. Normal stresses for compressive loading

(e∗N < 0) are computed through the inequality −σbc(eD, eV ) ≤ tN ≤ 0, where σbc is a strain-
dependent boundary function of the volumetric strain, eV , and the deviatoric strain, eD =
eN −eV . The volumetric strain is computed by the volume variation of the Delaunay tetrahedra
as eV = ΔV/3V0 and is assumed to be constant for all facets belonging to a given tetrahedron.
Beyond the elastic limit, −σbc models pore collapse as a linear evolution of stress for increasing
volumetric strain with stiffness Hc for −eV ≤ ec1 = κc0ec0: σbc = σc0 + 〈−eV − ec0〉Hc(rDV );
Hc(rDV ) = Hc0/(1+κc2 〈rDV − κc1〉); σc0 is the mesoscale compressive yield stress; rDV = eD/eV
and κc1, κc2 are material parameters. Compaction and rehardening occur beyond pore collapse
(−eV ≥ ec1). In this case one has σbc = σc1(rDV ) exp [(−eV − ec1)Hc(rDV )/σc1(rDV )] and
σc1(rDV ) = σc0 + (ec1 − ec0)Hc(rDV ).

Friction due to compression-shear. The incremental shear stresses are computed as ṫM =
ET (ė

∗
M−ė∗pM ) and ṫL = ET (ė

∗
L − ė∗pL ), where ė∗pM = λ̇∂ϕ/∂tM , ė∗pL = λ̇∂ϕ/∂tL, and λ is the plastic

multiplier with loading-unloading conditions ϕλ̇ ≤ 0 and λ̇ ≥ 0. The plastic potential is defined

as ϕ =
√

t2M + t2L − σbs(tN ), where the nonlinear frictional law for the shear strength is assumed

to be σbs = σs + (μ0 − μ∞)σN0[1− exp(tN/σN0)]− μ∞tN ; σN0 is the transitional normal stress;
μ0 and μ∞ are the initial and final internal friction coefficients.

Finally, the governing equations of the LDPM framework are completed through the equi-
librium equations of each individual particle.

LDPM has been used successfully to simulate concrete behavior under a large variety of
loading conditions [87, 88]. Furthermore it can be properly formulated to account for fiber
reinforcement [93, 94] and it was recently extended to simulate the ballistic behavior of ultra-
high performance concrete (UHPC) [95]. In addition, LDPM was successfully used in structural
element scale analysis using multiscale methods [91, 96, 81].
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3.1.2. Modeling ASR expansion

Based on the currently available literature relevant to ASR analysis, experimentation, and eval-
uation of damage effects, some important observations should be considered when formulating a
model to describe ASR expansion. Till today, ASR chemical and physical processes are yet to be
completely understood, and they highly depend on the chemistry and mineralogy of aggregate,
cement, cement replacement products (slag, silica-fume, fly ash, etc.), and additives (super-
plasticizers). The composition of all these products has a huge geographical variations making
observations and conclusions obtained in specific research difficult to extrapolate [97, 98, 99].
In addition, inside each aggregate particle, the silica distribution is, in most cases, non-uniform
and it forms pockets, veins, and scattered inclusions [100, 101, 102]. Outside the aggregate
particle, a variety of different alkali (Na+,K+,Ca+,...) ions are available and all react with silica
inside the aggregate in presence of hydroxide (OH−) and ions and water (H2O) [103, 104, 98]
that are mainly provided through cement paste [105, 106] especially at later concrete ages
[107, 108]. With such a variety in both aggregate mineralogy and alkali available ions, the re-
action of silica gives rise to an amorphous gel whose precise chemical composition varies widely
[109, 110]. However, strong evidence suggests that the density (and “flowability”) of ASR gel
depends significantly on calcium and water content [111, 112, 113] and some other evidence
suggest that the expansive character of the ASR gel is associated to additional chemical reactions
occurring at later stages [79]. But regardless of the chemistry and physics of the reaction and
products, the observed result is significant cracking in reactive mixes both in the cement paste
and inside the aggregate particles [114, 115, 99] and experimental (especially petrographic)
observations clearly indicate the presence of ASR gel, depending on its situation, at the aggre-
gate surface (“reaction rim”), inside aggregate particles, and, only in the case of very reactive
aggregate, inside cracks. Note that this is not indication of gel flow because it may be that the
crack facilitates water and ions transport which later produce gel in the crack [111, 116, 112].

Considering the aforementioned observations, in this paper, as mentioned before, a novel
approach, entitled ASR-LDPM [86, 117] is extended to account for variable alkali content.
ASR-LDPM implements, within the mesoscale framework of LDPM, a model describing ASR gel
formation and expansion at the level of each individual aggregate particle. The overall average
rate of expansion of a single aggregate piece is related to two main processes: (1) Basic gel
formation, and (2) Water imbibition. Subsequently, the volume increase due to water imbibition
is translated into inhomogeneous gel strain, and is imposed on the concrete meso-structure as
an eigenstrain within the LDPM model.

Gel Formation. Similarly to the work in [86], the formulation focuses on the mesoscale
(length scale of coarse aggregate pieces) and finer scale mechanisms are accounted for in an
average sense through the mesoscale governing equations. The gel mass Mg generated from an
aggregate particle with diameter D, is derived by solving the steady state mass balance of radial
diffusion process into the aggregate particle (see Figure 3.1b). This is justified by the fact that,
regardless of the fine scale characteristics of gel formation, water and alkali ions must diffuse
through aggregate particle to reach the silica. Thus, one can write,

(3.2) Mg = κaκg
π

6

(
D3 − 8z3

)
and
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(3.3) ż = −κz
we exp

(
Eag

RT0
− Eag

RT

)
z
(
1− 2z

D

)
where T0 = reference temperature; T = current temperature; Eag = activation energy of

the diffusion process; and R = universal gas constant. we = water content in the concrete
surrounding the aggregate particle estimated based on [118] as we = (w/c − 0.188α∞

c )c at
saturation; α∞

c = (1.031w/c)/(0.194 + w/c) asymptotic hydration degree; w/c = water-to-
cement ratio; c = cement content, z = the diffusion front position measured from aggregate
particle external surface, κg and κz are free parameters, and κa = min(〈ca − ca0〉 /(ca1 − ca0), 1)
accounts for the fact that alkali content available in the cement paste surrounding each aggregate
particle, is not always enough for the ASR reaction to occur. ca0 is the threshold alkali content
at which, no or minimal expansion is observed, and ca1 is the saturation alkali content enough for
complete silica reaction. Note that z might represent, depending on the situation, the evolution
of different phenomena, from the thickness of the reaction rim to the extent of the penetration
of alkali rich water needed for the reaction of isolated silica pockets.

Water Imbibition. The water imbibition process is described by relating the rate of water
mass Mi imbibed by gel to the thermodynamic affinity and a characteristic imbibition time.
Considering the updated form of gel mass Mg given by the integration of Eq. 6.5, the rate of
water imbibition is given by:

(3.4) Ṁi =
C1
i

δ2
exp (−ηMi) [κiMg −Mi] exp

(
Eai

RT0
− Eai

RT

)

where the imbibed water at thermodynamic equilibrium has been assumed to be linearly pro-
portional to the mass of formed gel with κi as the constant of proportionality, and temperature-
dependent through an Arrhenius-type equation governed by the activation energy of the imbi-
bition process Eai. δ is the average (or effective) distance of water transport process from the
concrete around the aggregate into the ASR gel. The exponentially decaying factor in Eq. 3.4
represents the reduction of water imbibition rate close to gel saturation conditions.

Lattice Discrete Particle Modeling of ASR Effect. The rate of mass of water imbibed Ṁi by
a specific aggregate piece is given by Eq. 3.4. Using this equation, the increased radius of each
aggregate particle of initial radius r = D/2 can be calculated as

(3.5) ri = (3Mi/4πρw + r3)1/3

where ρw is the mass density of water. The rate of radius increase can be written using the
chain rule as:

(3.6) ṙi =
dri
dt

=
dri
dMi

dMi

dt
= Ṁi

dri
dMi

=
Ṁi

4πρw
(3Mi/4πρw + r3)−2/3

For a generic LDPM facet, the incompatible ASR gel eigenstrain rate, ė0N , is defined as
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(3.7) ė0N =

{
0.0 if z = 0
(ṙi1 + ṙi2)/� if z > 0

where ṙi1 and ṙi2 are the increases in the radii of the two aggregate particles adjacent to
the considered facet. Note that the model formulated herein assumes approximately that the
imposed facet shear eigenstrains due to gel swelling are negligible, e0M = e0L ≈ 0, although this
might not be exactly true due to the irregular shape of actual aggregate particles.

The presented formulation, is implemented into MARS, a multi-purpose computational code
for the explicit dynamic simulation of structural performance [119].

3.2. Identification of model parameters

The proposed model contains two sets of material parameters that need to be identified
from experimental data. The first set consists of the LDPM parameters which can be identified
through fitting material properties relevant to basic concrete mechanical behavior. Extensive
discussion of LDPM parameter calibration is reported in Ref. [88] to which the reader is directed
for additional information.

The second set of material parameters is relevant to the formulated ASR model. The ASR
parameters can be calibrated by the best fitting of volume expansion versus time curves of
concrete specimens subject to ASR (1) at the reference temperature T0 (typically room tem-
perature) and with an alkali content ca > c1a sufficient for the complete reaction of all reactive
aggregate particles in the concrete mix, for a1s, C

0
i , η, and δc; (2) at two different temperatures,

for the activation energies of gel formation, Eag, and water imbibition, Eai; and (3) at two alkali
content values, for the saturation and threshold alkali contents, c1a and c0a.

It is worth mentioning that, due to the intrinsic randomness of both experimental data and
LDPM numerical response, the parameter identification needs to be performed by averaging
the response of a statistically representative number N of specimens. In this study, unless
otherwise mentioned, N = 3 was used when the relevant information was not available from the
experiments.

3.3. Numerical simulations and comparison with experimental data

This section presents the numerical simulation of ASR induced expansion of concrete speci-
mens with the objective of demonstrating the capability of the formulated model to capture (1)
the general characteristics of ASR S-shaped expansion versus time curves; (2) the effect of stress
states on observed expansion; (3) the effect of expansion on concrete strength; (4) the effect of
alkali content; and (5) the effect of temperature. In all of these cases, the source of alkali is
within the cement paste with no alkali macro-diffusion, so the original ASR-LDPM model [86]
was used.

3.3.1. Free and restrained ASR expansion under different applied loads

To verify the ability of the model to predict correctly ASR-induced expansion under different
loading conditions, this section presents the simulation of experimental results obtained by
Multon and Toutlemonde [20]. Experiments were performed using sealed cylindrical specimens
(240 mm length and 130 mm in diameter). Three different cases were considered: (1) free
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expansion; (2) restrained expansion by using a 3mm and thick steel ring; and (3) restrained
expansion by using a 5mm thick steel ring. For each case three loading conditions were considered
and consisted in axial stresses of 0, 10, and 20 MPa. The tests were characterized by a duration of
450 days after curing the specimens for 28 days at room temperature. Axial strains corresponding
to the total expansion of specimens were averaged from 14 measurements regularly spaced over
the perimeter, while for radial strains, diameter variations were measured at 3 levels of the
cylinders, at 10 regularly spaced angular locations.

This data concerns accelerated experiments, which, however, have been demonstrated to
produce good representation of the actual long term phenomena [20, 68], and macroscopic be-
haviors such as S-shaped expansion curves and stress effect in agreement with the corresponding
values observed in actual applications.
3.3.1.1. Calibration of LDPM concrete parameters and creep, shrinkage consider-
ations. To match concrete mechanical properties relevant to the analyzed experimental data,
LDPM parameters were calibrated based on reported values of compressive strength, f ′

c = 38.4
MPa, Young’s modulus, E =37.3 GPa using cylindrical specimens 320 mm in height and 160
mm in diameter, and splitting tensile strength, f ′

t = 3.2 MPa using cylindrical specimens 220
mm in height and 110 mm in diameter. Four numerical specimens (same number as in the
experiments) with different meso-structures were simulated and their average response was con-
sidered. The generation of the different LDPM meso-structures was performed considering the
grain size distribution reported in Figure 3.1c (minimum aggregate size, d0 = 4 mm; maximum
aggregate size, da = 20 mm; fuller curve exponent, nF = 0.79) and the following mix composi-
tion: cement content, c = 410 kg/m3; water-to-cement ratio, w/c = 0.5207; aggregate-to-cement
ratio, a/c = 4.249.

The identified or assumed (for lack of specific experimental data) LDPM parameters [87, 88]
are as follows: meso-scale normal modulus, E0 = 62346 MPa; densification ratio, Ed/E0 = 1;
shear-normal coupling parameter, α = 0.25; meso-scale tensile strength, σt = 4.75 MPa; meso-
scale compressive strength, σc0 = 150 MPa; shear strength ratio, σs/σt = 3.07; meso-scale tensile
characteristic length, lt = 75 mm; softening exponent, nt = 0.2; initial hardening modulus ratio,
Hc0/E0 = 0.4; transitional strain ratio, κc0 = 2; initial friction, μ0 = 0.2; asymptotic friction,
μ∞ = 0; transitional stress σN0 = 600 MPa; deviatoric strain threshold ratio, κc1 = 1; deviatoric
damage parameter, κc2 = 5. Using these parameters, the average of the simulated concrete
properties are: f ′

c,num = 38.41 MPa, Enum = 37.7 GPa, and f ′
t,num = 3.19 MPa, which match

the given experimental data with an error smaller than 0.026, 1.07, and 0.31 %, respectively.
The experimental results analyzed in this section show, for the control nonreactive specimens,

shrinkage of about 0.25%. Also for the loaded cases, experiments show a considerable amount
of creep for applied loads of 10 MPa and 20 MPa. This is due to the relatively early age of
the tested concrete. The meso-scale formulation presented in this chapter does not include
shrinkage and/or creep deformations. However, in order to simulate creep and shrinkage effects
in the analyzed data set, a simplified approach was taken by adding basic creep and shrinkage
strains macroscopically to the LDPM averaged response of the simulated specimens (note that
this does miss the creep strains at the meso-scale level induced by ASR self equilibrated stresses).
More specifically, with reference to a cylindrical specimen subject to a macroscopic stress σ(t)
composed of averaged axial stress component, σa(t), and radial stress component, σr(t), the
corresponding macroscopic strain was calculated as ε = εLDPM + εsh + εve; where εLDPM ,
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εsh, and εve are averaged macroscopic LDPM strain, shrinkage strain, and visco-elastic strain,
respectively.

In the experimental campaign, the specimens were supposed to be sealed at all times and
tested at 28 days of age. In this situation, the sole source of shrinkage should be the consumption
of water due to hydration (autogenous shrinkage). However, comparison (see Fig. 3.1d) of
shrinkage strain measured on companion non-reactive specimens and autogenous shrinkage strain
estimated according to the CEB model [120], εshau(t) = −ε∞

(
1− exp

[−0.2(t/t0)
0.5

])
I, I =

[1 1]T, t0 = 1 day, t = time in days and, ε∞ = 8.791 × 10−5, shows a significant difference
suggesting a potential occurrence of drying due to imperfect sealing of the specimens. This is
further verified by fitting the experimental shrinkage data with the B3 model [121], εsh(t, tc) =

−Ch tanh
√
(t− tc)/τsh I, tc = 28 days. The best fitting, shown in Fig. 3.1d, leads to the

following parameters: τsh = 213.7 days and Ch = 2.7075× 10−4, from which an average relative
humidity of 91 % can be then estimated. This value is lower than the value, 95 to 98%, typically
reported for sealed specimens of standard concrete.

The viscoelastic strain can be calculated as εve = C(t, t0)Gσ0 +
t∫

t0

C(t, τ)Gσ̇(τ)dτ where

C(t, t0) = J(t, t0) − 1/E; J(t, t0) = compliance function; G11 = 1; G12 = −2ν; G21 = −ν;
and G22 = 1 − ν; ν = 0.17, Poisson’s ratio; and, according to the B3 model [121], J(t, t0) =
q1 + q2Q(t, t0) + q3 ln[1 + (t− t0)

n] + q4 ln(t/t0).
Fitting of creep data (see Fig. 3.1e) leads to q1 = 1.758 × 10−5 MPa−1; q2 = 8.414 × 10−5

MPa−1; q3 = 1.794× 10−6 MPa−1; and q4 = 2.46× 10−5 MPa−1.
In the following sections, a complete analysis of model calibration and validation is pre-

sented through the comparison of experimental data and numerical simulations obtained by (1)
excluding the effect of creep and shrinkage (curves labeled “Simulated 1”); (2) including creep
and total shrinkage calibrated on companion specimen data (curves labeled “Simulated 2”); and
(3) including creep and estimated autogenous shrinkage (curves labeled “Simulated 3”).
3.3.1.2. Calibration of ASR parameters with free expansion data. The analyzed exper-
iments are relevant to (1) an accelerated reaction, 450 days compared to 5 to 50 years in actual
structures; (2) a mix design with a large fraction of reactive aggregate, all aggregate particles
4 mm in diameter and above were reactive (e.i. 64.5% of total aggregate content by weight);
and (3) a cement type with high alkali content (ca > c1a, κa = 1). Under these conditions it is
likely that all pores surrounding each reactive aggregate surface were filled quickly with ASR
products in the early 28 days of curing. In this case, it is reasonable to assume δc = 0. In
addition, since the experimental data did not contain information on temperature effect, the
reference temperature T0 was assumed to be equal to the room temperature (23◦C = 296◦K) at
which the experiments were carried out.

The remaining parameters (a1s = 1.478 × 10−10 m2/day, C1
i = 1.44 × 10−14 m2/day, η =

36, 813 kg−1) were calibrated by fitting the experimentally measured evolution in time of the
volumetric strain, (εa + 2εr)/3, with the average LDPM response. The parameter optimization
was performed through a nonlinear least square minimization procedure with reference to the
Simulated 2 numerical response and the obtained fitting is shown in Fig. 3.1f. In the same
figure, the Simulated 1 and Simulated 3 curves are also reported for comparison. As one can see
the effect of shrinkage is not negligible and accounts for a reduced measured expansion of about
24% at 450 days. In the first 90 days, the LDPM calculated expansion is overcorrected by the
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shrinkage effect and the overall net strain is negative while, in the experiments, only positive
strain (expansion) is observed. The Simulated 3 curve fits better the data in that time range
suggesting that degradation of specimen sealing likely occurred overtime.

For this calibration, since the specimen is unrestrained, the macroscopic averaged stresses
are zero and, consequently, there is no effect of creep in the numerical simulations. It must be
observed that this is only an approximation because, in reality, creep might still occur in the
internal heterogeneous structure of the material. This could be simulated by a creep formulation
at the meso-scale which was presented in [122].

The response of the reactive unrestrained specimens is further analyzed in Figs. 3.1g and
h showing separately axial and radial strains, respectively, including their scatter (in terms
of maximum and minimum bounds) for both numerical and experimental data. As one can
see the experimental axial and radial expansion are 0.093% and 0.061%, respectively, at 450
days, suggesting a somewhat anisotropic behavior under free expansion. This behavior, also
observed by other authors [20, 77], can have three distinct sources: (1) the number of tested
specimens is too small to provide statistically accurate results; (2) a non-isotropic aggregate
particle distribution due to size and shape of the adopted specimens; (3) the pouring direction
during casting.

In Figs. 3.1g and h, the numerical results, which account automatically only for the first and
second possible sources of deviation from the isotropic expansive behavior, are relevant to 20
different specimens as opposed to the experimental 4. Results show that the numerical scatter
is comparable to the experimental one. However, the average numerical response is anisotropic
but with a reduced anisotropy: the axial strain is 0.0800% and the radial strain is 0.0719% at
450 days. Furthermore, the average response of sets composed by 4 specimens within the 20
ranges from 0.0702% to 0.0918% for axial strain which is -12.30% to 14.72% compared with the
average response of the entire set; and for radial strain, it ranges from 0.0615% to 0.792% which
is -14.52% to 10.11% compared with the average response of the entire set. This discussion
shows that although the number of specimens in the experimental campaign was somewhat
limited from a statistical point of view, some other effect must be present to fully account for
the anisotropic behavior.

The issue of size and shape of the specimens was also investigated in the numerical simu-
lations by simulating 20 additional cubic specimens with side equal to the length of the tested
cylinders (240 mm). Visual inspection of the generated particle distributions did show a more
uniform particle distribution in the case of cubic specimens and less “wall effect” (absence of
large aggregate particles near the boundaries). In this case, the average expansion strains are ba-
sically the same (from 0.1135% to 0.1148%) while their scatter ranges from 0.0988% to 0.1412%.
Based on this discussion, the reduced expansion in the radial direction in the simulated response
relevant to the averaged 20 specimens can be explained by wall effect.

Finally, Fig. 3.1i reports the Cumulative Distribution Function (CDF) for the calculated
crack openings as well as crack volumes (crack opening×facet area) for three different ASR

duration. The crack opening is defined as w = (w2
N + w2

M + w2
L)

1/2, where wN = �(eN −
tN/EN ), wM = �(eM − tM/ET ) and wL = �(eL − tL/ET ) . A minimum threshold of 10 μm,
corresponding to a local loss of carrying capacity of about 3-5%, was chosen to generate the
CDFs. The maximum calculated crack width is about 25 μm at 90 days, 85 μm at 180 days and
180 μm at 450 days. These values agree well with typical values reported in the literature for
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similar concrete mixes [5]. It is interesting to observe that cracks visible by naked eyes (>100
μm) occur only after 200 days. This means that, if it is required to early detect ASR occurrence
in real concrete structures, the use of only visual inspection is not sufficient as it will only detect
ASR crack openings >100 μm while actually a large volume of cracking is happening below this
threshold. It must be observed that, as will be shown later, at 200 days the loss of carrying
capacity is already about 25%. It should be noted that 200 days corresponds to 45% of the total
450 days of these accelerated expansion tests, while in real structures, this period is from 10 to 50
years. This indicates that visual inspection would not capture defects in structures that might
have lost, in some areas, up to 25% of the strength before about 5 to 25 years. Also by looking
at the CDFs for crack volumes, it can be noticed that most of the crack volume is contributed
by the smaller cracks. For example, crack openings greater than 100 μm only contribute 5%
in crack volume which emphasizes more on the danger of only using visual inspection as it is
hard to estimate the amount of cracking if only 5% of it is visible. Another phenomenon can be
interpreted from comparing crack opening CDF with crack volume CDF at each time. At 90 days
which correspond to 20% of the maximum expansion, crack volume CDF is very close to crack
opening CDF, which suggests a linear relationship between the two. Cracks with opening up to
the average of 12.4 μm contribute about 43% of crack volume. At 180 days, corresponding to
60% of maximum expansion, crack volume CDF is deviating more from the crack opening CDF,
showing more volume contribution from larger crack openings. Here, cracks with opening up to
the average of 15 μm contribute about 30% of crack volume. The same trends are shown with
increasing of cracking. At 450 days, crack volume CDF is clearly distinct from crack opening
CDF, showing even more volume contribution from larger crack openings. In this case, cracks
with opening up to the average of 17.5 μm contribute about 27% of crack volume.

After model calibration, model validation was performed by simulating all the remaining
data from Ref. [20] and by keeping all parameters unchanged. Results and discussion of the
validation are presented in the following sections.
3.3.1.3. Effect of applied load on reactive unrestrained specimens. In addition to the
free expansion case, Multon and Toutlemonde [20] tested unrestrained specimens subjected to
two levels of axial stress, σa = 10 and 20 MPa. Comparison between numerical prediction and
experimental results is shown in Figs. 3.2 b, and c, for the axial strain, and Figs. 3.3 b, and c, for
the radial strain. For axial and radial strain, the Simulated 2 and 3 curves agree very well with
the experimental data. The simulated 2 curve matches the experiments slightly better, especially
as far as the radial response is concerned. This suggests that for the unrestrained specimens the
drying shrinkage assumption is closer to the reality and some loss of sealing could have occurred
during the test period. Furthermore, analysis of the Simulated 1 curves, indicates that when an
axial load is applied, most of the ASR induced expansion occurs in the radial direction. The
axial ASR expansion is close to zero and it even reverses to a contraction for the 20 MPa case.
This result shows clearly the ability of the model to redirect the ASR expansion based on stress
state, without postulating any effect of stress state on gel formation and expansion but solely
through the correct simulation of meso-scale cracking. Obviously these results do not disprove
the possibility that both gel formation and water imbibition could be reduced or even stopped
for very high levels of confined compression.
3.3.1.4. ASR effect on restrained specimens. This section presents the simulation of ex-
perimental data relevant to two sets of laterally restrained specimens subject to ASR [20]. The
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lateral restraints were composed of a series of 10-mm-high steel rings devised to prevent restrain-
ing in the axial direction. Two different steel ring thicknesses were used, namely 3 mm and 5
mm. Both cases were tested under no axial load; as well as with 10 MPa and with 20 MPa axial
compressive stresses. In the numerical simulations, the effect of the steel rings was modeled by
placing the LDPM specimens in contact with a frictionless cylindrical container modeled through
elastic quadratic shell elements. Comparison between numerical predictions and experimental
results is shown in Figs. 3.2d through i for axial strains; and Figs. 3.3d through i for radial
strains.

Due to the effect of confinement the general trend with and without axial stress is an increase
of the axial expansion and a significant reduction of the radial one (see Simulated 1 curves).
However, when the axial stress is applied, creep and shrinkage dominate the deformation in
the axial direction and the increased axial expansion is actually reflected in a reduced overall
shortening (see Simulated 2 and 3 curves). Overall the agreement between the experimental data
and the numerical prediction is remarkable. In this case, however, the Simulated 3 prediction
(with only autogenous shrinkage) tends to be slightly better than the Simulated 2. This is
reasonable because, in the experiments, the presence of the tightly spaced metal rings certainly
helped keep the sealing in place preventing the decrease of relative humidity discussed earlier in
this chapter in relation to the unrestrained specimens.
3.3.1.5. Discussion of expansion transfer mechanism. Different stress states lead to a
distinctly different macroscopic expansive behavior of concrete specimens subject to ASR. The
general trend is that, when a compressive stress is applied in one direction, the ASR expansion
reduces in that direction while, at the same time, it increases in the direction orthogonal to
it. Some authors [39] suggested a direct dependence of gel production and water imbibtion on
applied stress. This concept, which certainly has a strong foundation in the known dependence of
many chemical reactions on stress state [123], cannot explain, however, the additional expansion
in the transverse direction. This motivated some other authors [20, 124, 125] to postulate
the existence of the so-called “gel transfer mechanism” according to which ASR is not stress
dependent (at least at the level of stress of typical applications) and the expansion transfer is
explained through ASR gel migration under the effect of the applied stress. In other words,
it is assumed that compressive stresses “squeeze out” gel from the pores of concrete making it
to redirect in the more favorable direction transverse to the applied load. This interpretation
is highly questionable in the case of undamaged concrete, which is characterized by a complex
pore structure and a very stiff solid skeleton. In support to this statement and contrarily to the
behavior of other porous materials, experimental data [126] have clearly shown that compressive
stresses have negligible or no effect on even moisture transfer. It is possible, however, that gel
migration occurs in the case of damaged concrete in which open cracks provide enough room for
the gel to be released in. In such a scenario, however, it is likely that pressure build up would
be minimal and gel expansion due to water imbibition would be accommodated in the empty
space provided by the crack, leading to no additional macroscopic expansion.

In the present study neither of the two aforementioned mechanisms is adopted and, expansion
transfer is explained through the redirection of cracking at the meso-scale. This is one of
the unique advantages of implementing the ASR model within the LDPM framework that is
capable of reproducing the heterogeneous character of concrete behavior as well as crack patterns
reported typically in experiments [4, 26].
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Figures 3.4a, b and c show the random and heterogeneous nature of crack patterns in sim-
ulated specimens subjected to ASR. The cracks shown represent cracks with openings larger 10
μm. The maximum calculated crack opening is about 180 μm, which matches well the crack
width range (between 9 μm and 200 μm) reported in similar experimental data [5].

Fig. 3.4a shows the crack pattern distribution of one simulated specimen under unrestrained
free expansion. As one can see, there is no preferential orientation in the crack distribution. Top
and bottom views show cracking in radial and circumferential direction and elevation shows both
radial and axial crack propagation. For the same specimen (same particle position and size),
Fig. 3.4b shows the calculated crack pattern for the case of passive restraining with 5-mm
restraint under no axial loading. The simulations predict a clear redirection of cracks in the
radial direction: the top and bottom views do not show radial cracks and elevation view only
shows almost horizontally aligned cracks. Opposite situation arises if, again, the same specimen
is subjected to axial load and without restraint as shown in Fig. 3.4c for the 20 MPa case. This
figure shows clearly the redirection of cracks in the vertical direction, parallel to the applied
load. Top and bottom views show cracking in radial direction and the elevated view shows
clearly vertical crack propagation and virtual not cracks orthogonal to the applied compressive
load. For all cases, similar types of crack patterns were reported in the literature by other
authors [4, 26].

Additional insight on the ASR behavior of concrete can be gained by decoupling the cal-
culated ASR expansion in two separate components: one due to gel expansion and one due to
cracking. The evolution in time of these components is shown in Fig. 3.5a, b, c, and d; for
free-expansion, unrestrained expansion with axial load (20 MPa), restrained (with 5-mm rings)
expansion with no applied axial load, and restrained (with 5-mm rings) expansion with applied
axial load (20 MPa), respectively. Macroscopically, these four cases correspond to stress-free,
uniaxial, biaxial, and triaxial compressive stress states. According to the formulation, the results
show the volumetric expansion due to the gel to be exactly the same and basically coinciding
with the total volumetric strain up to 58.3, 6.8, 79.3, and 122 days, for the four cases, respec-
tively. These times correspond to the elastic expansion part. Here it should be noticed that for
all cases except the loaded case with no restraints, cracking starts after a comparably longer
period to the loaded case. This is because 20 MPa axial load with no restraints causes initial
cracking inside the specimen which makes it much easier for the ASR imposed gel strain to drive
the already present cracks to progress in the meso-structure. All other cases follow the logic
trend of delayed cracking with higher confinement. Afterwards, cracking develops in a very dis-
tinct manner depending on the macroscopic stress-state. At 450 days, the amount of expansion
due to cracking decreases from about 2.5 times the gel expansion for the specimen under free
expansion down to 2.25 times gel expansion for the uniaxial stress state of the unrestrained case
with 20 MPa axial loading. With more confinement, cracking expansion goes down to 1.14 times
gel expansion for the biaxial stress state of the restrained case with 5 mm rings, becoming almost
negligible (about 0.3 of gel expansion) for the triaxial stress state. This reduction is obviously
due to crack closure induced by the applied compressive stresses. The LDPM formulation auto-
matically captures this effect without the need of postulating a phenomenological dependence of
ASR damage on stress state as done in all available approaches [77, 66, 67, 68, 69, 70] based
on continuum mechanics and not accounting for material heterogeneity.
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Fig. 3.5e and f show the evolution of cracking and gel expansion in two additional cases:
(1) the unrestrained case with axial load (20 MPa) in the axial direction in which the load is
removed after 150 days of ASR; and (2) the restrained case (with 5-mm rings) with axial load
(20 MPa) in the axial direction in which, axial load is removed after 150 days of ASR. These
two situations are meant to mimic the practical situations in which concrete cores are extracted
from ASR affected structures to assess the level of deterioration. The time 150 days corresponds
to almost 50% ASR expansion in the free expansion case. In Fig. 3.5e, the release of load causes
a sudden jump in the crack volume, this causes more cracking up to 0.0776% compared to the
free expansion case of 0.0663% (Fig. 3.5a). Fig. 3.5f shows the same trend of higher crack
volume reaching 0.0441% compared to 0.0306% for the same final case (Fig. 3.5c). Both cases
represent clearly what is reported about cored specimens, which degrade significantly if left in
the laboratory for some time after coring and before testing. During this time, the entrained
ASR gel pressure cracks the meso-structure rapidly as the confining pressure is released.

3.3.2. Simulation of effect of ASR on concrete strength

The deterioration of mechanical properties of concrete due to ASR has been addressed by many
authors [5, 29, 26, 127, 77]. Here, the experimental data reported in Ref. [77] were used
for validation. Due to lack of information about the characteristics of concrete used and the
expansion time histories (only reduction of mechanical properties versus swelling is reported), the
same concrete properties reported in Ref. [20] were used. Numerical simulations were performed
using exactly the same LDPM parameters reported in Section 3.3.1.1. However, to cover up to
1% swelling (volumetric change corresponding to 0.33% volumetric strain) which is about 4
times that of free expansion in [20] (see figure 3.1f), two of the ASR model parameters reported
in Section 3.3.1.2 were changed to: a1s = 0.739× 10−10 m2/day and C1

i = 3.599× 10−14 m2/day.
Figures 3.5g, h and i show the reduction in concrete mechanical properties versus percentage of
swelling. For each property, at each simulated swelling value, the response average of 3 different
geometries is divided by the corresponding simulated value of the control specimens. Figure
3.5g shows the effect of ASR swelling on concrete compression strength f ′

c and compares it
with the experimental data of ISE 1992 (The Institute of Structural Engineers) reported in Ref.
[77]. It is clear from the first portion of the curve that simulations are in excellent agreement
with experimental data. Also, for the remaining part of the simulated curve, the curve tends to
flatten. Figure 3.5h discusses tensile strength f ′

t . Here, the model overestimates the experimental
results, suggesting less reduction in tensile strength than the reported experimental data. It is
important to note here that the simulations are relevant to splitting tests while, type of test
used in experiments was not mentioned. Additionally, simulations are referenced to concrete
with 3.2 MPa of tensile strength while also the concrete tensile strength of the experimental
data was not available. Overall, the model could capture the trend also in tension. Finally, Fig.
3.5i shows the reduction of elastic Modulus from numerical simulation along with experimental
data of ISE 1992 and data from Larive’s PhD thesis [77]. Simulations show excellent agreement
with experimental data for up to 0.6% swelling with underestimation of the values for higher
swelling. It should be noted that at such high swelling value, concrete is extensively cracked with
very large loss of strength that would clearly induce very high scatter in strength and stiffness
measurements. Additionally for such a level of damage, it is not easy to define a clear tangent
modulus that accurately describes concrete elastic properties because the linear elastic behavior
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at such a level is lost due to excessive cracking. In addition, it must also be observed that even
the size of specimens was not reported leaving size-effect as a very crucial factor not accounted
for in the simulations. So, generally speaking, the model for a given level of swelling can predict
with satisfactory accuracy both the reductions in concrete properties as well as the reduction
rate up to a very high swelling of 1%.

3.3.3. Alkali content effect on ASR expansion

In this section, experimental data from Refs. [128] and [50] are used to demonstrate the
ability of the formulated model to capture the effect of alkali content on the ASR expansion.
For the first data set [128], the free expansions of sealed concrete prisms (75 mm × 75 mm
× 265 mm) were recorded in axial direction over 730 days, the experiments were conducted
according to CSA A23.2 Test 14A [12] (equivalent to ASTM C 1293 [13]), the reactive grain
size distribution given by author was 1 part of fine aggregate to 2 parts of coarse aggregate.
More specifically, the distribution was: 1/3 of aggregate particles between 4.75 and 9.5 mm, 1/3
between 9.5 and 12.5 mm and the last third between 12.5 and 19.0 mm. The experimental as
well as simulated specimen grain size distributions are shown in Figure 3.6a. LDPM geometry
generation was carried out with following parameters: minimum aggregate size, d0 = 4.75 mm;
maximum aggregate size, da = 19 mm; fuller curve exponent, nF = 0.55; and the following mix
composition: cement content, c = 420 kg/m3; water-to-cement ratio, w/c = 0.45; aggregate-to-
cement ratio, a/c = 4.25.

For the second data set in Ref. [50], the free expansions of sealed concrete prisms (75 mm
× 75 mm × 250 mm) using Siltstone aggregate at 38◦C were recorded in axial direction over
730 days after curing in moist air for 7 days, aggregate consisted of a mixture of 2 parts coarse
aggregate (20-5mm) to 1 part fine aggregate. The distribution of coarse aggregate portions
was not mentioned so it was assumed to be equally distributed into 3 equal portions (typically
recommended for ASR prism tests). The experimental as well as simulated specimen grain size
distributions are shown in Figure 3.6d. LDPM geometry generation was obtained with following
parameters: minimum aggregate size, d0 = 5 mm; maximum aggregate size, da = 20 mm; fuller
curve exponent, nF = 0.6; and the following mix composition: cement content, c = 400kg/m3;
water-to-cement ratio, w/c = 0.5; aggregate-to-cement ratio, a/c = 4.6. For both sets, no data
about concrete mechanical properties was available, so the same LDPM parameters used in
Section 3.3.1.1 were used.

For the first data set [128], the experimental data show a bilinear relation between maxi-
mum expansion and alkali content (Fig. 3.6c). By fitting the experimental data assuming the
maximum expansion to be 0.25%, the saturation alkali content c1a was found to be 4.37 kg/m3.
Setting κa = 1, the ASR model parameters were calibrated using the highest experimental
curve at 5.25 kg/m3. Afterwards, the threshold Alkali content c0a, was identified by fitting the
maximum expansion for ca = 3.15 kg/m3 and was found to be 2.70 kg/m3. Calibrated ASR
parameters were: a1s = 0.518× 10−10 m2/day, C1

i = 32.5× 10−14 m2/day, η = 439, 540 kg−1.
The second data set [50] did not show the complete range of alkali content so it was assumed

that the saturation alkali content c1a, was the largest reported one (7.0 kg/m3). Following the
same procedure, ASR model parameters were calibrated based on the largest curve at 7.00
kg/m3, while setting κa = 1, then the alkali content threshold c0a was calibrated to match the
maximum expansion of the curve at ca = 4.5 kg/m3 and was found to be 3.15 kg/m3. Calibrated
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ASR parameters were: a1s = 0.333 × 10−10 m2/day, C1
i = 39.701 × 10−14 m2/day, η = 460, 680

kg−1.
After calibration, while keeping all parameters fixed, the other alkali contents were simulated

and the results are shown in Figs 3.6b, c, e and f. Figures 3.6b and e show both experimental
and simulated expansion curves with different alkali contents while Figs. 3.6c and f show the
expansion maximum values of both experimental and simulated data. The following observations
can be made from the results: (1) for both sets, the model predicts very well the expansion
maximum values for different alkali contents (see Figs. 3.6c and f); (2) a slight deviation from the
linear assumption is noticed in the unsaturated part ca < c1a, this is due to the fact that at lower
gel strains, less cracking is produced while increasing the gel volume results in more cracking and
their relation is clearly nonlinear; (3) at different alkali contents, the model matches very well the
experimental expansion history (Figs. 3.6b and e) considering the scatter of experimental data;
(4) at low alkali contents, the experimental data was not so accurate as the reported expansion
at ca = 4.0 kg/m3 was slightly less than the reported value at ca = 3.5 kg/m3 for the second
set as shown in Fig. 3.6e, also at ca = 2.89 kg/m3 for the first data set, the evolution with
time shows slight drop in the middle, this can be just due to experimental scatter as well as
the very low amount of expansion to be reported which allows for higher measurement error. It
must be noted here that for both sets of experiments, the source of Alkali was the cement paste,
which means that only alkali micro-diffusion is dominant. In cases where Alkali is introduced
to concrete through external exposure to environment, an alkali macro-diffusion process is also
required to give the spatial and temporal distribution of alkali content around aggregate pieces.
This case is more important in accelerated tests for ASR such as the Accelerated mortar bar test
(AMBT). An extension of the model to account for that is presented in chapter 6 to simulate
such process.

3.3.4. Simulation of effect of temperature change

This section investigates the effect of temperature on ASR expansion. The relevant data set is
the expansion tests of Spratt aggregate reported in Ref. [18]. The free expansions of concrete
prisms (75 mm × 75 mm × 300 mm) were recorded in axial direction over 183 days at 60◦C and
366 days at 38◦C. Curing for the first 24 hours was done in molds covered with plastic sheets and
wet burlap. Then the specimens were stripped, wrapped in wet cloth towels and stored in plastic
bags at 23◦C overnight. In the morning, initial measurements were taken and specimens were
then maintained at relevant test temperature (38◦C or 60◦C) with RH > 95% for the rest of the
test period. Concrete grain size distribution for these experiments was designed to be according
to the Canadian standard CSA3A23.2-14A [12] as stated by the author. Thus coarse aggregate
was assumed to be evenly divided into 3 equal portions and the ratio between fine and coarse
aggregate was 0.4 to 0.6 by weight. Sieve curve of both experimental and simulated specimens is
shown in Fig. 3.6g. LDPM parameters used in geometry generation were: minimum aggregate
size, d0 = 5 mm; maximum aggregate size, da = 20 mm; fuller curve exponent, nF = 0.6;
cement content, c = 420kg/m3; water-to-cement ratio, w/c = 0.43; aggregate-to-cement ratio,
a/c = 4.2667. No concrete strength information was reported, so the LDPM parameters used
in Section 3.3.1.1 were used since concrete composition was somewhat similar.

In the experiments, only two temperatures, 38◦C and 60◦C, were considered which were
enough for the calibration of the activation energies for gel formation and water imbibition but
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did not allow a complete validation of the model. The parameter identification was performed by
assuming as reference temperature T0 = 23◦C = 296◦K and resulted in the following parameters:
a1s = 0.0801 × 10−10 m2/day, C1

i = 12.646 × 10−14 m2/day, η = 943, 449 kg−1, Eag = 45, 206
Joule/mole, Eai = 70, 748 Joule/mole.

The obtained best fitting of the experimental expansion curves is shown in Fig. 3.6h for the
cases at 38◦C and 60◦C, respectively. Very accurate matching can be seen between experimental
data and simulated results. By increasing the temperature to 60◦C (Fig. 3.6h), the model is able
to capture the complete trend of the ASR expansion, namely the higher expansion rate at higher
temperature as well as the change in maximum expansion value from 0.2202% after 366 days
at 38◦C, to 0.1557% after 183 days at 60◦C. To capture the difference in maximum expansion
for different temperature, the two activation energies are needed. While the two activation
energies, Eag and Eai, are not necessarily equal, additional analysis was done to show the effect
of their relative values. Figure 3.6i shows three different cases in which, the two activation
energies are equal (Eag = Eai = 45, 206 Joule/mole), in this case, both temperatures lead to
the same asymptotic expansion of 0.316%. The second case is when Eag = 70, 748 Joule/mole
and Eai = 45, 206 Joule/mole, here the higher temperature has lower asymptotic expansion
(0.1557% at 60◦C compared to 0.2308% at 38◦C. The third case is the opposite of the second,
where Eag = 45, 206 Joule/mole and Eai = 70, 748 Joule/mole, here the higher temperature
has higher asymptotic expansion (0.554% at 60◦C compared to 0.4155% at 38◦C. With this
formulation, ASR-LDPM can capture the correct effect of temperature on both, expansion rate
and maximum expansion values.
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Figure 3.1. a) One LDPM Cell arrond an aggregate piece. b) Idealization of gel
formation in one aggregate. c) Simulated and experimental sieve curve for data
from ref. [20]. d) Simulated autogenous shrinkage with CEB model, simulated
total shrinkage with B3 model’ and reported experimental shrinkage. e) Fitting of
compliance function for creep using B3 model. f) Volumetric strain evolution for
the unrestrained free expansion case. g) Axial strains for 20 simulated specimens.
h) Radial strains for 20 simulated specimens, and i) CDFs for crack opening and
volume for one specimen at 90, 180 and 450 days
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Figure 3.4. Crack patterns simulated in one specimen for a) free expansion case,
b) 0 MPa and 5-mm-restraint case and c) 20 MPa unrestrained case
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Figure 3.6. Simulated and experimental sieve curve for Data in a) ref. [128],
and d) ref. [50]. Effect of alkali contents on expansions evolution for data from
b) ref. [128], and e) ref. [50]. Maximum expansion versus alkali content for c)
Ref. [128] and f) Ref. [50], g) Simulated and experimental sieve curve for data
from ref. [18], h) Simulation of Temperature effect Results at 38◦C and 60◦C, i)
Relation between activation energies

NEA/CSNI/R(2016)13/ADD1



33

CHAPTER 4

Lab. structural components testing destructive testing

NEA/CSNI/R(2016)13/ADD1



34

CHAPTER 5

Structural modeling

NEA/CSNI/R(2016)13/ADD1



35

CHAPTER 6

Non-destructive testing and in-situ condition assessment:
Numerical Simulation of Acoustic Nonlinearity in Accelerated

Alkali Silica Reaction (ASR) tests

6.1. Introduction

Alkali-Silica Reaction (ASR) is a process associated with aging concrete structures subjected
to relatively high humidity environments. In very simplistic terms, one can describe ASR as the
reaction of noncrystalline silica, contained in aggregate particles, with alkalies, present in the
cement paste, and water, to form an expansive product, often called “ASR gel”. While humidity
is a key factor for the occurrence of ASR [1, 2, 3], temperature has also an essential role in
determining the ASR rate of reaction [4].

ASR results in concrete deterioration over time [5] in the form of both strength and stiffness
reduction, directly related to cracking and damage caused by the progressive expansion of the
formed ASR products.

ASR is a worldwide problem, and since its first discovery, it has been the subject of several
conferences, workshops, and scientific publications[6, 7]. ASR was observed for the first time in
US by Stanton in 1940 [8]. This early research studied various aspects of ASR including (a) ASR
chemistry; (b) ASR effects at structure and material level; (c) the formulation of testing methods
to investigate the vulnerability of aggregate and mixes to ASR; and (d) the implementation of
techniques for the mitigation of ASR effects. Since that time, many research efforts have been
devoted to study these different aspects.

Various experimental programs investigated different ASR aspects including the controlling
factors affecting ASR progression and extent, and the assessment of its effect on concrete. Typ-
ically, small scale testing of accelerated ASR lab specimens has been extensively used both for
research and practical applications. The Accelerated Mortar Bar Test (AMBT) [9, 10, 11] is
usually used to determine the vulnerability of a specific aggregate type to ASR. This test lasts
for only 16 days. It is performed using crushed aggregate sampled from the same test aggregate
batch under elevated temperature of 80◦C in alkali rich solution. While very appealing from the
practical point of view, this test is very limited in giving a complete picture about the extent
of the ASR reaction. A better, yet slower, test is the Concrete Prism Test (CPT) [12, 13]. In
this test, concrete prisms are prepared from the exact concrete batch. CPTs can be performed
under various relative humidity and temperature conditions [14, 15, 16, 17], but as far as
relative humidity is concerned, the most typical approach is to use sealed conditions. CPT has
two typical time ranges, a 6 month accelerated duration which is usually performed at 60◦C,
and a longer one ranging between 1 to 2 years and usually performed at 38◦C. The applicability
and expansion limits for different versions of this test were investigated by Jason et. al. and
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Fournier et. al. [18, 19]. Contrarily to the AMBT, the source of alkali in this test is usually
the cement paste, where NaOH is added to the mixing water to reach a typical alkali content
around 1.25% Na2Oeq. This test can better represent the real structure behavior as in most of
the cases in real world structures, the source of alkali is the cement paste. In addition, this test
uses the same aggregate size and distribution of real concrete which is a key factor affecting the
extent and speed of ASR expansion. While the aforementioned tests have standard procedures
in terms of time duration and specimen size, many experimental programs were performed on
larger specimens for longer time periods and under a wider range of environmental and loading
conditions. Multon and Toutlemonde [20] tested concrete cylinders for 450 days to investigate
the effect of applied stresses on ASR expansion and cracking. They found that the observed
expansion is redirected from axial to lateral (or viceversa) under external loading (or lateral
confinement). Large scale and long time experiments were also carried out by Fournier et al.
[21]. In their experimental program, they tested concrete prisms of 75×75×250-300 mm for
52 weeks (1 year) at 38◦C and RH of 95% and also recorded expansions of concrete blocks
measuring 0.40×0.40×0.70 m for 10 years in two exposure sites in Canada and Texas (USA).
Various measurements and correlations were reported in this study, including the effect of ex-
posure conditions, the effect of concrete alkali content and air entrainment on ASR expansion
and the correlation between blocks and prism expansions. Additional experimental work related
to ASR effects has been pursued by several other authors in a variety of different experimental
programs. See, among many others, Refs. [22, 23, 24, 25, 26, 27, 28, 29, 5].

Many authors also researched methods to assess ASR effects on built structures . Other
than expansion measurements, the techniques used to characterize ASR effects on concrete
mechanical properties are divided into the following categories : (1) Destructive sampling from
real structures through coring of specimens at different locations and over time, and testing
these samples for residual concrete strength [30]; (2) Electric conductivity techniques reflecting
the degree of cracking as a reduction of conductivity [31]; (3) Imaging techniques for micro-level
damage characterization including Scanning Electron Microscopy (SEM) techniques, Energy-
Dispersive X-ray (EDX) techniques [32, 33, 34], Petrography methods [35], Thermography
methods [36] and Radar measurements [37].

All aforementioned testing methods were utilized to study different factors affecting ASR,
including, but not limited to, pessimum size (particle size associated with the maximum expan-
sion over the test time period compared to both smaller and larger aggregate sizes) [38, 39],
type of aggregate [40, 22, 41, 42], temperature, relative humidity [43, 44, 2, 3], alkali content
[45, 46, 47, 48], and stress state [49, 20]. In addition, other research efforts were also directed
to the mitigation of ASR problems by using either admixtures, especially fly ash [50, 51, 52],
or remedial actions such as slot cutting or grouting of cracks [53].

Of the damage assessment techniques described above, the destructive ones have the major
drawback of measuring material properties under stress conditions completely different from the
real ones. Nondestructive techniques, do not suffer from this shortcoming but their interpretation
is often non-trivial and requires, as it will be demonstrated in this paper, advanced models
describing ASR phenomena.

From the modeling point of view, ASR effect on concrete structures was addressed also
through numerous research efforts. Models considered the problem at various length scales and
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with different levels of detail. First attempts describing ASR gel evolution based on petro-
graphic measurements were proposed by several authors [54, 55, 56, 39, 57, 38, 58, 59, 60].
These models replicated various aspects of ASR expansion such as aggregate pessimum size,
ASR induced expansion and pressure but did not reflect the fracture mechanics aspects of the
deterioration process. Bažant [61] was the first to propose a fracture mechanics approach to
predict the pessimum aggregate size.

In the literature, one can find macroscopic models trying to describe the global mechanical
deterioration due to ASR. The phenomenological model presented by Charlwood et al. [62]
and Thompson et al. [63] is considered one of these earliest models. More refined models
[64] and others considering creep [65] were developed later and, although they predict well
displacements and stress history in the structure, they completely lack the ability to predict
crack patterns as well as to describe the physical phenomena linking ASR to the deterioration
of mechanical properties. Chemo-mechanical coupled models were subsequently introduced for
a more improved modeling. Models based on the ASR kinetics were formulated [66, 67, 68]
and implemented within smeared crack finite element frameworks [69, 70] and they were able
to reproduce some ASR expansion data available in the literature [71]. Saouma and Perotti
[72] and Multon et al. [73] introduced models considering stress state effects . Damage models
combining in a consistent thermodynamic fashion the chemical and mechanical components of
the ASR process were proposed by Comi et al. [74, 75]. The effect of humidity and temperature
was incorporated in the reaction kinetics law by Poyet et al. [76]. While all previous models
were deterministic, Capra and Sellier [77] presented a probabilistic model based on the main
parameters of ASR and concrete. For very extensive literature reviews of available ASR models,
the reader may want to consult Refs. [78, 4, 79, 80].

Despite some success, the common disadvantage of all aforementioned models is the inability
to simulate crack patterns and crack distribution due to ASR. This, in turn, limits the ability
to predict the degradation effect of ASR and forces the assumption of phenomenological rela-
tionships between ASR gel expansion and concrete mechanical properties. In addition, it also
limits the ability of such models to explain complex triaxial behavior of concrete under ASR
and also forces the assumption of phenomenological relationships between ASR gel expansion
and stress state. These limitations are inherently connected to modeling concrete as an isotropic
and homogenous continuum [81].

Due to lack of reliable miniscale or mesoscale models – describing concrete as a three-phase
(aggregate, binder, interfacial transition zone) or two-phase (aggregate, binder) material, re-
spectively – very limited results are available on fine scale modeling of cracking induced by
ASR. Comby-Peyrot et Al. [82] developed a 3D computational tool to describe concrete be-
havior at mesoscale with the application to ASR. The model predicted well concrete nonlinear
behavior up to the peak but was unable to reproduce complete degradation in the softening
regime. Dunant et Al. [83] proposed a 2D model able to qualitatively reproduce material dete-
rioration of concrete properties by simulating expansive gel pockets inside the aggregates. The
2D character of the model, however, prevented the model from obtaining good results from a
quantitative point of view. Shin and colleagues [84, 85] used scanning electron microscopy tech-
niques to obtain microstructural images of specimens suffering from ASR and to develop refined,
and computationally very intensive, 2D finite element models of damaged internal structure of
concrete.
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The ASR-LDPM model [86] used in the present study was the first model to overcome all
aforementioned limitations. The model integrates ASR effects within the Lattice Discrete Parti-
cle Model (LDPM) [87, 88]. LDPM, in a full 3D setting, simulates the mechanical interaction of
coarse aggregate pieces through a system of three-dimensional polyhedral particles, each resem-
bling a spherical coarse aggregate piece with its surrounding mortar, connected through lattice
struts and it has the ability of simulating the effect of material heterogeneity of the fracture
processes. ASR-LDPM can reproduce realistic crack patterns under free expansion, restrained
expansion and expansion under various loading conditions. In addition, it can replicate the de-
terioration of concrete strength and stiffness, temperature effects on reaction kinetics and alkali
content variations. It is worth noting that, ASR-LDPM can predict degradation of mechanical
properties without the need of any phenomenological relationship between such degradation and
expansion.

6.2. Nonlinear Ultrasound Measurements for Damage Detection in Concrete

To operate safely, structures and components need to be inspected or monitored either
periodically or in real time for potential failure. Ultrasonic non-destructive evaluation (NDE)
techniques have been used extensively but the vast majority of these ultrasonic NDE techniques
utilize only the linear behavior of the ultrasound. Ultrasonic measurements based on the linear
acoustics theory relate the degree of damage with wave attenuation or wave speed change.
For example, Selleck et al. [129] measured changes in attenuation, pulse velocity and peak
frequency of the ultrasonic waves due to concrete distributed damage induced by freeze-thaw
cycling and salt-scaling. These measurements, while successful in detecting later damage stages,
they were far less sensitive to early stages of damage detection. For this reason, in the recent past,
many authors have developed new methodologies based on the nonlinear behavior of ultrasound,
which has been shown to be very sensitive to early damage stages. In 1995, Smith et al. [130]
investigated the non-destructive detection and mapping of ASR cracking in concrete. Methods
that used nonlinear resonance spectroscopy technique [131, 132] were able to characterize ASR
early damage in accelerated tests. Recently, a method based on the nonlinear wave mixing
technique was developed by Liu et. al. [133], where they were able to correlate ASR induced
expansions in the Accelerated Mortar Bar Test (AMBT) to the Acoustic Nonlinearity Parameter
(ANLP).

In a one-dimensional setting the equation governing the propagation of nonlinear waves
through solids can be written as [134, 135]

(6.1)
∂2u

∂t2
= c2

∂2u

∂X2

(
1 + β

∂u

∂X

)

where u = displacement, X = position, t = time; c = is the longitudinal sound wave speed, and
β > 0 is the so-called Acoustic Nonlinearity Parameter (ANLP).

The solution of Eq. 6.1 for a time harmonic plane wave in the form A1 cos(kX − ωt) can be
found by using a perturbation analysis technique [134] and it reads

u = −1

8
βk2A2

1X +A1 cos(kX − ωt) +
1

8
βk2A2

1X cos [2(kX − ωt)] + ...

= A0 +A1 cos(kX − ωt) +A2 cos [2(kX − ωt)] + ...(6.2)

where A1 = wave amplitude, k = wave number, and ω = wave angular frequency.
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From Eq. 6.2 and for a wave propagation distance L one can write β = 8A2/k
2LA2

1 ∝ A2/A
2
1

in which, while the proportionality factor is constant for a given wave, the ratio A2/A
2
1 has

been shown to change as a function of damage accumulation. By using this observation, many
researchers have developed experimental methods aimed at measuring the first, A1, and second,
A2, harmonic amplitudes in solids undergoing evolving deterioration. It is worth noting that,
since it is not simple to relate β directly to features of the material constitutive equation, a
normalized version, β̄ , of the ANLP is typically used to characterize damage evolution and the
following definition is generally adopted

(6.3) β =
β − β0

βref − β0

where β0 = initial (before damage evolution) value of ANLP, and βref = a reference value of the
ANLP (for example the maximum value, βmax, attained during an experimental investigation).

The main limitation on nonlinear ultrasound techniques, especially for the assessment of con-
crete deterioration, is that the evolution of β̄ does not provide direct, quantitative measurement
of the degree of damage and, much less, its relationship to common mechanical material prop-
erties such as, but not limited to, compressive strength and Young’s modulus. The only path
through which such relationship can be established is the integration of NDE measurements and
advanced computational models for concrete able to capture its inherent heterogeneous character
as well as the evolution of aging and deterioration with time.

6.3. Simulation of the effect of variable alkali concentration on ASR evolution

The ASR-LDPM model was originally formulated for fully saturated conditions with uniform
alkali content over the concrete volume. This is the condition of mostly all real structures in
which, the source of alkali is the initial alkali content of the concrete mix and water just helps its
transport into the aggregate particles, that is, alkali ions only undergo micro diffusion. This is
also the same case for long term concrete prisms and cylinders experiments, as the alkali content
is increased by adding alkali to the mixing water, then after curing, the specimens are either
sealed or kept in various humidity conditions. For the special case of accelerated mortar bar
test (AMBT), however, the source of additional alkali is the water in which the bar is immersed
after curing. In this case, alkali undergo both macro and micro diffusion to reach the aggregate.
For this case, the gel formation evolution in time is delayed due to the alkali macro diffusion
process. In ASR-LDPM, the alkali content effect is introduced through κa as a linear reduction
factor of the formulated gel mass as suggested by the available experimental data [128, 50]. To
allow simulating situations with variable alkali content, the gel formation equation (see Eq. 3.2)
can be reformulated as,

(6.4) Mg =
π

6
κg

(
κaD

3 − 8z3κ
)

where zκ = z 3
√
κa and,

(6.5) żκ = −κz
we exp

(
Eag

RT0
− Eag

RT

)
κ

1/3
a

zκ
(
1− 2zκ

D

)
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It must be observed that Eq. 6.5 was simply devised such as to preserve, approximately,
the linear dependence of Mg on κa and it does not represent the direct simulation of alkali
microdiffusion inside the aggregate. Experimental data exists [128, 50] in support of such
linear dependence.

Comparison between the original ASR-LDPM model and this new formulation is shown in
Figure 6.1a. Where the ASR gel normal eigenstrain e0N for both constant κa and variable κa
formulations is calculated at different constant alkali contents and the results show very good
agreement over a large range of alkali contents.

6.3.1. Simulation of alkali ion diffusion

Ion diffusion involves very complicated phenomena that usually requires formulations describing
multiphase transport, in which moisture flow is coupled with mass transport of multiple ion
species. For the special case of AMBT, the specimen is almost fully saturated and any loss
of saturation due to concrete self dissecation can be quickly compensated as the thickness of
bars is relatively small. Assuming no water macro diffusion allows for simplifying the alkali
ion diffusion using a nonlinear diffusion formulation. Most of the literature on ion diffusion
through concrete deals with chloride ingress into concrete as part of corrosion modeling of RC
structures with very limited effort towards alkali diffusion assessment. In the present study, a
general model for nonlinear ion diffusion is adopted. The model assumes that the nonlinearity is
associated with two phenomena, (1) ion binding to the solid C-S-H gel, and (2) nonlinearity of
the diffusion coefficient [136]. For the common case of sodium ions, experimental data by Hong
et. al. [137] suggested a constant distribution ratio of sodium concentration in pore solution and
C-S-H structure which means a linear relation between the binding capacity and concentration.
Hence, one can eliminate the nonlinearity coming from the binding capacity and simply solve
the nonlinear diffusion problem

(6.6) ˙̂ca = ∇ · (Da(ĉa)∇ĉa)

with nonlinear diffusion coefficient Da. In the nonlinear dependence of Da on ion concentra-
tion, it is important to account for the difference in ion types. The alkali ions are cations whose
diffusivity increases with the concentration, while the opposite occurs for anions (e.g. chloride)
[138]. A theoretical explanation of this difference can be found in [139] where the diffusion
nonlinearity is explained based on the electric double layer theory. Based on [139], the surface
of C-S-H pores is negatively charged and as a result, it attracts the cations and repels the anions
resulting in more area available for cations to diffuse and less area available for anions to diffuse.
Based on this, and as a simplified formulation due to lack of extensive experimental data dealing
specifically with alkali ion diffusion, the diffusion coefficient dependence on alkali concentration
ĉa is assumed to be

(6.7) Da(ĉa) = Da1

[
1 +

(
Da1

Da0
− 1

)〈
1− ĉa

ĉmax

〉n]−1

where Da1 is the maximum diffusion coefficient corresponding to a specific alkali concentra-
tion ĉmax, Da0 is a minimum diffusion coefficient at zero alkali concentration and n is assumed to
be a material parameter. Figure 6.1b shows the change of the diffusion coefficient as a function
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of the alkali concentration. The diffusion problem is solved using an explicit 3D forward Euler
scheme and the spatial descritization size is in the order of the minimum simulated aggregate
size in the LDPM mesh. To guarantee numerical stability, the maximum anticipated diffusion
coefficient (which represents the PDE traveling speed) is used to compute the integration time
step. Computed alkali content ca, is then interpolated spatially and temporally at each LDPM
mesh facet. Note that the diffusion solution provides alkali concentration units, ĉa (mole/liter),
while the ASR-LDPM model uses alkali content, ca (kg/m3), so the values are converted using
the molar weight of NaOH of 40 gm/mole which gives ca = 40ĉa.

6.4. Numerical simulations of acoustic nonlinearity and comparison with
experimental data

In this section, experimental data relevant to tests of mortar bars with 2 different sizes
(25×25×250 mm and 100×100×250 mm) [133] are simulated. The specimens were prepared
according to ASTM standard [9] with a mortar mix design characterized by 600 kg/m3 of cement,
0.5 water to cement ratio, and 2.25 aggregate to cement ratio, all by weight. The cement used
was portland cement type I, with an alkali content assumed to be 0.6% [140]. The test period
was 16 days. On day 1, the mortar prisms were cast. On day 2, the specimens were demolded
and kept in 80 ◦C pure water for curing for 24 hours. From day 3 to day 16, the specimens
were kept in 80 ◦C solution of 1 mole/liter of sodium hydroxide and daily measurements of both
expansion and ANLP were performed.

6.4.1. Calibration of models parameters

The proposed models contain three sets of material parameters that need to be identified from
experimental data. The first set consists of the LDPM parameters which can be identified
through fitting material properties relevant to basic concrete mechanical behavior. The second
set is relevant to ASR-LDPM model. Extensive discussion of both LDPM and ASR-LDPM
parameter calibrations are reported in [88] and [86] respectively, to which the reader is directed
for additional information. The third set is relevant to the ion diffusion model which requires
data relevant to spatial and temporal distributions of ions in the specimen. With these measure-
ments, Da1, Da0, ĉmax, and n can be identified. For LDPM material strength parameters, the
strength tests on control specimens reported in [141] are used. Calibration was made based on
initial concrete strength (before ASR starts). This choice excludes ASR damage but it neglects
the effect of aging on strength gain. To account for that effect, LDPM parameters would need
to account for strength gain over time which is out of the scope of this study. The available data
were relevant to 3 point bending tests for 40 mm square cross section prisms simply supported
over 120 mm span and uniaxial compressive strength on 40 mm cubes. An automatic parameter
identification procedure based on nonlinear least square method [96] was used for all calibra-
tion processes. Due to the intrinsic randomness of experimental data and LDPM numerical
response, the parameter identification was performed by averaging the response of a statistically
representative number N of specimens. In this study, unless otherwise mentioned, N = 3 was
used.

The generation of the different LDPM meso-structures was performed considering the grain
size distribution reported in the experimental data with minimum aggregate size, d0 = 0.8 mm;
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maximum aggregate size, da = 4.75 mm; fuller curve exponent, nF = 0.4, c = 600 kg/m3,
w/c = 0.5, and a/c = 2.25. The identified or assumed (for lack of specific experimental data)
LDPM parameters [87, 88] were as follows: meso-scale normal modulus, E0 = 43478 MPa;
densification ratio, Ed/E0 = 1; shear-normal coupling parameter, α = 0.19; meso-scale tensile
strength, σt = 2.00 MPa; meso-scale compressive strength, σc0 = 150 MPa; shear strength ratio,
σs/σt = 2.40; meso-scale tensile characteristic length, lt = 1000 mm; softening exponent, nt = 1;
initial hardening modulus ratio, Hc0/E0 = 0.4; transitional strain ratio, κc0 = 2; initial friction,
μ0 = 0.2; asymptotic friction, μ∞ = 0; transitional stress σN0 = 600 MPa; deviatoric strain
threshold ratio, κc1 = 1; deviatoric damage parameter, κc2 = 5. Using these parameters, the
average of the simulated mortar properties were : f ′

c,num = 40.69 MPa, f ′
t,num = 5.37 GPa, and

Enum = 30.53 MPa, which compares well with the given experimental data: f ′
c,exp = 40.70 MPa,

f ′
t,exp = 5.5 MPa and E = 29.10 GPa (estimated from the ACI-318-11 formula [142]), with an
error smaller than 0.025, 2.36, and 4.68 %, respectively. Figure 6.1c shows the results of fitting
for the three point bending test.

The ASR parameters and the 3D nonlinear diffusion model parameters were identified si-
multaneously to match both expansions of small and large specimens. T0 was assumed to be
equal to the test temperature (80◦C = 353◦K) at which the experiments were carried out. The
remaining ASR parameters were calibrated with the diffusion parameters and gave the follow-
ing values : κg = 689 kg/m3, κs = 2.9637 × 10−13 m5kg−1/day, C1

i = 5.51 × 10−13 m2/day,
η = 10, 000 kg−1, ca0 = 0.50 kg/m3, ca1 = 25.0 kg/m3), Da1 = 2×10−5 m2/day, Da0 = 2×10−6

m2/day, n = 3, ĉmax = 1.00 mole/liter. Figures 6.1d,e show the alkali concentration spatial
distribution over the mid length cross section of small and large specimens at 2 day intervals.
The large specimens show very limited extent of alkali ion penetration, while the small ones
were fully saturated with alkali just after 7 days. The simulated expansions are compared with
the averages of experimental data in Figure 6.1f. It should be noted that the measurement on
experimental specimens were taken between the center points of the specimen ends (as per test
standards), and for very small expansions, heterogeneity and initial errors can be large, and that
is a possible explanation of why the experimental measurements at the beginning were unusually
large.

6.4.2. Simulation of acoustic nonlinearity change

For the simulation of acoustic nonlinearity change, the simulations were carried out on half length
specimens ( 125 mm out of the 250 mm length) and by utilizing symmetry conditions to reduce
the computational cost. The ultrasound actuators and receivers were simulated by square areas
of 15 mm side aligned on opposite faces. A sinusoidal varying pressure at a frequency of 0.25
MHz on the actuator area replicated the ultrasound pressure wave. Arrangement of actuators
and receivers is shown in Figure 6.2a. The used explicit algorithm for solving the dynamic
equation of motion is based on a mid point equation for the velocity, resulting in a second order
accuracy for velocity while displacement is only first order accurate, thus, a decision was made
to use the velocity for the frequency analysis. A typical velocity time history at the actuator and
the corresponding one at the receiver is shown in Figure 6.2b, and the corresponding frequency
content of the received velocity signal is obtained by using Fast Fourier Transformation (FFT)
(see Figure 6.2c) from which, the normalized ANLP β is calculated (see Eq. 6.3).
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A very small time step of 2.5×10−9 sec was used to sample one cycle at 0.25 MHz with
1600 points and at 0.50 MHz (second harmonic frequency) with 800 points allowing very precise
simulation of the wave. In addition, such a small time step guaranteed a very accurate solution
of the mechanical problem as the natural time period of the smallest element in the model
(which controls the maximum stable time step for the explicit algorithm) was 1.4×10−7 sec.
Simulation of ultrasonic measurements was done at two days intervals, and for each time, the
ASR expansion simulation was stopped during the ultrasonic wave propagation.

For the small specimens, 3 different geometries were generated. For each half specimen, the
four actuators shown in Figure 6.2a were utilized. For each specimen, the evolution of the ANLP
is computed by summing the computed evolutions from the four receivers, then, dividing by the
maximum value encountered for this specimen to compute its normalized evolution. Finally,
the β evolutions of the three specimens were averaged and plotted in Figure 6.2d versus the
average values from experimental data corresponding to 3 specimens with 3 measurements for
each. As shown in Figure 6.2d, at 2 days, the numerical values are slightly larger than the
experimental ones, but it must be observed that the experimental averages are even negative,
this is most likely due to the error in very early measurements and at initial conditions where
in some measurements, β0 is slightly larger than β at 2 days, while for the numerical case
βnum
0 = 0 since no nonlinearity was introduced in the simulation prior to the ASR evolution.

Also, at 8 days, the numerical value is larger than the corresponding experimental one, but
considering that the scatter in experimental data is quite large (± 40%), the simulated values
can be generally considered in very good agreement with the experimental ones. To give more
insight of the damage evolution in the samples, the cracking evolution is examined in the form of
normalized average and maximum crack volume. The normalized average and maximum crack
volumes represent the sum of cracks volume (crack opening of each LDPM facet multiplied by
its area) at each time point divided by their maximum value occurred during the time frame of
the test. Both evolutions are presented in Figure 6.2d. Both evolutions correlate very well with
both experimental and numerical evolutions for β. This clearly indicates a direct relationship
between the ANLP measurement and the damage evolution due to ASR.

For the large specimens, the values of β were obtained from the first 3 receivers and the 4th
was neglected because it was too close to the boundary zone, where the response has significant
three dimensional features compared to the other small cross section. The results obtained at
each receiver were, again, averaged and normalized by their maximum value. Experimental
values were obtained by averaging the evolutions of two large specimens and plotted along with
the numerical β evolution in Figure 6.2e. Due to large scatter in experimental data, one of
the two experimental specimens had its maximum value at 12 days, which made its 14 day
normalized value less than one. For this reason, the experimental curve in Figure 6.2e is not
equal to one at 14 days. In any case, the numerically calculated ANLP agrees very well with
the experiments. For the crack volume correlation, it is also clear from Figure 6.2e that both
maximum and average crack volume evolutions are perfectly correlated with both experimental
and numerical β evolutions.

Again, for the large specimens, the simulations show that the evolution of the ANLP asso-
ciated to ASR damage is mostly a function of the amount of cracking. One major benefit of the
computational framework presented in this paper is that the cracking evolution can be analyzed
with great detail.
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After 14 days, the crack distribution inside one of the simulated half specimens is shown in
Figure 6.2f. A threshold of 25 μm is applied to clearly see the distribution inside the specimen.
Cracks are randomly distributed with no clear preferential direction, which is a consequence
of nearly uniform ASR expansion, in turn due to the fact that small specimens had very fast
alkali penetration (see Figure 6.1d). Contrarily, for the large specimens, after 14 days, only an
external shell of the specimen is cracked as shown in Figure 6.2g (to clearly see the distribution
and extent of cracking, two prismatic blocks are removed from the half specimen top showing
a vertical and a horizontal slice). This is because, only an external layer of the specimen
is penetrated by Alkali even after 14 days (see Figure 6.1e) resulting in rapid expansion for
the external shell and very limited expansion of the internal core, which produces compressive
stresses in the external shell and correspondingly, tensile stresses develop in the internal core.
Along the perimeter, force is transmitted by shear between the rapidly expanding external shell
and the almost non expanding internal core which soon initiates cracking. This difference is
accumulated at the edges, and is clearly reflected in the arched zones around the corners of both
horizontal and vertical slices in Figure 6.2g. While larger cracks (up to 250 μ) are seen at the
surface in small specimen shown in Figure 6.2f, the compression in the external shell for the
large specimen, reduced the cracking of the external surface and larger crack openings ( up to
100 μ) are observed at arched zones in both horizontal and vertical slices (notice the grayish
cracks at the corner of the horizontal slice). These observations must be considered when trying
to scale up test results to the structural response. In most cases, alkali is already inside concrete
(as cement is the main source of alkali) which would show more uniform distribution and the
external surface of the structure can also experience drying or seasonal drying when water level
drops in dams for example. Such differences between test setup and real structure conditions
need to be accurately addressed for realistic correlation.

In addition, standard AMBT doesn’t require any strength measurements of the mortar bars
even before testing, neglecting an important parameter, because the ASR expansion is a process
of progressive distributed fracture beyond the elastic capacity of concrete. In that regard, the
concrete carrying capacity is significantly affected by the amount of fracturing which is generally
a function of concrete fracture parameters including fracture energy, Gt; tensile strength, σt;
and tensile characteristic length, lt. To show the importance of such material parameters, a
parametric study on the effect of fracture parameters on expansion behavior is carried out
by using the same diffusion and ASR parameters, which means applying the same ASR gel
eigenstrain. The used values are listed in Table 6.1.

Figures 6.3 a,b and c show the effect of changing σt at constant Gt. In Figure 6.3a, ex-
pansion rate for large specimens increases suddenly at different times, most probably due to
the localization of cracks at the interface between the outer expanding shell and inner nearly
nonexpanding core. In LDPM, the mesoscale shear strength σs is defined as a constant ratio
of the mesoscale tensile strength σt, so, increasing σt delays the starting time of this change
because crack initiation in small specimens is mostly mode I, while for large specimens it is
a mixed mode (at least at the mesoscale). As fracture energy increases (Figures 6.3b,c), the
effect of increasing σt becomes more clear. For both large and small specimens, the amount of
expansion is reduced smoothly over the whole time and each case seems to be a scaled value of
the other one. This is because, at the same fracture energy, the higher values for σt correspond
to lower lt values which means more ductile failure.
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Table 6.1. Fracture parameters corresponding to different simulated cases of free
expansions

Case # σt [MPa] lt [mm] Gt [N/m]
#1 1.00 2000.00 23.00

#2 1.00
√
2 1000.00 23.00

#3 2.00 500.00 23.00
#4 4.00 125.00 23.00
#5 1.00 4000.00 46.00

#6 1.00
√
2 2000.00 46.00

#7-reference 2.00 1000.00 46.00

#8 2.00
√
2 500.00 46.00

#9 4.00 250.00 46.00
#10 1.00 8000.00 92.00
#11 2.00 2000.00 92.00

#12 2.00
√
2 1000.00 92.00

#13 4.00 500.00 92.00

To better see the effect of fracture energy, Figures 6.3d,e and f are generated by keeping σt
constant and varying Gt. At small σt of 1 MPa as shown in Figure 6.3d, only the smallest Gt

shows a clear larger expansion for both small and large specimens with the effect starting earlier
for small specimens. This is due to the difference in crack initiation between small and large
specimens as discussed before. This is emphasized more in Figure 6.3e where the expansion
for small specimens start to deviate earlier than large specimens and, in addition, increasing
Gt becomes more effective in reducing the amount of expansion for small specimens but still
only effective at very low Gt for large specimens. Figure 6.3f shows the same trend but with
even more earlier start of deviation for small specimens and, again, only very low values of Gt

show different expansion for large specimens. This emphasizes more the effect of different crack
initiation mechanisms between small and large specimens. By holding σt constant, σs is also
held constant, so, for large specimens, cracks will initiate at almost same time regardless of the
fracture energy in most of the locations where mixed mode cracking is predominant ( most of
the sides of specimen far enough from the edges) and only if the fracture energy is very low,
cracks at the edges can easily initiate. For small specimens, cracks initiate mainly by tension
so, increasing the fracture energy affects it more, even at constant σt. This is emphasized by
comparing the start of deviation for small and large specimens in Figures. 6.3d,e and f. It is
clear that by increasing σt the deviation is delayed which means that pure tensile cracking is
delayed and more mixed mode cracking is generated.

Finally, by keeping lt constant, the mixed effect of Gt and σt is better clarified. In this case,
both modes of cracking are suppressed by increasing Gt and σt because shear strength is also
increased. By studying Figures 6.3 g,h and i, both small and large specimens are affected even
at very early stages of expansion. Such an effect reduces by increasing lt from Figure 6.3g to
Figure 6.3i. This is because at smaller lt, the difference in σt is large while at larger lt, the
difference is small (2 MPa compared to 1 MPa difference as seen from Table 6.1).
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To summarize the findings from these comparisons, one can say that increasing the fracture
energy of the material generally reduces cracking and if that increase is associated with the
increase of the tensile strength, the effectiveness in crack reduction is increased significantly,
especially if mesoscale mixed mode of cracking is expected (the general case of real structures).

6.4.3. Effect of applied load

While the Accelerated Mortar Bar Test (AMBT) specimens are tested in free expansion, real
structural elements are in most cases experiencing ASR expansion under stress. AMBT speci-
fications don’t require any assessment for stress effects on expansion. To highlight the effect of
loading conditions and its correlation to both strength and ANLP evolution, the behavior of a
loaded mortar bar 50× 50× 100 mm is investigated. The same previously identified parameters
are used in this section. The AMBT test is simulated and both expansions and ultrasonic mea-
surement simulations are calculated. Two expansion cases are simulated for the bar, one with
free expansion and the second with 10 MPa axial compression load. In addition, the compressive
strength reduction for both cases is investigated. Since the specimen considered here is much
shorter (only 100 mm), two ultrasonic measurement locations at the specimen center in X-X
and Y-Y directions are the only feasible to avoid the specimen boundary effects. The ANLP
results of both directions are averaged and then normalized.

Figure 6.4a shows the different strain components of the volumetric expansion for the free
expansion case. The model estimates that only 25% of the expansion is due to ASR gel formation
and expansion and the remaining 75% is all due to internal cracking. This explains the strong
correlation between cracking and ANLP. In case of the 10 MPa axial compressive load, the
amount of cracking is slightly reduced as can be seen from Figure 6.4b. On the other hand,
ASR-LDPM is able to capture the redirection of cracking under loading [86]. These differences
are reflected in Figure 6.4c, which shows the ANLP evolution change for both free expansion
and 10 MPa load case, where the loaded case response had a higher average value of ANLP in
the early stages up to 10 days, then it started to be less than the free expansion case. In the
beginning, the load prevents cracking in the horizontal direction and this redirects the crack
only in the vertical direction which means that at the same time, the crack openings in case of
free expansions are smaller compared to the ones in loaded case. But as cracks grow, the chance
for more cracking increases in the case of free expansion and result in more clear cracks which
can lead to this increase. This can also be related to the fact that in early expansions, the cracks
are localized, but as cracks propagate more, they coalesce and thus the effect of directionality
reduces. To correlate the ANLP with cracking, Figures. 6.4d and e show the evolution of average
crack volume and ANLP for the two cases. In Figure 6.4d showing the free expansion case, the
simulated ANLP evolution slightly under estimates the cracking, especially in the early stages.
Again, such an effect seems to vanish towards later stages where cracks are not isolated anymore.
The loaded case is shown in Figure 6.4e, the simulated ANLP evolution slightly overestimates
the average cracking and again, such error minimizes towards late expansion stages. For both
cases, Figures 6.4d and e show that the ANLP evolution correlates very well with cracking as
already discussed in Sec. 6.4.2.

To further investigate the loading effect, the changes of the uniaxial compressive strength for
each case have been simulated at 2 days intervals as shown in Figure 6.4f. As can be expected
from comparing the amount of cracking for both free and loaded cases (Figure 6.4a and b)
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the difference in strength reduction is very small as the average cracking strains are very close.
To compare with ANLP evolution, the compressive strength evolutions in Figure 6.4f are used
to compute normalized strength reduction evolutions given by (f ′

ct − f ′
c0)/(f

′
c14 − f ′

c0). Where
f ′
ct is the compressive strength at time t, f ′

c0 is the original compressive strength before ASR
effects (at day 0) and f ′

c14 is the compressive strength at time 14 days. A stronger effect of
the loading is observed in strength reduction correlation. Figure 6.4g shows the correlation
between compressive strength reduction and ANLP evolution for the free expansion case. Both
almost coincide up to 4 days, then, the ANLP evolution average line underestimates the strength
reduction evolution up to day 10. Finally, the difference reduces towards the end. In fact, under
uniaxial compression, horizontal cracks close up and transmit the compressive load and what
really matter are vertical cracks but both cracks contribute to the ANLP evolution for the free
expansion case. To support this explanation, the loaded case strength reduction and ANLP
evolution are studied further. As shown in Figure 6.4h, the correlation is much better for the
loaded case, that is because the preloading with 10 MPa closed the horizontal cracks preventing
them from contributing to the ANLP evolution. This is a very important observation and
should be considered in any ANLP correlation to the structural strength. As most structural
components are under some type of loading, the strength reduction interpretation based on
ANLP tested on free expansion should not be accurately reflective and it is much better to
perform ANLP testing under stress conditions that are as close as possible to those of the real
structure. On the other hand, the results show also that the use of ANLP testing on the real
structure, can give realistic evolution of its strength reduction.
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Figure 6.1. a) Nonlinear alkali diffusion coefficient change with alkali concentra-
tion. b) Simulated LDPM response of 3 point bending test compared with ex-
perimental data in [141]. c) Simulated LDPM response of Uniaxial compression
test matching the compressive strength reported in [141]. d) Alkali Concentra-
tion [mole/litre] distribution over mid section of small specimen at 0,2,4,6,8,10,12
and 14 days. e) Alkali Concentration [mole/litre] distribution over mid section of
large specimen at 0,2,4,6,8,10,12 and 14 days, and f) Axial expansion evolution
for small and large specimens.
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Figure 6.4. Parametric analysis specimens results for a) Different expansion com-
ponents under free expansion. b) Different expansion components under 10 MPa
axial loading. c) Simulated change in ANLP in case of free expansion and 10
MPa axial loading. d) ANLP evolution and average crack volume under free
expansion. e) ANLP evolution and average crack volume under 10 MPa axial
loading. f) Compressive strength evolution under free expansion and 10 MPa
axial loading. g) ANLP evolution and compressive strength reduction under free
expansion, and h) ANLP evolution and compressive strength reduction under 10
MPa axial loading.
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CHAPTER 7

Structural acceptance criteria for structures with
pathologies/degradation mechanisms
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CHAPTER 8

structural repair
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CHAPTER 9

Conclusions and recommendations for future work

This thesis presents a complete framework to simulate both plain and reinforced concrete
structures undergoing aging and deterioration with emphasis on Alkali Silica Reaction modeling
and the modeling of the accompanying creep and shrinkage phenomena. The formulation con-
siders variable environmental conditions including temperature, humidity and alkali variations
in addition to the aging of concrete material through cement hydration. A novel framework
entitled ASR-LDPM-E to simulate the effect of ASR on concrete structures considering variable
environmental conditions and including the effects of both creep and shrinkage induced deforma-
tions in a fully coupled explicit formulation was introduced. The framework implements within
the mesoscale framework of LDPM: 1) the ASR-LDPM model which gives ASR gel formation
and expansion at the level of each individual aggregate particle considering variable humidity,
temperature and concrete aging conditions using the HTC model; 2) hygral and thermal defor-
mations as imposed volumetric strains; and 3) creep viscous and visco-elastic deformations as
imposed strains based on the Microprestress theory. The framework was calibrated and vali-
dated with reference to experimental data dealing with ASR effects on concrete under different
loading and environmental conditions. In addition, the capabilities of LDPM to simulate re-
inforced concrete structures was also presented through the simulation of a variety of failure
models for beams.

Based on the obtained results, the following conclusions can be drawn:

(1) ASR-LDPM can predict accurately free and restrained ASR-induced expansion under
various loading conditions and environmental conditions including variable tempera-
ture, humidity and alkali content and it can reproduce realistic crack patterns. More
specifically :
(1a) ASR-LDPM is the only model available in the literature that distinguishes be-

tween the volume expansion directly associated with ASR gel and the one as-
sociated with cracking. This is a unique feature allowing it to precisely predict
expansion anisotropy as well as strength and stiffness reduction without any use
of phenomenological relationships based on ASR expansion.

(1b) The amount and distribution of cracking varies upon the applied macroscopic
stress state, leading to change in the volumetric expansion even if no direct effect
of stress on gel formation and water imbibition is postulated. ASR-LDPM ex-
plains the experimentally observed “expansion transfer” as redirection of crack-
ing rather than redirection of gel expansion as advocated by other researchers
in the literature.
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(1c) ASR-LDPM predicts material deterioration directly without the need of phe-
nomenological laws relating gel volume and expansion to concrete mechanical
properties.

(1d) Postulating the existence of two separate activation energies, one for gel for-
mation and one for water imbibition, allows simulating correctly the effect of
temperature on rate of expansion and maximum expansion.

(2) Macroscopic alkali ion diffusion is a nonlinear problem and has a significant effect on
AMBT results.

(3) ASR-LDPM can be used to interpret nonlinear ultrasound measurements and can repli-
cate well the evolution of the Acoustic Nonlinearity Parameter (ANLP) in ASR affected
concrete with no additional phenomenological relationships.

(4) Simulations prove that the ANLP evolution is strongly correlated to the volume and size
of cracking in concrete which in turn correlates well to strength and stiffness reduction.

(5) The distribution of ASR expansion has a significant effect on the mode of crack initia-
tion. A more uniform ASR expansion leads to mode I (tensile) crack inititation, while
an ASR expansion gradient leads to a combination of mode II (shear) and mixed mode
crack inititation at the mesoscale.

(6) Concrete strength and fracture properties have a significant effect on the evolution and
extent of ASR expansion, a well known fact that is still ignored in current AMBT
standard specifications which do not require full mechanical characterization.

(7) Presence of applied load changes the amount and directionality of cracking, which, in
turn, affects the ANLP evolution.
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0. Abstract
Many Nuclear Power Plants around the world are at the moment approaching, or in, their Long Term 
Operation stage of their operational phase. In addition, several NPPs have recently been carrying out 
uprate and life extension projects and comprehensive maintenance work including the exchange of 
components important to safety, in order to extend their lifetime. As a result, ageing management has 
emerged as one of the main concerns of the nuclear community. 

The ASCET (Assessment of Nuclear Structures Subject to Concrete Degradation) program was initiated 
by the OECD/NEA/CSNI in 2013 and is an international research program targeted at degradation of 
concrete in nuclear facilities. The project aims to create a basis for general recommendations regarding 
management of ageing issues in nuclear facilities exposed to concrete pathologies (material degradation 
mechanisms). The type of investigations necessary to understand and evaluate concrete degradations are 
determined by each member country based on research needs and damage sensitivity. 

This report provide an overview of some of the recent research activities carried out by the independent 
Swedish consultancy company Scanscot Technology, related to various types of assessments of concrete 
structures (numerical, destructive, non-destructive). Furthermore, the suggested path forward in this 
research area (concrete material degradation mechanisms), supported by previous research 
recommendations and operational experiences of the Swedish nuclear industry, is also included. The 
report is created as a part of the OECD/NEA/CSNI CAPS ASCET program. 
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1. Introduction
This report provide an overview of some of the recent research activities and commercial projects carried 
out by the independent Swedish consultancy company Scanscot Technology, related to various types of 
assessments of concrete structures (numerical, destructive, non-destructive). The report is created as a 
part of the OECD/NEA/CSNI CAPS ASCET initiative, and content in this report is presented from a 
Swedish perspective. The preparatory work by Scanscot within ASCET is currently financed by the 
Swedish Radiation Safety Authority (SSM). 

The goal of the ASCET program is to organize and implement an open research activity aiming at 
establishing and validating evaluation techniques, and demonstrating adequate structural performance 
of existing nuclear facilities during their entire lifetime. 

This report is divided into the chapters: 

1. Introduction
2. Material aspects and laboratory material testing
3. Material modeling
4. Laboratory structural components testing – destructive testing
5. Structural modeling
6. Non-destructive testing and in-situ condition assessment
7. Structural acceptance criteria for structures with pathologies/degradation mechanisms
8. Structural repair
9. Conclusions and suggested path forward

The main objective for the majority of the work conducted by Scanscot has been structural assessments 
related to maintaining the safety criteria for nuclear reactor containments. 

In order to define research needs for non-destructive assessment methods, for Swedish conditions, a
compilation of publically known operational experiences related to reactor containments (short form in 
section 1.1) has been put together within the ongoing CONSAFESYS project (chapter 6). In general 
terms, all safety related operational experiences of nuclear facilities in Sweden should be publically 
known. In relation to international needs, as the design of Swedish reactor containments were heavily 
influenced by the reactor technology in the USA, the Swedish research needs conforms to a large extent 
to needs in the USA, with some deviations. 

For some projects, carried out by Scanscot, a decommissioned nuclear power plant in southern Sweden 
has been used as a mockup facility for destructive and non-destructive testing. Some of these activities 
are briefly described in this document. The possibility to test assessment method or conduct other types 
of studies on this decommissioned NPP remains, and future projects may also benefit from using this 
advanced mockup. 

For reader completeness outside of the ASCET program, a summary of the 16 listed ASCET 
international participant teams interest for the various degradation mechanisms, following a 
questionnaire, is presented in Table 1.1. 
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Table 1.1 ASCET participant teams interest for various degradation mechanisms. 

Index Degradation mechanism Number of participants

1 ASR 10

2 Sulfate attack 5

3 Rebar corrosion 5

4 Irradiated concrete 4

5 Freeze-thaw 4

6 Carbonation 4

7 Chloride interaction 3

8 Shrinkage 3

9 Abrasion-Erosion 2

10 Leaching 2

11 Cracking due to the heat of hydration 2

12 Boric-acid attack 1

13 Geochemical Dissolution 1

14 Bio-Degradation 1

1.1 Swedish reactor containment operational experiences 
Publically available operational experiences show very few publically known occurrences of concrete 
degradation mechanisms in Swedish reactor containments. This is said not considering corrosion of 
embedded steel components as concrete degradations. Most issues reported to SSM concern various 
types of corrosion problems, often in conjunction with steel liners or pool liners (BWRs). Some Swedish 
operational experiences of reactor containments reported to SSM over the years include (in total 12 
nuclear reactor units, items below in no particular order): 

Corrosion of liner toroid
Leaking middle slab electrical wire penetration seal
Degraded middle slab seal
Leaking new welds
Damaged prestressing tendons
Leaking liner toroid
Anchor head failure during construction
Leaking middle slab seal
Leaking lower liner toroid
Leaking condensation pool bottom liner
Leaking condensation pool wall liner
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Water leakage and liner delamination
Crumbled concrete on containment outside
Liner leakage at welds
Liner hole left at construction
Leakage at bottom of base slab
Liner corrosion at penetrations due to grouting voids
Leaking upper pool steel liner
Cast-in foreign material

Very few instances of classical concrete pathologies (not counting corrosion problems) have been 
reported for the concrete reactor containments in Sweden. However, it is important to note that 
occurrences of minor concrete degradations, not deemed of direct safety significance by licensee staff, 
may not have been reported to the regulator. A brief overview of known concrete pathologies is provided 
below: 

One documented instance of confirmed ASR is available in Sweden, at the decommissioned
Barsebäck 2 NPP unit.
One instance classified as concrete crumble, at the exterior surface of a PWR unit, is also known.
One PWR unit had exterior problems at one occasion (fragments of concrete were about to break
of underneath the dome ring beam), which was detected during non-regular inspection initiated
by the regulatory body.
Occurrences of local concrete surface cracking has been identified in some instances.

1.2 Previously identified Swedish research needs relating to 
concrete degradation 

In addition to the operational experiences listed above, issues identified in past research limited to 
concrete degradations, applicable to Swedish reactor containments, are listed below: 

The need for (destructive and non-destructive) material condition assessment methods of
concrete and embedded steel components, suited for use in nuclear power plant structures, is
identified in [1].
The potential long-term effects of high local concrete temperatures around some penetrations
in reactor containments during normal operation is identified in previous national research work
[2]. This issue remains unresolved so far, but may be structurally important for most Swedish
reactor containments in case of a LOCA accident.
The issue of potential effects of irradiated concrete is identified, for example in [1] and [3], but
still unresolved. International activity is ongoing in this field.
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2. Material aspects and laboratory material testing
2.1 CONMOD material testing project at the Barsebäck NPP 
Within the CONMOD project [4], a material testing project at the Barsebäck NPP [5] were conducted 
in 2005 with the aim to determine ageing process and mechanical properties of the reactor containment 
concrete. No material degradation was found in the core samples collected from the two Swedish reactor 
containments. However, a significant increase over time in compressive strength and elastic stiffness, 
due to the continued hydration process in the material, was concluded. The relative humidity of the 
concrete in the almost one meter thick (with steel liner on one side) outer cylindrical wall was found to 
be very high, even after more than 30 years in operation (Figure 2.2). 

Concrete material testing included multiple instances of core sampling and laboratory tests (at 2 different 
laboratories) of: Strength, Young´s modulus, Degree of hydration, Carbonation depth, Chloride content, 
Moisture profile, Micro structure and Porosity. 

Figure 2.1 Concrete material coring and testing at the Barsebäck NPP during the CONMOD project. 

Figure 2.2 Results from RH measurement in the containment wall during the CONMOD project (see 
[6]). 
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3. Material modeling
No research related to material modeling of concrete degradation mechanisms is carried out by Scanscot 
at present time. 
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4. Laboratory structural components testing –
destructive testing

No research related to destructive testing of structural components is carried out by Scanscot at present 
time. Related activities and participation in international benchmarks are described in chapter 5. 
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5. Structural modeling
Numerical simulations of nuclear type of structures is a common task in many of the consultancy 
assignments carried out by Scanscot. Many assignments include assessments of structural utilization 
and leak tightness of reactor containments. This section is limited to a description of research projects 
only, excluding commercial projects. 

Numerical simulations are mainly carried out as whole-structure models (usually structural assessments 
in some form), or as part-structure models for wave propagation simulations. The Finite Element 
software ABAQUS is mainly used as a tool for this. As a mean of methodology and numerical tools 
validations, participation in international benchmark projects has traditionally been a vital part of 
company activities. Participation in international benchmark projects include: ISP 48, SPE 3,
VERCORS, IRIS (impact), SMART 2008 (seismic), SMART 2013 (seismic) and CASH (seismic). 
Below a short form description of benchmark projects regarding pressurization events of concrete 
containment structures are presented in sections 5.1.1 to 5.1.3. 

5.1 Benchmark projects regarding pressurization events of concrete 
containment structures 

5.1.1 International standard project 48 (ISP 48) 
The ISP 48 international benchmark project focus was on global response and final failure for a 
prestressed concrete containment mockup tested for pressurization (see [7]).FE-modelling were used by 
the participants in this project to predict the response at load levels beyond design. In Figure 5.1 the 
principal layout of the FE-model used by Scanscot is shown. The concrete was defined with solid 
element and the steel components with shell or bar elements. Non-linear material models were used to 
describe the material of both concrete and steel components. 

Figure 5.1 Global FE-model used for the ISP 48 project. Elements for concrete, reinforcement, 
tendons and steel liner are separated in the figure for illustration purpose. 
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Important conclusions regarding modeling, analysis technique, concrete models, etc. where drawn in 
this project. Figure 5.2 show results regarding the predictions of final failure mode which were 
concluded to be initiated by a rupture in the horizontal tendons. 

Figure 5.2 Final failure for the ISP 48 containment mockup. Prediction and actual failure. 

5.1.2 Standard Problem Excise 3 (SPE 3)
The SPE 3 project can be seen as a continuation of the ISP 48 project, with focus on detailed behavior 
and containment leakage, where the final objective is to estimate leak rates for different pressure levels.
The main focus in this project was on local containment behavior. A similar nonlinear global FE-model 
as used in the ISP 48 project (see above) was also used in the SPE 3 project together with several local 
FE-models. Important conclusions regarding concrete cracking, prestress distribution, local liner failure 
behavior, etc. were drawn in the project. An example of results from the SPE 3 project is given in Figure 
5.3, where the evaluated concrete cracking in the containment cylindrical wall is shown for three 
different internal pressure levels. 

Figure 5.3 Result, concrete cracking in hoop direction (cylindrical wall). Gray color indicates 
concrete cracking (Pd = design pressure). 
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5.1.3 VERCORS 
The VERCORS project is an ongoing round robin benchmark project, organized by the French power 
company EDF. The main feature of the project is an experimental mockup of a reactor containment at 
1/3 scale. The physical test period is from spring 2015 to 2021. The prestressed containment mockup 
has bonded tendons and no steel liner. The numerical model used by Scanscot will be according to the 
detailed 3D concept previously verified within the ISP 48 project. The main project objectives are to 
study: 

 The early age behavior 
 Pressurization to 5.2 bar (annually) 
 Leak tightness under the effect of aging (aging effects ~9 times faster due to scale effects) 
 Behavior under severe accident conditions 

Figure 5.4 VERCORS containment mockup. Plan section and construction site. 
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6. Non-destructive testing and in-situ condition 
assessment

6.1 The CONMOD project 
The CONMOD [4] project was active during the years 2002-2005, and was initiated to establish a
methodology for a subset of what today is called a generic AMP, for the ageing reactor containments of 
the Swedish nuclear fleet. The methodology would enable determination of current structural capacity, 
identification of defects and deterioration, estimation of remaining safe life-time, and optimization of 
maintenance and safety-enhancing actions. The purpose was to maintain required safety criteria during 
the entire service life. See Figure 6.1 for illustration. 

As a demonstrator, the decommissioned NPP Barsebäck were used in the structural assessments. In the 
assessment of structural margins, considering actual structural conditions of reactor containments, a 
combination of testing and numerical simulations were used. In validating non-destructive results both 
complementary non-destructive test methods, design documentation (design drawings and other
documents), construction methods and documentation (pictures, documents and memories), and 
complementary destructive testing were used at the Barsebäck NPP. Identified critical sections and 
structural components, setting the overall capacity of the containment according to the safety criteria 
(leak-tightness and load carrying ability), was detected via numerical simulations. Problem areas may 
differ depending on the design of the NPP, but problems with degraded concrete were concluded to, in
general, often occur at structural discontinuities such as at connections between structural elements or 
around openings and hatches. The origin of structural degradations were identified to be from 
construction flaws, and poor workmanship, which resulted in validation of as-built compliance with 
design to emerge as an important step in the condition assessments. 

Figure 6.1 Maintaining required safety criteria during the entire service life of a reactor containment, 
taking structural deviations and degradations into account. 
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In the structural assessment of the reactor containment several sources of information, beside numerical 
simulations, were evaluated (represented by Figure 6.2):

 Background documentation from the construction of the containments. 
 Core samples and various material properties from destructive testing. 
 Non-destructive test methods including for example: HECR (High Energy Computed 

Radiography), GPR (Ground Penetrating Radar), MASW (Multi channel Analysis of Surface 
Waves). 

A few series of measurements has been made during the CONMOD project, using various non-
destructive techniques on the containment wall of Barsebäck unit 1 and 2. The objectives of these tests 
were to: 1) test the capability and performance of selected NDT techniques, and 2) obtain information 
about typical structure characteristics. Information sought for included: 

 Visibility (positioning) of reinforcement and pre-stressing tendon ducts 
 Visibility of steel liner 
 Concrete properties (elastic material properties, or rather wave velocities) and homogeneity 
 Condition of concrete around pipe penetrations (detection of voids) 
 Condition of pre-stressing tendon ducts and filler grout 

Figure 6.2 Structural assessment background information, including design and construction 
documentation, core sample information, and non-destructive evaluations. 

Two example applications for the used non-destructive testing methods utilized within the CONMOD 
project are supplied in the following sub-sections. 

6.1.1 Pipe penetration grouting inspection using HECR 
Problems with pipe penetration grouting from construction of the containment were known prior to the 
CONMOD project, as the Barsebäck unit 2 previously had experienced through liner corrosion at pipe 
penetrations due to similar grouting voids. The liner corrosion was detected during an integral leak test 
in 1993. The grouting flaws, air pockets, was caused by a construction method not executed as intended,
as grouting drainage pipes were not cut off at the prescribed positions, which prevented their function 
during grouting. 

Investigations at unit 1 were conducted in 1994 and 1995 (reactor still in operation at that time), in 
conjunction with the discovery of similar defects at unit 2, but no voids were however found at that time.
In total 277 drilled testing holes were drilled at 18 different penetrations at that time. In 2002 during the 
CONMOD project, systematic grouting flaws of pipe penetrations, as in the unit Barsebäck 2 case from 
1993, were confirmed using radiography (HECR) and a fiber optic camera. Grouting flaws were 
confirmed in two out of 6 investigated pipe and electrical penetrations. It is important to note that 
contrary to Barsebäck unit 2, and despite identical design, the construction flaw did for unit B1 not cause 
progressive corrosion of the liner, and consequently this construction flaw was never discovered by leak 
tightness tests during operation. 
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A picture of the box-outs for pipe-entry in the slip-formed wall during construction, prior to casting, is 
shown in Figure 6.3. The typical pipe entry grouting problem area, prone to leave an air pocket void 
during grunting, is marked in yellow color in Figure 6.4. Figure 6.5 show a grouting void inspected 
using fiber optic camera. 

Figure 6.3 Box-outs for pipe-entry in the slip-formed wall, prior to casting. The white items to the 
right (close to the steel liner) in the box-out are foam polystyrene forms. 
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Figure 6.4 Typical pipe entry grouting problem area, prone to leave an air pocket void during 
grunting, marked in yellow color. 

Figure 6.5 Grouting void inspected using fiber optic camera. In this position the grouting void is more 
than 20 mm high. 
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In this case a narrow gap was found in the injection grout above the pipe entry, see Figure 6.6. The main 
gap was estimated to be between 15 and 20 mm in height from these images. A gap or void at the 
position shown might constitute a corrosion risk to the liner plate. It was however not possible to 
determine if any corrosion had occurred, using HECR and the fiber optic camera. 

Figure 6.6 Radiography image of the pipe penetration area showing the grouting void as a darker 
area. 

A pipe entry represents a complicated geometry, which currently is not possible to examine using elastic 
wave propagation (US) techniques. Radiography remain the only method capable of inspecting pipe 
penetration areas as the example case presented here. An examination of this type takes approximately 
half a day to complete. The information obtained can currently not be matched by other techniques. 

6.1.2 Reinforcement positioning using GPR 
Reinforcement positioning were inspected using GPR. These types of measurements were not 
revolutionary in 2005, but the use on nuclear structures were not documented and widely available at 
the time. Possibilities and visibility using GPR vary for different structures (moisture, concrete 
composition and reinforcement density) and the method was included as a demonstrator of as-built 
conditions regarding reinforcement close to the concrete surface. 

The measured average reinforcement density were found to comply very well for the vertical 
reinforcement. A measured average separation of 151 mm were concluded from measurements, and 
design drawings are stating c-c 150 mm. Also every third vertical reinforcement bar were concluded to 
be spliced (seen as darker markings in Figure 6.8), which also agree with drawings. For horizontal 
reinforcement the measurements could not confirm the layout of the design drawings, as the distance 
between bars were greater than expected. The concrete cover varied between 66 and 106 mm, whereas 
the design cover is 30 mm, which is exemplified in Figure 6.9. 
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Figure 6.7 Example 2 meter processed GPR data profile showing vertical reinforcement bars in the 
Barsebäck 1 reactor containment wall. 

Figure 6.8 Example of vertical surface reinforcement layout according to design documentation and 
measured (actual) conditions. 

6.1.3 Some general conclusions 
Some general conclusions from the CONMOD project include: 

 It was not possible to define a general life-expectancy of containments. 
 Critical local details set over-all capacity. 
 All concrete structures are unique and cannot be described on the basis of drawings and 

memories. If you want to know - You must look. 
 Actual structures deviates from design drawings. 
 The ageing (of concrete) can have both positive and negative effects. 
 The observations made (deviations) at NPPs were workmanship and design detail-related. No 

time-dependent deterioration mechanisms were identified. However, time-dependent changes 
were identified. 
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6.2 The CONSAFESYS project 
The CONSAFESYS project is an ongoing project since 2009, which is about to be finalized this year.
The project is financed by nuclear plant owners in Sweden, SSM, the Swedish nuclear fuel repository 
(SKB) and ORNL. One important objective of this research project is to aid in the development of 
promising non-destructive quality assurance and inspection methods for thick concrete structures 
(reactor containments). The final purpose being to identify non-destructive testing methods that can be 
implemented in the quality assurance process during construction, in the check-up of as-built 
compliance with design, as well as a tool for enhancing the in-service inspection methods. The inclusion 
of as-built compliance with design is an important task, as several operational experiences in fact has 
occurred due to deviations from intended design. 

The scope of the CONSAFESYS project include the CONMOD methodology, utilizing a combination 
of non-destructive assessment techniques and numerical simulations, for planning, execution, and 
evaluation of NDT of concrete containments. The aim of the system is to determine a Profile of the
containment structure to keep track of the present, and to predict the future condition of the structure. 
All factors related to geometry, detailing, condition and ageing together describe the Profile of the 
structure: 

 The as-built compliance with design (AC) 
 The condition and quality (CQ) 
 The ageing processes (A) 

The main topics to be addressed within the CONSAFESYS project are: 

1. Validation of NDT methods at realistic circumstances 
2. Development of numerical models 
3. Practical implementation at sites in operation 
4. Determine the possibilities and limitations of seismic NDT methods 

One main activity of the project is demonstrations of state-of-the-art integrity assessment techniques for 
concrete structures at the reactor containment of the decommissioned Barsebäck NPP. Testing and 
evaluations were in this context conducted by a research team from Lund Technical Institute (LTH) and 
staff from the German Federal Institute for Materials Research and Testing (BAM), in October 2014. 

An additional activity has been to summarize reactor containment operational experiences in Sweden, 
in order to provide the basis for defining research needs within the NDT area. 

An example of a focus area is the possibilities to carry out non-destructive status assessments of grouted 
prestressing tendons. The general consensus in Sweden is that unbonded tendons are sufficiently studied, 
but further knowledge of condition assessment of grouted prestressing tendons is needed. Within the 
current project, status assessments on grouted tendon ducts were limited to the possibilities to detect 
grouting voids inside tendon ducts using NDE. 

6.2.1 Testing possibilities at the decommissioned NPP (Barsebäck) 
Testing and demonstrating of mature non-destructive evaluation methods under actual conditions is a 
necessary step before using these tools in a production environment. Testing at the decommissioned 
Barsebäck NPP, non-destructive as well as destructive, are in general terms possible, but must naturally 
be approved by plant staff. This opportunity provide both many practical experiences of working with 
the methods inside a nuclear reactor (same routines and safety precautions as working on a production 
plant on operation), and in addition provide unique validation opportunities outside of those of generic 
testing at large scale mockups do. 
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6.2.2 BAM state-of-the-art measurements at Barsebäck NPP 
As a mean of testing the possibilities and limitations of selected non-destructive methods (GPR, US, 
RTM) on actual NPP units (Barsebäck), the German material testing institute BAM was engaged as one 
part of the CONSAFESYS project. The measurements are also seen as a modern continuation of the 
work carried out more than 10 years ago within the CONMOD project, where a wide range of available 
non-destructive testing methods for concrete structures were tested at the same NPP units. This is 
particular interest as documented, and publically available, practical experiences using these 
investigation methods on actual reactor containments are extremely scarce, in contradiction to testing 
on reference laboratory specimens, which are somewhat publically available, for example [8]. See 
Figure 6.9 which exemplify the measurements at the Barsebäck NPP. 

As destructive measures are possible at the available decommissioned NPP units, the possibility to 
implement defects into the structure that was to be investigated by BAM was used. For this purpose a 
few cores were drilled from the inside of the reactor containment, see Figure 6.10. Measurements were 
consistently done from the outer surface of the containment, as installations on the inside poses an 
obstacle. 

The information from the measurements are currently being evaluated and also compared to drawings,
previous information (HECR images) and pictures from the construction phase of the reactor 
containment. 

    a)                                                 b)                                               c) 

Figure 6.9 GPR measurement of reactor containment pilaster with reinforcement and tendons. a) Cut 
at depth 5-7 cm. b) Cut at depth 13-17 cm. c) Picture from construction, prior to casting. 
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    a)                                                           b) 

Figure 6.10 Implemented defects in the reactor containment, in the form of drilled cores from the inside 
to the steel liner. a) Picture of cores drilled. b) Drilled cores (red color) in relation to 
horizontal and vertical tendon ducts. 

6.2.3 The MASW application developed by researchers at LTH 
A non-destructive assessment method further developed by a LTH research team is the method called 
Multichannel Analysis of Surface Waves (MASW), which in its basic form aim at material 
characterization (elastic properties as mean values over the section) and thickness estimation [9]. The 
method differ from all current other methods (for instance IE) as predictions are possible without 
assuming any material parameters. The method is based on Lamb waves, and is (just as IE) limited to 
plate-like structures. The method is developed and validated through both numerical simulations, and 
physical testing. 

One potential application area of this method is detection of weak (abnormal) concrete sections, and 
determination of the evolution over time. A current Ph.D. project [10], initiated by the CONSAFESYS 
project, has been investigating fundamental wave propagation issues related to the MASW application 
and IE, as well as increased accuracy using polarization of the S1-ZGV mode (zero group velocity of 
the first symmetric plate mode), in the past 2 years, but is now focusing on predicting material property 
changes over the depth of the investigated concrete wall/slab. The method is a relatively fast and low-
cost method, requiring a data acquisition system, an accelerometer and a hammer, see Figure 6.11. Both 
software and hardware developments are currently pursued. 

As a mean of testing the possibilities and limitations of the method on actual NPP units, MASW was 
tested at Barsebäck during the fall of 2014, as one part of the CONSAFESYS project. In-depth 
evaluations from these measurements are still to be made. 
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a)    b)

Figure 6.11 Figure a) MASW method implementation, using one moving source and one stationary 
receiver to record a multichannel data record [9]. Figure b) Measured data in the form of 
phase velocity as a function of frequency cloud plot to be fitted to Lamb wave dispersion 
curves. 

6.3 In-situ testing and determination of concrete properties for 
structural capacity calculation of anchor systems at nuclear 
facilities 

An ongoing, soon to be finalized, project concern in-situ testing and determination of concrete properties 
for structural capacity calculation of anchor systems at nuclear facilities. The work provides an overview 
of various factors which are important to consider in testing and evaluation of concrete strength 
parameters. This project is financed by the Swedish nuclear regulatory body (SSM). 

Anchoring to concrete are widely used in all Swedish nuclear power plants. The anchoring often 
supports important systems and components in the nuclear facilities, as pipe systems and lifting devices. 
It is common that the capacity of the anchor systems has to be reevaluated when loads and other 
conditions are changed. When an existing structure is reevaluated an important issue is to determine the 
material parameters in a correct and stringent way. The capacity for concrete fasteners is strongly 
connected to the tensile strength of the concrete. In-situ testing of compression strength should therefore 
be supplemented with tensile strength testing (splitting tensile test). It is also concluded that indirect 
testing methods (non-destructive) could be important when assessment of anchor systems are 
considered. The anchoring systems are spread over large areas in the structure and indirect testing 
methods could be helpful to generalize results from direct testing. 

6.4 Loss of prestress in reactor containments 
Problematics related to time dependent changes of concrete (creep and shrinkage) when being used in a 
prestressed reactor containment structure, has previously been studied in several research projects, 
where of one is [6]. Conclusions from this project include deviances in actual (measured) loss of 
prestress (less losses in Swedish reactor containments) from original design assumptions. 
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7. Structural acceptance criteria for structures with 
pathologies/degradation mechanisms

No research is carried out by Scanscot within the field of structural acceptance criteria for structures 
with degradation mechanisms at present time. 

7.1 Recent related research projects 

7.1.1 Design Guides for Nuclear Civil Structures (Swe: DNB) 
However, Scanscot has recently developed national design regulations for nuclear civil structures in 
Sweden, DNB [11], initiated by the Swedish nuclear industry and financed by the industry and the 
nuclear regulatory body (SSM), and work within the field of structural acceptance criteria for structures 
experiencing degradation mechanisms is of general interest. 

7.1.2 Anchorage capacity in sound concrete 
Recently finished work within the field of anchorage capacity on sound concrete (not affected by 
degradation mechanisms) include the response of headed anchors in non-reinforced and reinforced 
concrete structures, see Figure 7.1 for overview illustration, investigated by means of numerical 
simulations [12]. Several compositions of single anchor and anchor groups loaded in tension or shear 
were studied and successfully compared to physical tests. The methodology may be adjusted for cases 
including degraded concrete. This research project was financed by the Swedish nuclear regulatory body 
(SSM). 

a)           b)

Figure 7.1 Figure a) Transparent perspective view of the different parts (a 1/4th shown here due to 
symmetry) constituting the reinforced concrete model and in this case single anchor setup. 
Figure b) Damage in tension at peak load for a numerical simulation of a test case. 
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8. Structural repair
No research is carried out by Scanscot within the field of structural repair at present time. However, 
work conducted and conclusions drawn within this field is of general interest. 
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9. Conclusions and suggested path forward
As very few instances of classical concrete pathologies (not counting corrosion problems) have been 
reported to the Swedish regulatory body for the concrete reactor containments, this research area has so 
far had little national focus for these types of structures. For the nuclear structure applications, concrete 
is always used in combination with steel, and corrosion problems will therefore be included in this 
context. 

From a Swedish perspective, research needs concerning reinforced concrete pathologies in nuclear 
reactors include, arranged in order of safety significance: 

1. Corrosion in embedded steel components: Corrosion detection, or indications of possible 
corrosion, in embedded steel components may be the single most important non-destructive 
evaluation task from the perspective of Swedish nuclear reactor containments, according to 
operational experiences. Corrosion in reinforced concrete also place at the front among ASCET 
participant replies to the questionnaire summarized in Table 1.1. Specifically corrosion of steel 
liners and prestressing tendons are of particular interest from the view of the safety 
requirements. Continued research within the various aspects of this field is therefore 
recommended. 

2. High local concrete temperatures: The potential long-term effects of high local concrete 
temperatures around some penetrations in reactor containments during normal operation may 
be structurally important for most Swedish reactor containments in case of some accidental 
loads (internal pressure from a LOCA, or pipe break near penetrations). Eventual long-term 
effects for the concrete material may be possible to observe at the Barsebäck units via analysis 
of core samples around penetration areas exposed to elevated temperatures, and compared to 
selected reference locations away from penetration areas. 

3. Irradiated concrete: The issue of changed mechanical material properties of irradiated 
concrete may be of interest for Swedish reactors. International activity is ongoing in this field, 
but possibly some input using Barsebäck (or core samples from other Swedish reactors) may be 
of interest. 

It is also suggested that the regulatory body initiate a national survey project directed specifically at 
operational concrete degradation experiences at nuclear facilities. The reason being that historically 
occurrences of minor concrete degradations, not deemed of direct safety significance by licensee staff,
may not have been reported to the regulator. 
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FORWORD 
 
Guidelines for the objectives, the contents and the format of this report were provided by 
Mr. Neb Orbovic in a teleconference that was held on February 3, 2015 and was followed 
by an e-mail (by ASCET Organizing Committee) summarizing the OECD/NEA/CSNI 
ASCET report preparation instructions. The following is an excerpt from this e-mail: 
"I would like to summarize in few words our discussion. The participants’ reports should be
submitted by April 15th and they should contain 9 Chapters: 1) introduction, 2) material aspects
and lab. Material testing, 3) Material modeling, 4) Lab. structural components testing –
destructive testing, 5) Structural modeling, 6) Non destructive testing and in situ condition
assessment, 7) Structural acceptance criteria for structures with pathologies/degradation
mechanisms, 8) structural repair and 9) Conclusions and recommendations for future work
(conclusions and recommendations are related to each report)".
 
This report presents a brief summary of some particular concrete degradation 
mechanisms which have been encountered at some of the hydroelectric power plants 
located in Quebec in the last few decades as well as at Gentilly-2 Nuclear Power Plant 
(G-2 NPP). Many of the general pathologies/degradation mechanisms reported in the 
literature and which can be observed in various concrete structures, including NPPs, are 
not discussed here. The description of the degradation mechanisms presented in this 
report is brief and is intended only for sharing some aspects of our experience, gained 
mainly from work that was carried out for G-2 NPP, with those who will attend the 
meeting of June 29, 2015. Hopefully, time will be available to discuss some of these 
issues following the presentation at the meeting of June.  
 
This incomplete first draft of the report is submitted in order to familiarize the conference 
participants with its contents and in order to provide the organizing committee with the 
conclusion summary so that it might be used as needed by the committee. However, it is 
to be noted that several chapters of this draft report are incomplete or missing and many 
parts are still in raw format; i.e. they were not subjected to any proofreading, editing, or 
review. Nonetheless the draft is being submitted and distributed before the conference 
with the aspiration that it will be finalized before the conference on June 29, 2015.  
 
Moreover, parts of the report presented here are extracted from the report (under 
preparation by the author) for RILEM requested by Prof. Victor Saouma, entitled 
“Impacts of ASR on Nuclear Power Plants; Problems and Research Needs”. 
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1. INTRODUCTION 
 
The integrity of the various structures of nuclear power plants and nuclear facilities is 
essential to ensure the continuing operation of these installations without compromising 
public safety or environmental protection. As time pass by, the material properties of 
these structures continue to change due to environmental influences, various chemical 
processes and other factors.  

 
The life cycle of existing nuclear power plants was often chosen to be 30-40 years at the 
time of the original design. The term for the initial 40-year-license, usually issued for 
nuclear reactor operators, is based mainly on economic considerations and not due to 
limitations imposed by the nuclear technology. It is the term of the initial license which 
has dictated the strategy adopted in the design of most structures and components of 
NPPs for an expected 30-40-year life cycle. In order to ensure the safe operation of 
nuclear power plants in subsequent life cycles, it is essential that the effects of age-related 
degradation on NPPs’ structures, systems and components, be assessed and managed 
during both the current and the subsequent life cycles. 
 
The Nuclear Power Plant of G-2 owned by Hydro-Quebec, was approaching the end of 
its first life cycle of 30 years, in accordance with the initial design. Before the 
decommissioning of the plant, G-2 was poised for a major refurbishment project with the 
aim of extending its service life for another cycle of 25-30 years. The G-2 containment 
structure was constructed using concrete and mild carbon reinforcing steel.  It was also 
pre-stressed using three different types of tendon anchorage arrangements. The ring beam 
accommodates tendon anchorage for the ellipsoidal dome and the vertical containment 
walls. Four vertical buttresses accommodate horizontal tendon anchorage for the walls 
(Figure 1). 

 
Figure 1: Containment structure (reactor building envelope), vertical and horizontal 
sections 
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To evaluate the possibility of extending the service life of G-2, Hydro-Quebec (HQ) has 
had to prepare and execute an elaborate evaluation program, which included visual 
inspection of the accessible areas, in-situ measurements, laboratory material testing and 
an elaborate numerical analysis. Moreover, during the period from 1993 to 2003, HQ 
undertook several extensive research programs in collaboration with McGill University 
(McGill), McMaster University (McMaster), the Universality of Sherbrook (Sherbrook) 
as well as the Natural Sciences and Engineering Research Council of Canada (NSERC). 
The contents of the joint research programs of HQ-Sherbrooke-McMaster-NSERC and 
HQ-McGill-NSERC were proposed by HQ and were approved by the NSERC. These 
University-Industry research programs were intended to define, by laboratory and in-situ 
testing, the properties of plain, reinforced and pre-stressed concrete affected by Alkali-
Aggregate Reaction (AAR) and the behaviour of the affected concrete under the severe 
Canadian climate conditions as well as to develop an adequate analytical procedure for 
assessing the behaviour of AAR-affected concrete structures. 

With the restrictions imposed on sample extraction from an operating NPP, conducting 
an elaborate numerical analysis was the more practical evaluation approach. During the 
years 2000 and 2003, Hydro-Quebec carried out an extensive numerical study of the G2 
reactor building envelope, and later on, HQ conducted extensive analyses for all the 
structures of G2 during the five-year period from 2006 to 2010. These studies included 
evaluation of various aging/ degradation mechanisms. The numerical simulations 
included a transient thermal analysis over the period of construction, a series of static 
analyses together with simulation of a continuing AAR effect, and a dynamic analysis 
simulating a seismic event. 

By assessing the observed damage of concrete structures as well as the damage predicted 
by analyses, HQ was able to define a number of degradation mechanisms relevant to G-2 
NPP. In general, the degradation mechanisms affecting concrete structures have been 
extensively studied and are relatively well known. Some of these mechanisms are listed 
below in groups according to the severity of the damage they may produce in the affected 
structures:  

1. Mechanisms referred to as “Primary Degradation Mechanisms” which are
expected to cause significant damage:

alkali-aggregate reaction
loss of pre-stressing (stress relaxation)
corrosion of reinforcing and prestressing steel
chemical attack

2. Mechanisms referred to as “Secondary Degradation Mechanisms” which are not
expected to cause significant damage:

construction deficiencies (initial hydration cracking)
differential settlement
shrinkage
creep
normal degradation over time
frequent leakage-rate testing, accelerating the degradation over time
freeze/thaw cycles (important for Canadian climate)
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 thermal exposure  
 radiation   

 
While many of the known degradation mechanisms - presented in the technical and 
scientific literature – are not pertinent to G-2 NPP; however, the extensive research work 
conducted for G-2 NPP, for which an extensive technical documentation is available, was 
of help in identifying the mechanisms most relevant to the power plant. The structural 
damage due to these mechanisms may vary significantly ranging from minor to major 
damage. It should be noted that AAR may not be observed in many nuclear installations 
and is not an industry-wide phenomenon. However, most of the degradation mechanisms 
discussed in this report are related to concrete affected by the AAR; in other words, they 
are in combination with AAR. Some of these mechanisms are listed in what follows:  
 
 Construction sequence: constraints related to thermal hydration, high cement content, 

resulting in initial cracking, mainly, to the exposed concrete. Although this is not an 
aging degradation mechanism because it happens during the construction period; 
however,  it is an important factor that should be considered because it greatly 
influences the formation and the propagation of cracks that result from the other 
aging mechanisms;  

 Shrinkage: resulting in concrete cracking; 
 Creep: resulting in concrete cracking and loss of post-tensioning (affecting 

prestressed concrete of the reactor building); uneven creep throughout the wall 
section of the reactor building (in the presence of high in-plane prestressing): 
resulting in the creation of micro cracking and affecting building's air tightness and 
concrete splitting (similar to the one at Cristal River NPP); 

 Freeze-Thaw cycles (important for Canadian climate): resulting in concrete cracking 
and the propagation of cracks, delamination and spalling of concrete; 

 Periodic integrated leakage-rate testing (high pressure air tightness safety testing at 
124 kPa(g) every 3 years: resulting in  the widening and the propagation of existing 
cracks during and after each performed test; the test frequency is imposed by the 
Nuclear Safety Authority and may not be considered as an actual aging  mechanism. 
However, it is important to be mentioned because it influences the degradation of the 
concrete of the reactor building and reduces its air tightness; 

 Overall and differential settlement of structures: resulting in concrete cracking and 
structural deformation (misalignment of turbo generator); 

 Alkali-Aggregate Reaction: resulting in concrete cracking, concrete splitting 
(especially in pre-stressed concrete elements); structural deformation due to concrete 
swelling, and degradation of mechanical characteristics of concrete.  

 
 
2. MATERIAL ASPECTS AND LABORATORY MATERIAL TESTING 
 
Hydro-Québec owns and operates more than 656 dams and 60 hydroelectric plants. As of 
today, there are 36 hydraulic structures in these installations in which the AAR has been 
confirmed with only 7 are considered severely affected, 15 moderately affected, while a 
mild effect was found in the remaining 14 structures. G-2, the only Nuclear Power Plant 
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owned by Hydro-Quebec, is affected by AAR in concrete (severely affected if based on 
the free expansion rate of concrete but moderately if based on the in-situ measured 
expansions). Therefore, the AAR is the major concrete degradation mechanism at G-2.  
 
In terms of concrete compressive strength, there are three different classes which were 
used in the design and the construction of the Canadian "CANDU 6" Nuclear power 
Plants (five NPPs). It can be assumed that similar classes were used in the construction of 
other NPPs around the world. The data below are extracted from the concrete test reports 
of G-2: 
  

 Concrete compressive strength 20 to 25 MPa; ~ 260 kg/m3 cement; min 250kg/m3 
 Concrete compressive strength 25 to 30 MPa; ~ 340 kg/m3 cement 
 Concrete compressive strength 30 to 35 MPa; ~ 430 kg/m3 cement; max 450kg/m3 

  
The aggregate used in the preparation of concrete mixes was limestone. In 1985, it was 
found that the aggregate in the region of Trois-Rivières - used in the construction of G-2 - 
is reactive. The average alkali content in the cement was estimated to be 0.820 %; 
therefore, the alkali content in the concrete varied between 2.05 kg/m3 and 3.69 kg/m3. 
Table 1 shows few examples for the classification of the degree of reactivity for concrete 
structures in the province of Quebec. Based on test results, it can be observed that the 
concrete used for the construction of G-2 NPP is more reactive when compared to the 
concrete used in the construction of any of the other AAR-affected structures in HQ’s 
hydroelectric power plants. For example, the maximum free expansion rate of concrete at 
Beauharnois hydroelectric power plant, as obtained from the in-situ measurements, is 95 
μm/m/y, at 100% Relative Humidity (RH). On the other hand, the maximum free 
expansion rate of concrete at G-2 NPP is estimated to be 150 μm/m/y at 100% RH (may 
go up to 250 μm/m/y when obtained from extracted concrete cores). It is known that 
lower concrete expansion rates are observed at lower relative humidity values. It is also 
known that concrete expansion is affected or slowed down, due to internal or external 
confinement. Most NPPs’ structures are heavily reinforced and/or post-tensioned and the 
relative humidity is usually low. In fact, the internal confinement and the lower relative 
humidity are the two main factors which may reduce concrete expansion rate 
considerably. As shown in Table 1, the free expansion rate of concrete at G-2 (150 
μm/m/y), is reduced to an average of 9 μm/m/y in the walls of the containment building, 
under by-axial state of stress (in-situ internal confinement). 
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Table 1 

Classification of the degree of reactivity for concrete structures in Quebec 
 

 
 
 
From the experimental work that was conducted over the last forty-year period (in-situ 
and laboratory tests), particularly the last 25 years, HQ has acquired knowledge and 
gathered important information in the following areas: 

 Mechanical properties of concrete at G-2 NPP and hydroelectric power plants  
 The expansion rate of concrete (small concrete samples - accelerated tests) 
 Effect of RH and temperature on concrete expansion (small cylindrical samples) 
 The results of uniaxial and multi-axial tests of AAR-affected concrete 
 Effect of confinement on small cylindrical samples   
 Effect of 1D confinement on concrete expansion (small cylindrical samples) 
 Effect of 2D confinement on concrete expansion on 350 x 350 x 350 mm cubes 
 Effect of 2D confinement on concrete expansion on 600 x 600 x 600 mm cubes  
 The expansion rate of concrete on real structures as obtained from in-situ 

measurements. The effect of uniaxial and biaxial confinement on full scale 
structures.  

 
At the beginning and following the time when the AAR was confirmed as main problem 
in many concrete structures, initial research work was conducted and the objective was to 
understand the phenomenon: the chemical reaction and the consequent concrete swelling. 
In fact, considerable research was carried out at that time, by researchers with expertise in 
material science, on concrete as a material affected by AAR. Today, the reactivity of 
existing concrete as well as the main factors contributing to an intensive alkali-silica 
reaction are well defined. Standard testing procedures and methodologies to detect the 
reaction and to judge its intensity - based on the swelling of small samples - have been 
formalized in numerous national standards. It should be recognized that the intent of 
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these standardized tests was and still is to only provide an answer to the question about 
whether the alkali-aggregate reaction is present or not in the examined concrete.  
 
With the research that we have initially conducted on small samples, attempts were made 
to obtain other information such as: heterogeneity of the volumetric expansion, 
development of stresses in concrete due to the swelling of the silica gel, effect of 
confinement, etc. The objective of these attempts was to provide means for judging the 
behaviour of AAR-affected concrete in real structures; however, these attempts at HQ 
and, to the best of our knowledge, similar attempts elsewhere, have - so far - failed. The 
main reasons are: (a) the RH in each tested sample was 100 % with a uniform distribution 
of the RH in the entire sample (which is not the case for concrete in real structures), and 
(b) the samples were too small to provide adequate answers to the sought-after 
information listed above. In the author’s opinion this is the most valuable lesson that HQ 
has extracted from many years of research (in particular testing small samples) on AAR-
affected concrete. In fact, more meaningful conclusions, related to the behaviour of 
AAR-affected concrete in real structures, were obtained by bi-axial testing of 600 mm x 
600 mm x 600 mm concrete blocks (the setup did not permit testing of larger cubic 
blocks) having non uniform distribution of RH (as is the case of real structures), and by 
conducting in-situ material testing and taking measurements of the deformed structures.  
 
To test large concrete blocks in by-axial stress state; HQ, in collaboration with the 
University of Sherbrooke, has constructed an adequate press machine (Figure 2). The 
tested blocks were instrumented with 22 thermocouples and 9 strain extensometers. The 
locations where extensometers were located in the tested cubic blocks are shown in 
Figure 3. Two sides of each block were in constant contact with water reservoirs 
providing non-uniform distribution of temperature and humidity in the blocks (Figure 3). 
The variation of the temperature and the humidity within the block was simulated by 
numerical analysis. The values were also obtained from the measurements taken by the 
installed instruments (Figure 4). The loading phases are presented in Figure 5. The 
measured deformations during a period of 1100 days (3 years) are presented in Figure 6. 
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Figure 2: Press machine for testing of large concrete blocks in by-axial stress state 
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Figure 3: Locations of strain extensometers in a 600 mm cubic block 
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Figure 4: Temperature and Relative Humidity distribution in a 600 mm cubic block 
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Figure 5: Loading Phases 
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Deformation of vertical extensometers

= 0.3 μ /day

= 0.3 μ /day

= 1.25 μ /day

= 0.875 μ /day

 
(a) Vertical Deformation 

 

Deformation of horizontal extensometers

= 1.33 μ /day

= 0.45 μ /day

= 0.22 μ /day

= 0.875 μ /day

= 0.5 μ /day

= 0.4 μ /day

 
(b) Horizontal Deformation 

 
Figure 6: Deformations measured by extensometers 

 
The results presented in Figure 6 indicate that the volumetric expansion of the concrete 
block reduces even in case of a uniaxial confinement only (vertical load generating the 
stress of 3.3 MPa). As shown in Figure 6 (a), the extensometers T2 and G5, which were 
placed in the region of the concrete block having RH = 90% or more and had an initial 
expansion rate of  = 1.25 μ /day in the direction of the applied load (3.3 MPa), slowed 
down, after the application of the vertical load (almost no expansion for about 200 days), 
and then restarted again with an expansion rate of  = 0.30 μ /day, which is 4 time 
slower. As for the extensometers G1 and T4 placed in the region of the concrete block 
having RH = 85% to 88% and RH = 82% to 85% respectively, they are not showing any 
expansion of concrete even after about 550 days following the application of the load. 
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However, the expansion rate in the perpendicular direction has stayed almost the same 
(T3, G3) following the application of the vertical load (3.3 MPa), while the Poisson’s 
effect for the period of the load application (550 days) is noticeable as shown in Figure 6 
(b).  
 
The difference of the measured expansion rates in the water tanks direction (horizontal), 
obtained from the extensometers T3 and G3, which are placed in the region of the 
concrete block having RH = 94% to 97%, and the measured expansion rates in the 
perpendicular horizontal direction obtained from the extensometers T1 and G4, placed in 
the region of the concrete block having RH = 85% to 88% and RH = 79% to 82%; 
respectively, are due to the locations  at which they were installed in the concrete block.  
 
It is to be noted that following the application of the horizontal load (generating the 1.4 
MPa stress) in the same direction of the extensometers T1 and G4, the expansion in the 
same direction has almost stopped as shown in Figure 6 (b). However, the expansion in 
the perpendicular unconfined direction (water tanks direction) has continued at a very 
low rate of  = 0.22 μ /day. The increase of the vertical load (generating stress of 6.0 
MPa) combined with lateral confinement (generating the 1.4 MPa stress) has caused the 
expansion to almost stop in all three directions.  
The same concrete behaviour was observed from the in-situ measurements in the 
confined (reinforced and prestressed) concrete elements of the NPP structures. During the 
construction (concrete casting) of the containment building, 139 extensometers were 
placed in the concrete. They were located on a vertical line making 203 degrees with the 
north direction and were placed in planes parallel to the post-tensioning cables near the 
external and the internal sides of the base slab, the walls, and the dome. The containment 
building was extensively analysed using elaborate numerical analysis software which was 
developed by HQ and which was used successfully in earlier studies to analyze AAR-
affected structures of hydroelectric power plants. The results obtained by the numerical 
analysis were comparable to the results obtained from the instruments as shown in 
Figures 7 and 8. A summary of some particular results obtained by measurements are 
presented in Table 2. 
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Figure 7:   Estimates of vertical and horizontal strain rates obtained by analyses vs. 
measured values at the interior perimeter of the containment building wall 
(Elevation 4.115 m; 203° with the North) 
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Figure 8:   Estimates of vertical and horizontal strain rates obtained by analyses vs. 
measured values at the exterior perimeter of the containment building wall 
(Elevation 38.405 m; 203° with the North) 
 
The minimum free expansion for the concrete at G-2 NPP was estimated to be 
140μm/m/y at RH of 100%. The effects of the internal confinement and the lower values 
of RH on concrete expansion rates, as observed at different locations in the plant, are 
presented in Table 3.  As evident, pre-stressing of heavily reinforced concrete sections 
reduces the expansion of the confined building to a large extent. As shown in Table 2, the 
horizontal expansion rate varies from a minimum value of  = 0.6 μm/m/y to a maximum 
value of  = 8.3 μm/m/y, while the vertical expansion rate varies from  = 0.6 μm/m/y to 
 = 15.5 μm/m/y. It is important to point out that an equivalent reduction of the expansion 

rate, or of the expansion, has been observed in the unrestrained direction - which is 
perpendicular to the wall - similar to that observed in both of the other prestressed 
(confined) directions. The same was concluded from the test results obtained using the 
600 mm cubic blocks, as described earlier.  
 

Table 2:  Strain rates at different elevations of the containment building wall as 
recorded by the extensometers (203° with the North). 

 
 
 

 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 

Measured 
(exterior) 

Measured 
(interior) 

Measured 
(exterior) 

Measured 
(interior) Elevation 

(m) Horizontal 
(μm/m/day)

Horizontal 
(μm/m/day)

Vertical 
(μm/m/day)

Vertical 
(μm/m/day) 

1.9 -0.0013 0.0016 0.0016 -0.0018 
4.1 0.0079 0.0163 0.0035 0.0093 
6.8 0.0040 0.0075 0.0111 0.0079 

22.4 0.0016 0.0013 0.0034 0.0153 
38.4 0.0143 0.0179 0.0187 0.0125 
40.8 0.0128 0.0226 0.0424 0.0142 
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Table 3:  Average Initial Compressive Stress in the concrete Caused by Post 
Tensioning Cables in the Reactor Building of Gentilly-2 Nuclear Power Plant 

 

Element 
of the 

Structure 
Direction 

Average Initial 
Compressive Stress 

(MPa) 

Foundation mat Circular 2.297 
Vertical 3.459 Wall 
Circular 5.938 

Top Annular Beam Circular 3.349 
Dome Spherical 10.713 

 
Based on the aforementioned test results for the large blocks as well as the behaviour of 
the confined containment building – as obtained from instrumental data and other 
measurements - and from our experience, gained through the evaluation of numerous 
hydroelectric concrete structures affected by AAR, the following can be concluded: 

 On the long run, humidity distribution plays an important role in determining the 
expansion rate (or the expansion) of AAR-affected concrete structures. 

 The influence of 1D, 2D or 3D confinement combined with the influence of 
humidity distribution have to be evaluated based on in-situ measurements of the 
real structure or based on laboratory tests conducted on concrete samples with 
sufficiently large dimensions.  

 The results obtained from testing of small cylinders (D = 130 mm or 150 mm; H = 
240 mm or 300 mm) having uniformly distributed 100% relative humidity in the 
entire sample, or from even larger samples, do not adequately represent the 
behaviour of AAR-affected concrete structures. 

 
 
3. MATERIAL MODELING 
 
Hydro-Québec has instigated and participated in a number of laboratory testing and some 
material modeling work, which were carried out at the University of Sherbrook and 
“École Polytechnique”. However, the numerical procedure that was developed and used 
by Hydro-Quebec is not intended for the simulation of material tests (concrete cylinders 
or blocks) and using it for this purpose is not adequate. In fact, within this framework, 
which represents a phenomenological approach, the tests on the cylinders and blocks are 
perceived as material tests that define the rate of free expansion under different 
conditions. These tests provide a valuable information that may be employed to identify 
the parameters entering the law of reaction kinetics; they cannot, however, be simulated 
as initial boundary-value problems. The latter requires a multi-scale approach (i.e., 
micro/meso-scale) that, even though conceptually attractive, cannot be employed in the 
context of analysis of large-scale structures.  
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It is to be noted that Hydro-Quebec has attempted to use a mesoscale approaches that 
distinguishes between the concrete matrix and pores occupied by gel and water; however, 
even though, the analyses had some success on simulating the behavior of small 
structural elements, the attempts were not successful in the context of analysis of large-
scale structures. Moreover, the type of testing that is required to define the mechanical 
properties of the concrete matrix - without voids - is not clear.  
 
 
4. LAB. STRUCTURAL COMPONENTS TESTING – DESTRUCTIVE TESTING 
 
Hydro-Québec has sponsored and guided several testing programs that were mainly 
intended for finding answers to some questions related to AAR-affected concrete 
structures located in some of its hydroelectric power plants.  In one of these programs, 
reinforced concrete beams - affected by AAR - were tested at the University of Sherbrook 
and in another program, real-size portions of the gate slots - affected by AAR – of 
Beauharnois and La Gabelle power houses were tested at McGill University. 
 
 
5. STRUCTURAL MODELING 
 
5.1 Introduction 
An adequate Aging Management Program (AMP) is required in order to assess the 
existing stress/deformation state in a nuclear power plant structure. The AMP is also 
required in order to identify the aging mechanisms which may impair the proper 
functioning of the plant. For these reasons, an AMP was carried out for the G-2 
containment building. The primary objective of the Program was to ensure that the 
requirements of CSA Standard N-278 are satisfied and should continue to be satisfied as 
long as the building is in operation. The first step that was carried out in this AMP was 
the proper identification of all possible aging mechanisms.  
 
Over the last fourteen years Hydro-Quebec has carried out extensive numerical studies 
for the containment structure of G-2 NPP and for the other concrete structures affected by 
AAR in the plant. These numerical simulations included the implementation of a 
transient thermal analysis for the period of construction and for the freeze-thaw cycles 
occurring during a fifty-year period.  The numerical simulations included as well static 
analyses for simulating the continuing alkali-aggregate reaction and dynamic analyses 
simulating seismic events. An in-depth study of the consequences of an assumed crash of 
a fast flying commercial aircraft upon the containment building was also carried out for 
assessing, in particular, the potential damage to the AAR-affected concrete structure. The 
study, which was prompted by the September 11, 2001 terrorist attacks in the USA, has 
also incorporated the assessment of the damage due to the subsequent fire that to follow 
the crash (due to about 92,000 litres spilled aircraft fuel).  
 
Generally speaking, the currently available commercial finite element codes are not 
prepared to adequately address some complex problems involving AAR-related swelling. 
In particular, most of these codes lack material models with constitutive relations that are 
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suitable for the description and the evolution of complex material properties related to 
AAR.  
 
Based on Hydro-Quebec's experience in simulating the behaviour of Hydroelectric and 
NPP structures affected by AAR swelling, the essential requirements of the 
concrete/reinforced concrete constitutive model accounting for the chemo-mechanical 
interaction, which should be incorporated in advanced Finite Element (FE) codes, are as 
follow: 

 Adequate description of the kinetics of the reaction 
 General failure criterion, provision for the development of irreversible 

deformations, general criterion for the onset of macro-cracking in both 
compression and tension regimes 

 Degradation law for strength and deformation characteristics 
 Proper description of propagation of damage in both tension and compression 

regimes (viz. homogenization incorporating a characteristic dimension, XFEM or 
similar) 

 Constitutive relation for the interface material relating the velocity discontinuity 
to the traction vector. 

 
Hydro-Quebec has successfully developed constitutive relations for AAR-affected 
reinforced concrete that satisfy the aforementioned requirements and has incorporated 
them in the main algorithms of the commercially available finite element codes: 
COSMOS/M and ABAQUS.  
 
Pursuing an appropriate analytical procedure, that includes calibration steps, is of great 
importance in any nonlinear static or dynamic analysis as it is a basic requirement for 
obtaining reliable and accurate results. This concept was observed in the methodology 
applied by HQ for analyzing the structures of G-2 NPP. The procedure is outlined in the 
following: 
 
Step 1: 

 Evaluate material properties  
o based on laboratory reports: results from tests on cylinders at 28 days 
o based on laboratory reports: results from periodic tests conducted on 

extracted cores (from the time of construction until the present time) 
 Evaluate the rate of free expansion   

o based on a non-confined direction (vertical) and the distribution of 
relative humidity    

o based on periodic reports: surveying results of the benchmarks installed 
in the structure and the instrumentation data (winter and summer 
readings, measurements for a period of 8 to 10 years minimum)  

 Define the parameters used in the numerical formulation   
o The material properties required to define the model parameters are as 

follows (for COSMOS/M software): 
 Modulus of elasticity of concrete  
 Poisson’s ratio 
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 Density of concrete 
 Initial compressive strength of concrete 
 Strength parameter c10 
 Strength parameter c20 
 Strength parameter c30 
 Confinement stress at which the AAR expansion rate reduces 
 Confinement stress at which the AAR expansion rate is zero 
 Strain softening parameter 
 Material constant that controls the rate of strain softening 
 Material constant for brittle-ductile transition value of 

confinement stress 
 Material constant that defines the form of residual strength 

envelope 
 AAR initiation step number 
 End of AAR step number 
 Time increment corresponding to real time for AAR (EX: 1 time 

step = 1 month) 
 Maximum free expansion rate due to AAR 
 Constant (Bo) in the exponential law for free expansion (this 

parameter is changed depending on total time length)  
 Degradation constant for c10 
 Degradation constant for c20 
 Degradation constant for c30 
 Degradation constant for Ex 
 Correction parameter to allow full degradation of strength 

properties during the length of AAR 
 Number of elements for detailed printout 
 Frequency of writing output file 

     
 Define the time step to be used   

 
Step 2: 

 Run Preliminary Analyses: runs for 20, 30, 40... years, calibration of the input 
properties 

o Comparison of calculated and measured displacements at 20, 30, 40 yrs. 
o Comparison of damaged regions (predicted versus observed), if possible  
o If the compared results are satisfactory, go to step 3, if not, make 

corrections in step1 and restart the analysis from the beginning (i.e., from 
the period right after construction) 

o Repeat the abovementioned steps until acceptable results are obtained 
 
Step 3: 

 Run Final Structural Analyses for Present Time Evaluation: from the end of 
construction time until present time 

o Comparison of calculated and measured displacements at present. 
o Comparison of damaged regions (predicted versus observed) at present 
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o Seismic evaluation (nonlinear dynamic analysis of the cracked structure) 
based on the calculated Structural Safety Indicator 

 
Step 4: 

 Run Final Structural Analyses for Future Time Evaluation: evaluation of the 
structural behaviour in the future; service life expectations or service life 
extension studies of the cracked infrastructure  

 
o The analysis to assume a continuous expansion of concrete for a period 

of 40 years starting from today. At the end of each period, seismic 
evaluation to be performed 

 
 
 
6. NON-DESTRUCTIVE TESTING AND IN-SITU CONDITION ASSESSMENT 
 
6.1 Introduction 
 
The effects resulting from some of the above-listed degradation mechanisms have been 
observed in many structures of G-2 NPP, including: 

 The containment building and the enclosed substructures 
 The spent fuel pool and the transfer canal 
 The turbo-generator foundation 

A brief discussion, of the in-situ leakage-rate testing and the in-situ condition assessment 
of the above-mentioned structures, is presented in the following sections. 
 
6.2  Periodic Integrated Leakage-rate Testing 
 
For G-2 NPP, periodic integrated leakage-rate testing was performed every three years at 
124 kPa(g). Generally speaking, these high pressure air tightness safety testing cause the 
widening and the propagation of existing cracks, during and after each performed test.  
The testing frequency and the pressure magnitude are imposed by the Nuclear Safety 
Authority and these requirements are not the same in all countries. Therefore, the 
deterioration effects produced by these tests, in terms of concrete "aging" or cracking are 
different from one country to another. In fact, the tested building may not be affected due 
to confinement and, in this case, the test may not be considered as an aging mechanism. 
However, the leakage-rate testing should be mentioned and considered as a concrete 
aging mechanism because, in many cases, it contributes to the degradation of the concrete 
as the air tightness of the building may be reduced after the test is repeated for certain 
number of times. In 2003, HQ analysed and monitored closely the cracking density and 
severity that existed before a pressure testing and that developed during and after the test 
in 15 panels (1m x1m) located at the outside surface of the containment building. These 
results are described in Tables 4 and 5. 
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Table 4: Summary of high pressure test results – estimated total length of cracks * 

 
 
 
 
 
 
 
 
 
 
 
 

* 11 percent increase in total crack lengths (sum of the lengths of all cracks in a panel) 
 

Table 5: Summary of high pressure test results - estimated widths of cracks * 
 

 
 

 
(15%) percent of the crack width increase; |77| no. of points (locations) measured 

 
 
 
 
 
 
 
 
 
 

*15 percent increase in total weighted average crack width; no. of measured points = |77| 
 
 

Total length of cracks (mm) Test Area (TA) 
Elevation 
Position

Surface
Area 
(mm2) Before

( June,11-
12)

During 
(September, 

15 ) 

After 
(October, 

7)
Floor
at  ± 
3’-6’’
(zone 

3)

TA 11 
Wall

10-‘6’’
5°

985520 6571 6655 (1%) 6655(1%) 

   

TA 27,1 
28-‘3’’
Cfor
330°

488188 2033 2033 (0%) 2033 (0%) 

Floor
at  ± 

23’-6’’
(zone 

2)
   

TA 43 
Wall

84-‘4’’
175°

991616 3507 3544(11%) 3544(11%) Roof 
(zone 

2)
   

Average over 13 
areas of the Test 

(%) 

857659
or

0.86 m2
3647 3764 (3%) 3544(11%) 

Total weighted average opening width (mm) 
|no. of points | 

Test Area (TA) 
Elevation Position 

Surface
Area 
(mm2) Before

(June,11-12) 
During 

(September, 15 ) 
After 

(October, 7) 

Floor at  
± 3'-6'' 

(zone 3) 

TA 11 
Wall

10-'6''
5°

985520 0.056
|77|

0.065 (16%) 
|77|

0.058(4%) 
|77|

   

TA 27,1 
28-'3''
Cfor
330°

488188 0.458
|22|

0.705 (54%) 
|22|

00502 (10%) 
|22|

Floor at  
± 23'-6'' 
(zone 2) 

   
TA 43 
Wall

84-'4''
175°

991616 0.102
|36|

0.206 (100%) 
|36|

0.118(16%) 
|36|Roof  

(zone 2) 

   
Average over 13 
areas of the Test 

(%) 

857659
or

0.86 m2

0.180
|357|

0.230 (42%) 
|357|

0.177(6%) 
|357|
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The purpose of this test is to measure the volume of air that leaked from the containment 
envelope during the given time of the test. The volume of leaked air must be lower than 
that defined by the Canadian Nuclear Safety Commission (CNSC). The locations on the 
surface of the containment envelope, where leakage takes place, are detected 
experimentally by the application of liquid soap so that the formation of bubbles on the 
concrete surface can be observed.  These locations can be also identified by performing 
elaborate numerical analysis. The cracking, caused by creep and/or concrete expansion 
due to AAR, affects the air tightness of the containment building. As the damage to the 
concrete increases with time; air leakage through the structure also increases. In the 
numerical modelling, the finite element technique is used to develop the distribution of 
damage in the containment envelope. 
 
      
 
 
 
 
 
 
 
 
 
 

       (a)     (b) 
 
 
 
 
 
 
 
 
 
 
 
 

(c) (d) 
 

Figure 9:   Containment building: (a) Areas of the outer surface where the majority 
of the air flow (m3/s) takes place, (b) point where the leakage was detected during 
the pressure test, (c) and (d) damage distribution (micro and macro cracking)    
 
In our evaluation, a structural analysis was performed using constitutive formulation that 
was developed at HQ and was incorporated in COSMOS/M and in ABAQUS using one 
of the two software packages, and then a fluid flow modelling was performed using 
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ABAQUS. A similar mesh is used in both codes. The locations of the damaged (cracked) 
areas and the surfaces where air leakage takes place were determined from the results of 
numerical analysis and from the locations where the bubbles were observed during the 
leakage-rate test. These locations are shown in Figure 9. 
 
The air leaked from the containment structure, as a function of the concrete damage 
factor , and the flow rate - with and without the Klinkenberg effect (m3/day) - are shown 
in Table 6. The presented analysis was our first attempt to numerically evaluate the 
volume of air leaking through the containment structure. The calculated flow rates, 
shown in Table 6, were calibrated by comparing them to the measured values combined 
with the volumes of air leaking through the penetrations points in the walls and through 
the spent fuel exchange room. 
 
If the total leaked air volume exceeds 0.5% of the entire air volume (V = 245 m3/day) in 
the containment building; i.e. the “level-1” criteria; then, corrective measures (repairs) 
should be undertaken. A loss of 2.5% of V (1225 m3/day) is considered the impairment 
criteria or “level-3” criteria. Unfortunately, as the NPP was decommissioned, this work 
has never been finalised.  
 

Table 6: Air leakage through the containment structure 

The flow rate without the  
Klinkenberg effect (m3/day) 

The flow rate with the 
Klinkenberg effect (m3/day) 

 

through all the 
elements 

only through the  
elements  

with 1  

through  
all the 

elements 

only through 
the  elements 
with 1  

After 25 years of AAR 111 4 226 6 

After 30 years of AAR 162 20 296 27 

 
 
6.3 In-Situ Condition Assessment 
 
6.3.1  Introduction to the Consequences of AAR in the Concrete Structures of a NPP  

It is understood that AAR is a chemical processes that involves the reaction of alkali ions 
in cement with silica mineral aggregates, and can cause degradation in concrete. The 
reaction forms an alkali-silica gel that expands, when it comes into contact with water, 
generating hydrostatic pressure causing concrete swelling. A similar reaction involves 
carbonate aggregates and alkalis. At early stage of the reaction and at the onset of 
concrete swelling, the damage typically manifests itself as small surface cracks in an 
irregular polygonal pattern.  Extensive damage due to alkali-aggregate reaction, over 
time, consists of the formation and the propagation of two types of cracks: (a) dense 
polygonal micro cracking as a result of the internal pressure from the alkali-silica 
expansion, and (b) structural macro-cracking as a result of deformation due to concrete  
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swelling (changes of the geometry) that cannot be accommodated by the structural 
system. The later types of cracks are more damaging from an engineering point of view.  
 
Alkali-Aggregate Reaction in the concrete as mentioned before is referred to as "Primary 
Degradation Mechanism". The damage resulting from this mechanism is: (a) the cracking 
of the concrete that may or may not have an effect on the air-tightness of the containment 
building or on water leakage from the reactor vault, spent fuel exchange room, spent fuel 
storage pool, dousing tank etc.; and (b) degradation over time of the mechanical 
characteristics of the concrete that may have effect on the local or overall structural 
behaviour, and on the resistant capacity of anchor bolts fixing the power plant equipment 
to the AAR affected concrete floors, walls, etc.  
 
Therefore, almost all recognised degradation mechanisms for concrete structures of any 
NPP affected by AAR are coupled with the AAR degradation mechanism. For example: 
the loss of pre-stressing depends on whether the concrete is affected by AAR. The same 
applies to the effects of creep; freeze/thaw cycles; degradation due to leakage-rate testing; 
thermal exposure following an accident; corrosion of reinforcing and prestressed steel; 
etc. 

6.3.2 The change of post-tensioning due to combined effects of AAR and Creep 
 

The results of an elaborate study of the containment building of G-2 NPP for the 
assessment of the changes in the values of forces in the vertical and the horizontal post-
tensioning cables are presented hereafter. The shift from the original values that was 
developed until the time when the study was carried out in 2010 and the further 
anticipated changes which should take place until the year 2035, were assessed taking 
into consideration the combined AAR and creep effects.  

The estimated change of strain due to the combined AAR and Creep effects in the 
horizontal (tangential) and the vertical directions were obtained from a number of 
sampling points where instruments were installed. These points were placed in selected 
locations of the containment building wall in order to avoid the effects of boundaries at 
the extremities of the building. Deformation values were obtained numerically and then 
were used to evaluate the post-tensioning forces in the cables at the time of study (2010) 
and in future (2035).   
The locations of the vertical cables are indicated in Figure1 and the changes in the 
vertical post-tensioning forces were calculated as an average of the values at five points, 
which were distributed along the height of the wall, i.e. each point was located at a 
different elevation.  
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Table 7:  Estimates of the average changes of post-tensioning force in vertical cables 
at present (year 2010)  
 

  Pint    (%)    (year 2010) 
Average over entire height of   
mid-section of the wall 

Position 
1 

Position 
2 

Position 
3 

Position 
4 

Position 
5 

Position 
6 

Position 
7 

Position 
8 

Creep Only  (losses) -1,5 -1,57 -1,45 -1,46 -1,44 -1,54 -1,53 -1,58 

 Combined Creep (losses) + AAR (gains) 1,53 1,07 1,95 1,48 1,82 0,98 1,46 0,97 
 
 
Table 8:  Estimates of the average changes of post-tensioning force in horizontal 
cables at present (year 2010)  
 

 Pint (%)  at height  from the base (year 2010) 

Creep only 1,9 m 4,1m 6,8m 22,4m 38,4m 40,8m 

Ave. Position 1-5 (180 deg.) -0,50 -0,58 -0,66 -0,83 -0,75 -0,87 

Ave. Position 3-7 (180 deg.) -0,48 -0,58 -0,70 -0,84 -0,75 -0,88 

Ave. Position 5-1 (180 deg.) -0,50 -0,58 -0,65 -0,86 -0,73 -0,85 

Ave. Position 7-3 (180 deg.) -0,53 -0,62 -0,69 -0,87 -0,76 -0,87 

Average 360 deg. -0,52 -0,61 -0,70 -0,86 -0,77 -0,88 

 
 Pint (%)  at height from the base    (year 2010) 

Combined Creep and AAR 1,9 m 4,1m 6,8m 22,4m 38,4m 40,8m 

Ave. Position 1-5 (180 deg.) 2,18 1,74 1,38 1,30 3,30 3,18 

Ave. Position 3-7 (180 deg.) 2,16 1,63 1,16 1,22 3,33 3,20 

Ave. Position 5-1 (180 deg.) 1,98 1,44 1,02 0,72 3,62 3,50 

Ave. Position 7-3 (180 deg.) 2,03 1,46 1,00 0,90 3,28 3,16 

Average 360 deg. 2,13 1,60 1,15 1,08 3,05 2,95 
 
 
 
Table 9:  Estimates of the average changes of post-tensioning force in vertical cables 
anticipated in 2035 
 

  Pin t    (%)   (year 2035) 
Average over entire height of   
mid- section of the wall 

Position 
1 

Position 
2 

Position 
3 

Position 
4 

Position 
5 

Position 
6 

Position 
7 

Position 
8 

Creep only  (losses) -1,54 -1,60 -1,47 -1,49 -1,47 -1,58 -1,44 -1,61 

Combined Creep (losses) + AAR (gains) 2.13 1.67 2.85 2.32 2.64 1.84 2.02 1.45 
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Table 10:   Estimates of the average changes of post-tensioning force in horizontal 
cables anticipated in 2035 
 

 Pint (%)  at height from the base  (year 2035) 

Creep only 1,98 m 4,1m 6,8m 22,4m 38,4m 40,8m 

Ave. Position 1-5 (180 deg.) -0,52 -0,60 -0,69 -0,85 -0,79 -0,91 

Ave. Position 3-7 (180 deg.) -0,53 -0,64 -0,76 -0,89 -0,79 -0,91 

Ave. Position 5-1 (180 deg.) -0,54 -0,63 -0,70 -0,90 -0,76 -0,89 

Ave. Position 7-3 (180 deg.) -0,55 -0,63 -0,70 -0,87 -0,80 -0,91 

Average 360 deg. -0,56 -0,66 -0,75 -0,91 -0,80 -0,92 

 
 Pint (%)  at height from the base (year 2035) 

Combined Creep and AAR 1,98 m 4,1m 6,8m 22,4m 38,4m 40,8m 

Ave. Position 1-5 (180 deg.) 3.68 2.95 2.45 2.19 4.22 3.85 

Ave. Position 3-7 (180 deg.) 3.85 2.91 2.15 2.17 4.40 4.01 

Ave. Position 5-1 (180 deg.) 3.47 2.57 1.92 1.25 4.65 4.29 

Ave. Position 7-3 (180 deg.) 3.44 2.53 1.82 1.55 4.26 3.88 

Average 360 deg. 3.72 2.81 2.12 1.89 4.07 3.71 

 
The horizontal cables are semi-circular arches positioned at the middle of the wall and 
anchored at every second buttress as defined in the tables. The minus sign (-) indicates 
post tensioning loss and a plus sign (+) (or no sign) indicates post-tensioning gain.  
 
In the presented tables two sets of results are shown: (i) the percent of post-tensioning 
losses in the cables if only creep effects are considered in the calculations and (ii) the 
percent of post-tensioning gains when both the creep and the AAR swelling effects are 
considered. From the presented results, it can be concluded that the effects of AAR in 
concrete (if the degradation of mechanical properties is not considered) are “beneficial” 
for the post-tensioning long term behaviour. It may be expected that in year 2035 the 
gradual increase of the initial post-tensioning force will be about 4% and 2.8% in the 
horizontal and the vertical cables, respectively. The variation of the post-tensioning 
losses/gains is influenced mainly by the non-uniformity of the walls (increased wall 
thickness at the closed openings initially used for entering the equipment or the present 
existence of the wall openings). 
 
The abovementioned results differ largely from the results of the post-tensioning losses 
reported in the doctoral thesis authored by Granger in 1994 for “Électricité de France” 
(EDF) NPPs. The difference in the results is due to two main factors: (i) in the examined 
EDF NPPs, the initial post-tensioning produced compressive stresses in concrete between 
8.5 to 9.3 MPa in the vertical direction and between 12.0 to 13.3 MPa in the horizontal 
direction. These values are almost two times the corresponding values for G-2 NPP and 
(ii) the AAR that provoked concrete swelling at G-2 is not present in the concrete of EDF 
NPPs. However, the post-tensioning losses obtained from the Pull-out Test of the sample 
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beam at G-2 (corrected for two directional stress fields and for lower compressive 
stresses in concrete) are of similar order of magnitude if compared to the losses reported 
by Granger.  
 
To validate the numerical calculations, one of the post-tensioned sample beams that were 
cast at the same time as the reactor building was numerically simulated. The analysis 
results were compared to the corresponding results obtained from the Pull-out Test 
performed on the same sample beam. Under the combined effects of creep and AAR, the 
calculated long term post-tensioning losses were found to be about 19% to 21%, which 
are similar values to those obtained from the Pull-out Test. However, these losses were 
found to be much higher than those calculated for and observed in the walls of the 
containment building.  
 
An explanation for these differences can be given based on the behaviour of the AAR-
affected confined concrete as observed from earlier tests conducted by HQ.  From the 
tests conducted on the 600 mm blocks at the University of Sherbrooke, it was found that 
no expansion takes place in the direction of the post-tensioning force when the concrete is 
restrained in the same direction so that the imposed compressive stresses in the concrete 
is equal to or greater than 6.0 MPa (see chapter 2). The post-tensioning force in the beam 
induces compressive stress of 9.2 MPa in the concrete section. Therefore, it is only the 
creep effect that is present. As the inspectors who participated in the casting of the 
sample beams have recalled, the time of application of the full post-tensioning force was 
about 45 days (ti  45 days; i.e., almost the same as the castings time). When only these 
parameters were considered in the numerical simulation (i.e. creep effects with ti = 
45 days, average RH = 60% and AAR swelling effects are not considered), the long term 
post-tensioning losses were found to be about 17% , which is very similar to results of the 
Pull-out Test.  
 
Reasonably accurate predictions of the long term deformation and post-tensioning 
losses/gains of the containment building can be made by numerical analysis when the 
numerical model is carefully calibrated.  The obtained numerical results should be 
compared to the corresponding values obtained from in-situ instrumental measurements 
in an iterative procedure. 
 

       
   (a)      (b) 
Figure 10:   Pull-out test of sample beam: (a) setup of the test and (b) test results  
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6.3.3   Micro cracking propagation throughout the prestressed concrete sections due to 
Creep and/or combined effects of AAR and Creep  
 
It is important to be noted that the numerical analysis of creep effects in the post-
tensioned concrete of the G-2’s containment building showed that due to elevated creep 
(based on high post-tensioning stresses) an extensive micro cracking propagates 
throughout the concrete sections.  The ducts and the post-tensioning cables create a non-
homogeneous concrete section. The stress field due to positioning of the cables is also 
non uniform. The RH throughout the thickness of the walls is not uniform; therefore, the 
Creep is not uniform as well. These factors are minor and may not be important if there is 
no requirement of air tightness of the containment building under internal pressure. More 
elaborate study revealed that the magnitude of the (slightly non uniform) compressive 
stresses in the concrete (induced from the 2D prestressing) that is affecting the creep 
should not be high. The parametric study demonstrated that to avoid creation of micro 
cracking throughout the walls of G2 reactor building envelope due to combined effects of 
AAR and Creep, the post-tensioning stress in the concrete section should not be higher 
than 6.0 to 6.5 MPa in each direction. These values are expected to be slightly lower if 
only Creep effects are present. 
 
The damage (propagation of the micro cracks) is not uniform in the structure. The main 
reason is the non-uniform expansion as a function of un-even distribution of the humidity 
in the concrete of the entire structure. Based on the magnitude of the evaluated humidity 
distribution, forty-two different rates of the concrete expansion were defined in the 
calibration process (matching the rate of expansions obtained from the built-in 
extensometers) and employed in the analysis. Also, the degradation over time of the 
mechanical properties of the concrete has great importance on the effect of this 
degradation mechanism. The results from the parametric studies indicated the importance 
of the predicted tensile strength of the concrete on the onset and the development of the 
structural cracking.  
Example: assessing the value of the tensile strength of the concrete as being 13% higher 
than predicted at the end of 2035 (from ft2035 = 2.0 MPa to ft2035 = 2.25 MPa) will delay 
the damaging effect of  cracking on the air tightness of the confinement for three (3) to 
seven (7) years based on the locations of the affected areas.  
 
The results indicating the distribution of coefficient of deterioration  (zones of micro 
and macro cracks for and  respectively) due to self-weight, post-tensioning 
and after years of combined AAR and creep effects are presented in Figures 11 and 12. 
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   (a)      (b) 
 
Figure 11:  Distribution of coefficient of deterioration  due to self-weight, post-
tensioning and after (a) 17 years (2002) ; (b) 32 years (2017) of combined AAR and 
creep effects ; Horizontal section at z=1.41m 
 
 

 
 
Figure 12:   Distribution of coefficient of deterioration  due to self-weight, post-
tensioning and after: a) 12, b) 17, c) 18, d) 20, e) 25,  f) 32 and g) 35  years of  
combined AAR  and Creep effects ; Horizontal section at z=1.41m.  Detail of the 
wall opposite of the opening 
 
6.3.4    Behaviour at the junction of the perimeter wall and the base slab caused by 
different expansion of the wall and the slab (due to different confinement) 
 
The  results of the analysis revealed  that the early cracking, even without subjecting the 
containment building to internal pressure, in the areas close to the bottom of the walls 
was affected largely by the expansion of the base slab.   

(b)  (c) (d)  (a)  

(f)  (g)
(e)  
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Table 11 shows strain rates at different locations of the base slab as measured by 
extensometers; together with the corresponding results obtained by FE analysis. (2010); 

 
Table 11:  Strain rates at different location of the base slab 

 
   FE estimates Measurements FE estimates Measurements 

Location  
Radial

rate m/m/day) 
Radial 

rate m/m/day) 
Tangential 

rate m/m/day) 
Tangential 

rate m/m/day) 

exterior 0,02007 N/A 0,03862 0,03173 
3,3m interior 0,02121 0,0213 0,03880 0,0235 

exterior 0,03705 0,0345 0,03920 0,0343 
6,6m interior 0,03920 N/A 0,03919 0,026 

exterior 0,04025 0,0333 0,03863 N/A 
center interior 0,03952 0,0379 0,03970 N/A 

Note : the locations of the measuring points are given as distance from the axis of the perimeter wall 
 
The expansion (growth) rate for the wall as obtained from the extensometers is: from  = 
0.0016 μm/m/day (  = 0.6 μm/m/y) close to the base slab, to a maximum value of  = 
0.0227 μm/m/day (  = 8.3 μm/m/y) near the ring girder, while the vertical expansion rate 
varies from  = 0.0016 μm/m/day (  = 0.6 μm/m/y) to  = 0.0425 μm/m/day (  = 15.5 
μm/m/y). The difference between the rates of tangential expansions of the base slab (near 
the wall) of  = 0.0235 μm/m/day and the horizontal rate of expansion of the wall  = 
0.0016 μm/m/day is of order of 15 times. The perimeter of the wall cannot increase by 
the same amount (having expansion rate of  = 0.0016 μm/m/day) as the base slab 
(having expansion rate of   = 0.0235 μm/m/day in tangential direction).  

(a)    (b)  
 
 

(c)      (d)  
 
Figure 13:   Distribution of damage factor  at the connection of perimeter wall with 
base slab due to self-weight, post-tensioning and after: a) 20, b) 30, c) 40, d) 45   
years of combined AAR and Creep effects (2035) 
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The difference between the rates of tangential expansions of the base slab (near the wall) 
of  = 0.0235 μm/m/day and the horizontal rate of expansion of the wall  = 0.0016 
μm/m/day is of order of 15 times. The perimeter of the wall cannot increase by the same 
amount (having expansion rate of  = 0.0016 μm/m/day) as the base slab (having 
expansion rate of  = 0.0235 μm/m/day) in the tangential direction.  
 
In fact as the wall cannot follow the radial expansion of the base slab, it deforms at the 
base. As a result, multiple vertical cracks of up to 1.5 meter in height and spaced 1.0 to 
1.5 m apart were created on the entire perimeter starting from the base slab. The 
observations were confirmed by analysis and the cracks were detected at the same 
locations as shown in Figure 13. In a similar manner, multiple horizontal cracks were 
observed on the wall up to 4.0 m above the base as shown in Figure 14.  
 

(a) (b)  

(c)     (d)   (e)  
 

Figure 14:  Deformed shape: connection of perimeter wall with base slab due to self-
weight, post-tensioning and after: a) 0, b) 20, c) 30 d) 40 and e) 45  years of 
combined AAR and Creep effects  (2035)   
 
 
6.3.5    Concrete splitting in the plane where the ducts with post-tensioning cables are 
located (due to Creep  and/or combined effects of AAR and Creep) 
 
The results reveal areas (regions) of the containment with relatively high tensile stresses 
perpendicular to the planes of the post tensioning cables. The continuous loss of tensile 
strength of the concrete as a result of AAR may provoke concrete splitting parallel to 
these planes as it was the case at the Montreal Olympic Stadium (constructed using the 
same concrete aggregate used at G-2). The splitting of concrete may occur also in a 
containment concrete structure not affected by AAR if the prestressing is relatively high. 
The study of the G-2 containment building, excluding the AAR effects but applying 
prestressing forces in horizontal and vertical direction that are producing higher (double) 
compressive stresses in the concrete walls, indicated very high  probability of concrete  
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splitting. (Question to the ASCET participants: Is this probable cause of the concrete 
splitting at the Cristal River NPP in Florida). Before the decommissioning of G-2, Hydro-
Quebec have started an elaborate study to evaluate: (a)  the Ultimate Pressure Capacity of 
containment building, and (b) to indicate all the regions where a concrete splitting will 
probably appear. It was also planned to proceed with in-situ testing (hammering and 
drilling the wall) to detect the splitting and to confirm the validity of the numerical 
analysis. Study of this type was done in  the evaluation of the safety of the Montréal's 
Olympic Stadium where the areas of concrete splitting were located and the corrective 
measures were undertaken.  
 
The preliminary results of the analysis intended to locate the areas of probable concrete 
splitting are presented in the figure 3-2. 
 
 

 
 
The tensile stresses of the concrete in the areas where splitting may occur, are calculated 
between 0.5 MPa and 1.0 MPa. for the year 2010, and between 1.0 MPa to 1.5 MPa for 
the year 2020. The reduction of the tensile concrete strength, as a result of the 
degradation of concrete properties due to AAR, was obtained, based on laboratory tests 
on extracted cores, as 2.5 MPa for 2010 and conservatively estimated to be 2.0 MPa for 
2035. Based on the previous experience, once numerically located and confirmed by in-
situ tests, the regions where the splitting occurred are relatively easy to be repaired.  
 
The numerical results of the G-2 containment building , by assuming 25% increase of 
present compressive concrete stresses due to prestressing, predicted occurrence of many 
regions where concrete splitting.   
 
The studies on possibility of concrete splitting in prestressed containment buildings not 
affected by AAR, demonstrated that prestressing induced compressive stresses in the 
concrete of 8.0 to 10 MPa may cause concrete splitting.   
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6.3.6   Effects of AAR on  non-prestressed reinforced concrete in contact with water at 

G-2 NPP  
 
The non-prestressed reinforced concrete structures such as: Spent Fuel Storage Pool,  
Spent Fuel Exchange Room, Reactor Vault, etc. are more affected by the concrete 
swelling (growth) than prestressed structures. The concrete growth rate wearies between 
60 and 100 μm/m/y. As a consequence of the elevated growth extensive cracking and 
large deformations are observed (Fig. 15). Hence, water leakage, distortion of the bases 
of the equipment serving to manipulate (exchange or store) the spent fuel rods, jamming 
of doors etc. are disturbing the normal operation of the NPP. The degradation of the 
concrete strength in some cases is affecting the capacity of steel anchors attaching the 
equipment and the pipes to the concrete floors and walls.   
 

   
 
 
 
 
    

 
 

 
 

Figure 15  Observed damage at the Spent Fuel Storage Pool 
 

The spent fuel pool consists of a reinforced concrete structure with outer plan dimensions of 
approximately 25.32 m x 14.12 m and a height of 9.14 m. The wall thickness of the 
reinforced concrete structure varies with the location of the wall but is generally 1.22 m to 
1.68 m at the buttresses. The spent fuel pool is founded on a layer of crushed gravel 
underlain by rock. The evolution of damage in concrete due to AAR was examined in detail 
and documented in studies conducted specifically in relation to the spent fuel pool at G-2. 
The damage evolution in the concrete component of the reinforced concrete accounts, 
through a very rigorous elasto-plasticity formulation (see chapter 3), for the development of 
micro-cracks and macro-crack evolution during AAR. Furthermore the modelling also 
accounts for the time-dependent evolution of damage due to AAR during 29 years, following 
7 days of heating to 1000C caused by failure of the cooling system. The first step of the 
analysis included evaluation of structural integrity and safety of AAR affected pool due to all 
loading conditions (static and seismic). The study was further extended to assess the water 
leakage. Since attention is focused on the estimation of leakage through the spent fuel pool, 

Piscine de stockage Piscine de stockage 

Piscine de stockage 

Piscine de stockage 
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the objective of the exercise was to ascertain from the AAR studies the regions of the 
structure that have undergone both micro-cracking or macro-cracking. For example, Figure 
16 illustrates the induced damage through the contours of the Stress Intensity Factor ( ). The 
stress intensity factors provide an estimate of the intensity of AAR damage that can be used 
to estimate the level of permeability alteration in the concrete. Figure 17 illustrates the Flow 
rate contours and Fluid velocity vectors obtained from the unconfined flow seepage analysis 
through the storage pool. 
 

   
(a)       (b) 

Figure 16.  Stress Intensity Factor  representing damage or areas of micro and macro cracking: (a) 
after 29 years of AAR  and (b) 29 years of AAR  and water temperature increase effects (T=100 oC).  

 

 
(a)       (b) 

Figure 17:  (a) Flow rate contours (m3/s) and (b) Fluid velocity vectors;  at different points on the 
surfaces of the pool after damage induced by AAR (29 years) and water temperature 

increase effects (T=100 oC), 
 
The computational modelling is performed to accomplish the following objectives: 

(i) To establish the steady flow rate through the storage pool structure under the 
differential total head of 7.7724 m when the permeability alterations are only 
due to AAR effects and the water temperature is 25 0C. 

(ii) The crack width in the computations of permeability in regions with 1, at 
the water temperature of 25 0C, is adjusted such that the leakage from the 
storage pool corresponds to 240 litres/day. This corresponds to an effective 
crack width of 0.018 mm and the number of damaged elements is 1442. 

(iii) The effect of thermal damage in increasing the number of cracked elements is 
considered. The thermal damage results in an increase in the number of 
damaged elements to 4333. Maintaining the effective crack width at 0.018 
mm for all elements where 1, the leakage through the damaged structure is 
calculated at water temperature T=100 0C .  
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(iv) Keeping the number of damaged elements at 4333 and the crack width in the 
damaged elements with 1 at 0.018 mm, the temperature is decreased to 25 
0C and the leakage through the damaged structure is calculated. The decrease 
in the temperature will result in the increase of the viscosity of water and a 
decrease in the flow rate. The estimated flow rate is the leakage after a failure 
and successful repair of the cooling system. 

(v) Possible thermally-induced alterations in the crack widths are not taken into 
consideration. 

 
The computational results of the study are summarized in Table 12. 
 

Table 12: The estimated rate of leakage through the walls and the base slab of the spent fuel pool. 

Type of Damage 

 
Number of 
Cracked 
Elements 

Temperature 
(oC) 

Viscosity 
 

(Pa.s) 

Density of 

Water w  

(kg/m3) 

Leakage rate 
(Litres 
/day) 

Leaky Surfaces 

AAR (29 yrs) 1442 25 0.000891 997.1 240* all surfaces 
AAR(29 yrs) + 
Thermal damage 4333 100 0.000282 958.4 1870 all surfaces 

AAR(29 yrs) 
+Thermal damage 4333 100 0.000282 958.4 1430 base slab only 

AAR(29 yrs) 
+Thermal damage 4333 25 0.000891 997.1 620 all surfaces 

AAR(29 yrs) 
+Thermal damage 4333 25 0.000891 997.1 470 base slab only 

*The currently measured total rate of leakage,  
 
 
In order to evaluate structural safety under combination of various static and 
seismic loads the similar studies were undertaken to analyse the Spent Fuel 
Exchange Room and the Reactor Vault. The examined problems of the aging of 
AAR affected concrete of these two structures will not be presented here. The report 
is already exceeding the limitation of the number of pages set by the ASCET 
Organizing Committee. 
 
 
 
6.3.7   Effects of AAR on the Turbo-Generator foundation at G-2 NPP 
 
The Turbo-Generator’s foundation is non-prestressed reinforced concrete structure with 
outer plan dimensions of approximately 70 m x 20 m and a height of 20 m. The 
foundation was constructed in 1975 and immediately after its construction settlement of 
the structure was detected. For normal operation some adjustments of the turbo-generator 
base plates was required. Several years after the construction the rock masses bellow the 
foundation stabilised, therefore, the settlements stopped in 1988-89. The foundation as all 
the other structures at G-2 NPP is affected by the concrete swelling (growth). Based on 
the measurements obtained from the Invar wires, installed after the effects related to 
AAR were detected, the concrete growth rate wearies between 40 and 60 μm/m/y. As a 
consequence of the elevated growth extensive cracking and large deformation of the 
structure was observed, it is present today and is estimated to continue in the future. The 
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extent of the damaged areas of the concrete foundation after 14 years of settlement and 
AAR growth is shown in Fig. 18. The concrete growth induces uneven (differential) 
displacements (much larger than the prescribed tolerances) which do not permit normal 
operation without frequent adjustments. Each intervention requires period of time for 
adjustments so for 670 MWa installed capacity generator it represents a considerable 
production lost for Hydro-Quebec. To optimise the intervention time the future 
displacements of the foundation, at the points of the turbo-generator’s supports, was 
performed using an elaborate numerical analysis calibrated with the results of the 
installed instruments. Based on the predicted future displacements a proposal for 
adjustment of the turbo-generator supports was proposed to General Electric. In addition 
a dynamic analysis of the cracked foundation was performed. The purpose of the analysis 
was to evaluate the possibility of eventual future vibration of the unit supported by 
cracked (deteriorated) foundation. The vibration of hydroelectric generating units was 
observed in some of the AAR affected powerhouses.  
 
 

   
 
Figure 18.  After 14 years of AAR; Turbo-generator’s – foundation L 70 m; b  20 m; h  20 m  
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Figure 19.  Gentilly-2 Turbo-generator’s – foundation; Comparison and prediction of vertical 

displacements until 2033 
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6.3.8   Structural integrity under seismic excitation of AAR affected containment  
 
The structural behaviour of the containment building already weaken by respectively 25 
or 50 years of progressive AAR was examined under the seismic excitation. Two separate 
analyses considering slightly different tensile strengths of the concrete, at the end of the 
planned life extension at 2035, were undertaken. In the seismic analysis the predicted 
tensile strengths of concrete at 2035 were ft2035 = 2.0 MPa and 2.25 MPa. 
 
The structure was analyzed using dynamic procedure with the AAR constitutive model 
containing inelastic constitutive relations defining the mechanical behaviour of plain 
concrete affected by swelling due to AAR and exposed to the other prescribed loadings.  
The reinforcement was modeled using two different approaches: (a) in discrete manner 
and (b) as volume fractions in a homogenized approach. The effect of the confining 
pressure was included directly in the evolution law of the program.  

 
The time histories used for the non-linear seismic analyses were developed by 

Atkinson (Hydro Quebec, 2009-b) employing six (06) ground motion time history 
records to match the target spectrum for the Gentilly 2 NPP site (1/10 000 p.a.), on rock, 
for the 84% confidence level. Three (03) sets are obtained from seismological 
simulations and three (03) other sets are obtained from spectral matching technique by 
modifying the frequency content of historical recorded ground motions.  
 
The effects of an eventual earthquake in the region of G2 on the propagation of the 
damaged (cracked) concrete regions at present (2010) are shown in figures 20 and 21. It 
can be seen that during an earthquake, even though the structural integrity is not affected, 
the cracked regions extend at the junction of the wall and the base slab. The probability 
of loss of air tightness after an earthquake (2011) is very high. This probability will be 
even higher in the coming years (years 2011-2035) since the concrete cracking will 
gradually increase. This is confirmed by the results obtained from the analysis simulating 
expansion of the concrete followed by an earthquake in 2035 (Figures 22 and 23).  

 
 (a) (b) 
Figure 20.  Distribution of coefficient of deterioration  due to self-weight, post-tensioning and after 

25 years of combined AAR and creep effects (a) before and (b) after earthquake. (Analysis of 
current structural state; 2010); Interior view.  
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 (a) (b) 
Figure 21 Distribution of coefficient of deterioration  due to self-weight, post-tensioning and after 25 

years of  combined AAR and creep effects (a) before and (b) after earthquake (Analysis of  
current structural state ; 2010); Exterior view.  

 

  
 (a) (b) 
Figure 22 Distribution of coefficient of deterioration  due to self-weight, post-tensioning and after 50 

years of  combined AAR and creep effects; (a) before and (b) after earthquake (Analysis of  
current structural state ; 2035); Interior view.  

 

   
 (a) (b) 
Figure 23  Distribution of coefficient of deterioration  due to self-weight, post-tensioning and after 

50 years of  combined AAR and creep effects; (a) before and (b) after earthquake (Analysis 
of  current structural state ; 2035); Exterior view.  
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6.3.9  Initial cracking – Construction of the containment structure 
 
For the construction of the containment building (April 1974 to June 1976) the concrete 
prepared with  450kg/m3 type 10-Portland cement having cumulative heat liberated in 
seven days of 335 KJ/kg was used. The construction of the 0.914 m (3 ft) thick and 42.22 
m (138.5 ft) high walls was done in 15 days using slip-form technique. The construction 
sequences and the ambient temperatures during concrete poring, as well as the variation 
of the mechanical properties of the concrete for the same period of time were properly 
planned. Any sudden change of the ambient conditions (period of low temperature) were 
not predicted.  
 
The temperature due to hydration process was calculated and instrumented from 60°C to 
75°C at the middle of the wall thickness. The hydration heat distribution is shown in 
figure 8.   
  
Twenty days following the final concrete pore  the imprisoned temperature in the wall 
was between +40°C and +50°C. At the same time (first two weeks of November) the 
recorded ambient temperature at G2 was -18.2°C. This unpredicted low temperatures 
formed a temperature gradient between the  surfaces and the core of  the wall of T = 58 
to 68°C. Therefore, crack appeared on the concrete surfaces (Fig. 9). 
  
 
 

 
 

Figure 24: Heat distribution (end of the wall construction) 
 
 
The (micro) cracks having width of 0.5 to 1.0 mm on the surface, confirmed from the 
extracted samples,  have propagated between 50 and 100 mm in the wall. This cracking 
(on both surfaces) was observed with the inspection done following the post-tensioning 
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of the cables. The observed cracking did not affect the ultimate strength however, to 
insure air-tightness of the containment structure the precautionary corrective intervention 
took place after the construction was finalized. The internal surface was covered by 
epoxy coating and the external surface with watertight flexible membrane. Therefore, the 
concrete aging started right from the beginning. It was observed later that these initial 
cracks defined the cracking network on the walls and these cracks were the ones that 
propagated even further (150 to 200 mm) into the concrete wall. The analysis performed 
to identify the air tightness of the containment building confirmed that initial cracking 
played an important role in the formation and the propagation of cracks caused from 
other sources and contributed to the more advanced than expected deterioration (localised 
concrete spalling) at the outside surface of the containment.  
 
The initial thermal cracking (during and right after construction) may not be considered 
as a concrete aging mechanism, however, it plays, based on our experience, an important 
role in the premature concrete aging of containment building located in cold regions. 
 

    
       (a)            (b) 
Figure 25: Regions of initial surface cracking (a), Penetration of surface cracks (b) 

6.3.10  Freeze-Thaw cycles - Concrete cracking and their propagation, delamination 
and concrete spalling 
 
The thermal stresses under winter-summer thermal cycles (i.e., seasonal temperature 
fluctuations), is a degradation mechanisms of the exposed concrete resulting in formation 
(at the surface) and propagation (within the concrete element) of cracks. The propagation 
of the existing (cracking initiated during construction period) as well as newly formed 
surface cracks was examined by: (a) numerically simulating 50 to 75 thermal cycles 
typical for the extremely cold Canadian winters, and by (b) precisely monitoring the 
cracked surfaces (Figure 10). The observation of the cracking was done on 1.00m x 
1.00m panels on 15 locations determined from the results of the numerical analysis. The 
time curves representing the ambient temperature history on the outside face, the inside 
faces and across the concrete sections were evaluated from the climatic data for the 
region provided by Environment Canada. The results showing the cracked concrete areas 
after twenty thermal cycles, including one pressure test, are given in Fig. 11. 
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Figure 26: In-situ monitoring of the cracked surfaces 
 

The delamination and concrete spalling as a consequence of the thermal cycles was 
observed on the annular beam and the sides of the buttresses where the heads of post-
tensioning cables are located.   

70

Results of the nonlinear analysis for aging mechanisms
cracking due to freeze-thaw cycles, 50th winter

Exterior view Cross-sectional view

Enlarged cross-sectional viewInterior view
 

Figure 27: cracked concrete areas after twenty thermal cycles, including one 
pressure test 
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7. STRUCTURAL ACCEPTANCE CRITERIA FOR STRUCTURES WITH 

PATHOLOGIES/DEGRADATION MECHANISMS 
 
No Contribution 
 
8. STRUCTURAL REPAIR 
 
According to our experience at G-2 NPP, the structures of a NPP affected by AAR do not 
necessarily require major repairs. Generally speaking, the structural integrity of these 
structures is not compromised due to the AAR effects. However, in a NPP with AAR-
affected concrete, it is the uninterrupted production which is often challenged. Some of 
the problems and inconveniences which may arise in these circumstances are as follows: 
 

 Areas, where extensive micro/macro cracking is observed, are main cause of water or 
air leakage. Cracking in areas like the Spent Fuel Storage Pool, Spent Fuel Exchange 
Room and the tunnel connecting them, is likely to cause leakage. The appropriate 
repair in this case is usually made by lining inside surfaces of the affected areas by a 
flexible membrane. As for the air tightness, it can be restored by adding layer of 
NORMAC on the concrete surfaces on the same side on which the high air pressure 
take action. These interventions are relatively easy to do and their cost is relatively 
low. However, the cost of the production loss during repairs may be substantial. 
Therefore, the optimal solution is the one which requires minimum time of execution. 

 Structural deformation as a result of concrete swelling will likely require adjustment 
for certain equipment, particularly: (a) the turbo-generator requires the addition or the 
removal of steel shims with different thicknesses placed under the base plates. This 
represents an easy and fast-to-do solution; however, it may require careful planning to 
provide margin for further levelling due to future expansion. Similar adjustment 
procedure was successfully applied for the superstructure and crane runway repetitive 
adjustments of the Beauharnais hydroelectric power plant; (b) accommodating 
concrete deformation by making adjustments to the anchorage and the base plates of 
important equipment to ensure accurate levelling or plumbness; (c) adjustments for 
the main pipe supports attached to the concrete; (d) grinding of the rising concrete 
floors at the containment building entrance; (e) grinding of deformed door frames and 
other wall and slabs openings; (f) adjustments of the pipes which are anchored to the 
Reactor Vault in order to insure safe operation of  the CALANDRIA.    

 Degradation of the mechanical properties of the AAR-affected concrete: this problem 
requires careful evaluation and - when necessary – providing an additional 
reinforcement if necessary. The replacement of some concrete anchor bolts may be 
needed in order to compensate the reduction in concrete shear strength if the strength 
of pull-out resistance of the concrete cone governs the ultimate strength capacity. 

 Splitting of concrete in the areas of high two-directional prestressing: this problem 
may require pinning the concrete wall or element using concrete steel anchors. 
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A more detailed description of the different repair strategies are planed to be included in 
the final report. 
 
9. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 
 
The conclusions presented in this report are based on the experimental and theoretical 
work that was carried out by Hydro-Quebec during the last forty years during the course 
of conducting various structural evaluations for many of its existing hydroelectric power 
plants as well as for the various studies and assessments that were carried out by HQ for 
Gentilly-2 NPP. The following is a summary of these conclusions:  
 
 In order to ensure the safe operation of a nuclear power plant, it is essential that the 

effects of age-related degradation mechanisms on NPP’s structures, systems and 
components, to be assessed and managed during current and subsequent life cycles.  

 With the exception of the alkali-aggregate reaction in concrete, many of the known 
degradation mechanisms discussed in the technical literature are not present at G-2 
NPP and at the other hydroelectric power plants owned by HQ. However, some of 
these mechanisms were encountered at certain existing plants but none of them was 
found to have a significant effect on the structural integrity or the normal operation of 
these power plants. It is believed that this is the case for the majority of NPPs as well 
for the following reasons: 
o The concrete, used in the construction of NPPs’ structures, particularly 

containment buildings, is of high quality. The water/cement ratio for the concrete 
used in these structures is usually around 0.42 which is sufficient to ensure the 
durability of the concrete. 

o Despite that the concrete is affected by the AAR at G-2 NPP, the compressive 
strength of concrete cores extracted from the storage pool and the confinement 
building, twenty years after the plant was commissioned, was found to be 22% 
and 40%; respectively, higher than the corresponding values obtained from the 
standard tests after 28 days. 

o Regardless of the quality, mechanical characteristics and the durability of concrete 
used in the construction of NPPs, the following degradation mechanisms are often 
present:  
 The initial surface cracking, due to hydration temperature (in case of 

inappropriate concreting or curing), is only 10 to 15 mm in depth. The same 
cracks propagate further due to the freeze/thaw cycles. However, these cracks 
do not have significant effect. 

 Shrinkage contributes to the extension of the cracks created by the initial 
hydration. It also produces some additional cracks at an early stage. However, 
these cracks do not have significant effect as well. 

 Cracking caused by concrete creep may influence the air tightness of the 
containment building. This is in the case when prestressing is high enough to 
produce compressive stresses in excess of 8 MPa.   

 The longevity of the NPP’s structures is the result of: 
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o NPPs design and construction criteria are exceptionally demanding; therefore, a 
strict adherence to the quality control plan during the design and construction of 
the plant is required in order to ensure a high quality of the NPP’s structures.  

o The Canadian Nuclear Safety Commission (CNSC) and the United States Nuclear 
Regulatory Commission (U.S. NRC) monitor closely the performance of all 
NPPs. They react promptly in case that any abnormality is observed. As a result 
of the continuous efforts made by the International Atomic Energy Agency 
(IAEA) and the similar organisations, it may be assumed that the safety 
requirements imposed by the Nuclear Regulatory Authorities in other countries 
are similar to those in force in the U.S. and Canada.  

 The experience gained from the evaluation of G-2 NPP; has been enriched by the 
numerous exchanges we made with other NPPs’ owners (mainly CANDU and EDF’s 
plants). Based on this experience, it can be concluded that, while many degradation 
mechanism are affecting different types of structures such as bridges, hydroelectric 
powerhouses and dams, tunnels, etc., these mechanisms are not present or not 
affecting to the same extent NPPs. Therefore, the notion that NPPs are safely 
operating for the initial period of 30 to 40 years – and before any re-evaluation is 
required - should be considered as the default status. 

 
 From the studies on AAR affected G-2 NPP’s structures the following may be 

concluded: 
 AAR in concrete is a primary degradation mechanism. 
 The damage resulting from this degradation mechanism is: 

o Cracking of the concrete 
o Structural deformation due to concrete growth 
o Degradation over time of the mechanical characteristics of the concrete 

 Almost all recognised degradation mechanisms for concrete structures of most NPPs 
affected by AAR are influenced by the AAR degradation effects. 

 Laboratory and in-situ material testing is essential in order to define properly the 
mechanical characteristic of the affected concrete. Tests on small samples may 
adequately provide this information. 

 However, the tests on small samples cannot adequately provide certain information 
related to real structures such as: heterogeneity of the volumetric expansion, 
development of stresses in concrete due to the swelling of the silica gel, effect of 
confinement, etc. 

 More meaningful conclusions, related to the behaviour of AAR-affected concrete in 
real structures, are obtained by multi-axial testing of relatively large concrete blocks 
and by conducting in-situ material testing. 

 Regardless of how elaborate these tests are; however, they cannot provide answers to 
the most important question which is as follows: at what level of safety and 
operational reliability this AAR-affected structure stands? Unfortunately and after 40 
years of research, the approach of conducting identical material tests as a main tool of 
investigation is still the most common. In fact, from structural engineering point of 
view, the question can be answered mainly by performing adequate structural 
analysis.  

 

NEA/CSNI/R(2016)13/ADD1



 
 

42 
 

 In an existing and operating NPP, many areas are inaccessible, while only a restricted 
access is available to many other locations in the plant. Conducting an analytical 
study maybe the “only feasible” evaluation method to assess the state of degradation 
and the safety level at a NPP. In this case, an adequate elaborate numerical analysis is 
essential to evaluate the state of the NPP and to provide a high level of confidence in 
the obtained results and the arrived at conclusions.  

 Many of the commercially available software packages can be used to perform an 
adequate and an elaborate structural analysis for concrete structures which are not 
affected by AAR. To the contrary, it is not the case when it comes to analyzing AAR-
affected concrete structures. This is due to the fact that these codes are lacking 
material models with adequate constitutive formulation that is particularly suitable for 
simulating the behaviour of AAR-affected concrete structures. In many cases, the 
software can be used to arrive to some reasonable “displacements” solutions, 
however; the associated results may not be representative to the state of the analyzed 
structure in terms of the severity of damage, state of stress, crack locations and 
predicted behaviour. Therefore, many of these models should be re-examined 
carefully. 

 Based on HQ's experience and practice, the essential requirements of the 
concrete/reinforced concrete constitutive model accounting for the chemo-mechanical 
interaction in AAR-affected concrete, are as listed below. Advanced Finite Element 
(FE) codes should incorporate material models that satisfy these requirements in 
order to provide an adequate tool to analyze AAR-affected structures: 
o Adequate description of the kinetics of the reaction 
o General failure criterion, provision for the development of irreversible 

deformations, general criterion for the onset of macro-cracking in both 
compression and tension regimes 

o Degradation law for strength and deformation characteristics 
o Proper description of propagation of damage in both tension and compression 

regimes (viz. homogenization incorporating a characteristic dimension, XFEM or 
similar) 

o Constitutive relation for the interface material relating the velocity discontinuity 
to the traction vector. 

   
 Periodic integrated Leakage-rate Tests conducted at G-2 NPP have had negative 

effects on the containment building as they caused the cracks to propagate. Therefore, 
the frequency of these tests should be re-evaluated even though the test is considered 
non-destructive. 

 
 The conclusions of the in-situ condition assessment (chapter 6.3) can be summarised 

as follow: 
o The long term post-tensioning losses in the cables can be predicted with 

reasonable accuracy by numerical analysis if only creep effects are considered. 
o The long term post-tensioning gains in the cables can be predicted with reasonable 

accuracy by numerical analysis and from the in-situ tests if the combined actions 
of creep and the AAR swelling effects are considered. 
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o Micro cracks may propagate throughout the concrete envelope of the containment 
building due to uneven creep distribution across the concrete sections, caused 
from high prestressing stresses or the combined effects of creep and AAR 
swelling. 

o Local disorders, such as cracking and loss of air tightness, may occur due to 
uneven expansion of structural components (wall and base slab junction; wall and 
dome junction).  

o High prestressing - whether considering creep alone or combined with the AAR 
effects - may cause concrete splitting in the planes which are parallel to the wall 
surfaces. 

 
 
 The following selection of recommendations should be considered for future work 

related to NPPs affected by AAR: 
o Concrete laboratory testing should include tests of large cubes representing the 

concrete of a real NPP structure. The samples should be reinforced with two 
families of reinforcement. The reinforcement should provide internal confinement 
so that the blocks should represent the reinforced concrete of the majority of NPP 
structures. The outside confinement (prestressing) may be imposed by testing the 
block with 2D press. The humidity in the block should not be uniform (and 
RH 100%). The test should not be accelerated, 38oC material test used to confirm 
presence of AAR. The testing time (these are not accelerated tests) should be for 
10 years as a minimum. To have an adequate numerical analysis the rate of 
expansion should be defined more precisely in function of the combined effect of 
relative humidity and confinement (internal or external).     

 Fortunately, 139 extensometers were installed in the base slab, the wall and the dome 
of the containment building at G-2 NPP. This has allowed us to have adequate 
calibration of our numerical models. Providing adequate instrumentation should be 
considered in any new NPP. However, excessive instrumentation should be avoided. 
o The same type of tests should be performed on non-AAR affected concrete in 

order to confirm by testing the results obtained numerically. This should be of 
help to see if the non-uniform creep (in uniaxial and biaxial state of stress) is the 
reason for concrete splitting and air leakage  

o The need for repeated in-situ and non-destructive testing activities should be re-
evaluated from the point of view of a structural engineer. 
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1. Introduction 

Civil infrastructures are very critical for society, connecting the nation’s businesses, 

communities and people, driving the economy and improving the quality of life of human 

beings. Worldwide, several aging infrastructures present signs of distress due to 

numerous damage mechanisms (e.g. alkali-aggregate reaction, delayed ettringite 

formation, sulfate attack, steel corrosion, freezing and thawing cycles, etc.), which might 

very likely decrease their performance down to unacceptable thresholds. 

In this regard, one of the biggest challenges in dealing with aging/deteriorating concrete 

infrastructures is to identify the cause of distress, to establish the correlation between the 

reductions in the mechanical properties, physical integrity, durability and performance of 

the affected material, to evaluate possible structural implications and also their potential 

for further deterioration. Those are critical steps in the selection of management actions on 

the above structures. Among all the previously mentioned distress mechanisms, alkali-

aggregate reaction (AAR), a chemical reaction between certain mineral phases from the 

aggregates and the alkali hydroxides from the concrete pore solution, is one of the most 

harmful deterioration processes, affecting the durability/serviceability of concrete 

structures around the world [1]. 

Overall, AAR can be divided in two main reaction types: alkali-silica reaction (ASR) and 

alkali-carbonate reaction (ACR). ASR is by far the most common reaction type found 

worldwide, and its distress mechanism is already fairly well understood, at least in its 

major steps. It consists in a chemical reaction between “unstable” silica mineral forms 

within the fine and/or coarse aggregate materials and the alkali hydroxides (Na, K – OH) 

dissolved in the concrete pore solution. It generates a secondary alkali-silica gel that 

induces expansive pressures within the reacting aggregate material(s) and the adjacent 

cement paste upon moisture uptake from its surrounding environment, thus causing 

microcracking, loss of material’s integrity (mechanical/durability) and, in some cases, 

functionality in the affected structure. On the other hand, ACR is a much less common 

concrete distress whose mechanism is still uncertain, being considered as a form of ASR by 

some authors [2, 3], while other researchers believe that ACR follows a “different” distress 

mechanism [4, 5]. The period of time required to generate significant distress in concrete 

due to AAR may range from 2 to more than 25 years, depending on factors such as the 
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alkali content in the concrete, the type of reactive mineral form present in the fine and/or 

coarse aggregate, and the availability of moisture. 

This report states the works performed over the last few years as well as under 

development at Laval & McGill Universities (QC, Canada), illustrating several laboratory 

results (microscopic and mechanical data) and modeling procedures (through a 

collaboration with researchers from INSA-Toulouse) developed at the material’s scale.   

 

2. Material Testing 

2.1 Assessment of the Damage Degree and Progress of AAR Distress in Concrete 

Over the years, several approaches and recommendations, including a comprehensive 

variety of laboratory tests, have been developed around the world to assess the potential 

alkali reactivity of concrete aggregates and the effectiveness of preventive measures (e.g. 

control of the concrete alkali content, use of supplementary cementitious materials, etc.) 

before their use in the field. Despite some issues with some of these test procedures, the 

majority of experts agree that, in general, it is now possible to construct concrete 

infrastructures with minimum or calculated risk of AAR. However, there is currently no 

consensus about the most efficient method(s) (surface treatments for moisture control, 

chemical treatments, strengthening, stress relief (slot cutting), etc.) that should be 

implemented, and when, for the rehabilitation of concrete structures/ structural elements 

suffering from AAR. In this context, several engineers and scientists have been trying to 

develop appraisal tools that are able to determine both the current damage degree 

(diagnosis) and the potential of further distress (prognosis) of AAR-affected concretes, 

which are essential steps in selecting efficient rehabilitation methods and optimum 

application periods for distressed concrete infrastructures. 

Bérubé et al. and Fournier et al. [6, 7] recently developed a comprehensive management 

tools for the diagnosis and prognosis of AAR-affected concrete structures (Figure 1). The 

authors proposed a series of comparative field and laboratory investigations to confirm 

that AAR is the main cause or a significant contributor to the deterioration observed, thus 

aiming at selecting appropriate remedial actions. Such investigations include one or 

several of the following steps [7]:  
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• the routine field inspection of the structure under study to identify the presence/ 

distribution and severity of the defects affecting the various structural elements 

(especially those features related to AAR), as well as the exposure conditions to which 

the structure is subjected;  

• a preliminary in-situ monitoring program of deterioration (especially signs of 

expansion and deformation) to quantify the rate/progress of deterioration on selected 

structural elements; and 

• when appropriate (depending on the nature of deterioration/ criticality of the 

structure), implementation of a detailed investigation program including extensive in-

situ activities and laboratory tests (e.g. petrographic characterization, chemical, 

physical, and mechanical tests) on samples collected from one or several components of 

the affected concrete structure.  

In this context, and as highlighted in Figure 1, this comprehensive study focuses on the 

detailed laboratory investigations aiming at quantifying the condition of concrete affected 

by AAR, and especially on the use of two testing methods, i.e. the Stiffness Damage Test 

(SDT) and the Damage Rating Index (DRI). 

 

The Stiffness Damage Test 

The philosophy of the SDT is to quantify the degree of internal damage due to AAR based 

on the cyclic loading (under compression) of concrete samples (cylinders/cores). The test 

procedure started being carried out through the use of fixed loadings of either 5.5 or 10 

MPa. The output parameters initially chosen were the modulus of elasticity, the hysteresis 

area (or the dissipated energy), the plastic deformation over loading, as well as the non-

linearity index (NLI), as proposed by [8, 9, 10, 11]. 

Sanchez et al. [12, 13, 14] actually pursued the work of Smaoui and co-workers [11, 15, 16], 

by applying the SDT procedure to specimens cast from concrete mixtures of various mix 

designs (25, 35 and 45 MPa) and incorporating a wide range of reactive aggregates (coarse 

and fine), as well as on concrete cores extracted from a severely damaged concrete viaduct 

in Quebec City (Canada). The goal of those studies was to verify the influence of either the 

test loading level or several input parameters (concrete environment, humidity, specimen 

size, etc.) on the output test analyses. Likewise, the evaluation of the output test responses 

against the expansion levels of the affected specimens was performed.  
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Figure 1: Global flow chart proposed by [7] for the evaluation and management of 
concrete structures affected by AAR. 
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proposed by [8, 9, 10, 11]); 2) the use of 40% of the design concrete strength seems to be the 

best approach for distinguishing damaged concrete specimens as a function of their 

expansion levels; 3) the use of percentages up to 40% of the design concrete strength 

enables the use of the same specimens for supplementary analyses, such as compressive or 

tensile strength determination, since the test seems to keep its “non destructive” character 

up to that point; 4) the output parameters, such as the hysteresis area (HA) and the plastic 

deformation (PD) over the five cycles, as well as the modulus of elasticity (ME) (as an 

average value of the second and third cycles), were chosen as the most diagnostic output 

results of the test; 5) the input parameters, such as the concrete’s cure history (i.e. the 

specimen moisture condition), the sample’s geometry and size, the sample’s location 

within the structural member (zone and direction), as well as the selection of the sample’s 

strength level for stiffness damage testing, seems to strongly influence the output analyses 

of the SDT and; 6) the use of indices (Stiffness Damage Index - SDI and Plastic Deformation 

Index - PDI) instead of absolute HA or PD values, which take into account the ratio 

“dissipated energy/total energy” implemented in the system, better represents the real 

“damage” of the affected materials; actually, this approach decreases the impact of a poor 

selection of  maximum loading level for stiffness damage testing and provides easier 

understanding of AAR evolution as a function of its expansion [12-14] (Figure 2). 

 

Figure 2: Fragility Index (SII/SI) proposed by [17]. 
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The Damage Rating Index 

The DRI consists in a microscopic analysis performed with the use of a stereomicroscope 

(about 15-16x magnification) where damage petrographic features associated to alkali-

silica reaction (ASR) are counted through a 1 cm² grid drawn on the surface of a polished 

concrete section. The number of counts corresponding to each type of petrographic 

features is then multiplied by a set of weighing factors, whose purpose is to balance their 

relative importance towards the mechanism of distress (for instance ASR). The final DRI 

value is normalized to a 100 cm2 area; in general, the greater the DRI number is, the 

greater the deterioration in the concrete specimens due to ASR will be [18]. 

Sanchez [14, 19] used the DRI, applying the new version proposed by [18], to evaluate 

AAR distress coming from different reactive aggregate types in concretes of different 

strengths. The following results were obtained: 1) the DRI semi-quantitative output 

number can distinguish very well the different expansion levels of AAR affected concrete 

incorporating either reactive sands or reactive coarse aggregates. However, the analyses 

should be performed on the aggregate particles down to 1 mm in size, instead of 2 mm as 

proposed by [18];  2) the DRI number does not seem to change as a function of the concrete 

strength, in the case of ordinary concrete (e.g. 25 to 35 MPa). Slight differences are 

observed in the case of 45 MPa mixtures, especially for low expansion levels, where 

greater DRI numbers are found compared to ordinary mixtures; 3) Considering the DRI 

data, an “envelope of damage results” (i.e. results found within well defined 

boundaries/limits) is found towards the expansion level of the affected samples, 

containing different reactive aggregates and concrete strengths. DRI values range between 

100 and 165 for control samples and between 600 and 850 for very high expansion levels 

(Figure 3); 4) Exceptions were found in two concrete mixtures, one of them (blue curve 

above the envelope), incorporating an argillaceous dolomitic limestone from Kingston 

(Canada), known to generate alkali-carbonate reaction (ACR) in concrete. This concrete 

mixture showed different distress features compared to the ASR “regular” mechanism. 

The other concrete mixture (orange curve just below the envelope) involved a siliceous 

sandstone from the Potsdam Group, well known in the literature due to its different 

damage features, (i.e. reaction rims, particle disintegration and diffused cracking  

somewhat difficult to identify under the microscope) compared to other ASR reactive 

aggregates.  
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Figure 3: DRI damage assessment envelope [14, 19]. 

 

Sanchez et al. [14, 19] proposed to complement the conventional DRI determination by 

complementary observations, such as the measurements of the cracks’ length, width, 

density and the detailed analysis of the counts of distress features. Based on all those 

analyses, Sanchez et al. [14, 16] suggested that the development of ASR cracking within 

concrete incorporating “quartz-bearing” reactive aggregates (e.g. greywacke, siliceous 

limestone, gneiss, schist, argillite, etc.) can likely be explained by the following two-step 

process: a), the formation of cracks within the reactive aggregate particles in the early 

stages of the chemical reaction, including ASR “activation” of (pre-existing) closed cracks 

formed through aggregate processing operations, and b), the extension of the above cracks 

into the cement paste to form a cracking network with increasing expansion. Following the 

minimum energy law, it would indeed be easier for the expanding system to propagate 

the cracks produced through step (a) described above, instead of creating a significant 

number of new cracks. In other words, new cracks will always be generated as the alkali 

reaction keeps developing, but the amount of “new” cracks will be overcome by the 

increase in length and width of the existing cracks, thus making the counts of distress 
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cracks (i.e. cracks that outline the aggregate particles). The authors described AAR 

progress as a function of expansion through a qualitative model, as illustrated in Figure 4. 

 

Figure 4: Qualitative microscopic AAR damage model vs. levels of expansion between 0.05 
and 0.30% [14, 19]. 

 

The above qualitative microscopic model is supported by the analysis of the Stiffness 

Damage Index (SDI) and Plastic deformation Index (PDI) indices described earlier (Figure 2). 

Figure 5 illustrates the progress of the above indices as a function of expansion in all 

concrete specimens investigated by [14]. Looking at the plots, one notices that, on average, 

the SDI displays an increasing trend with increasing expansion for concretes of different 

strengths and incorporating various aggregate types (i.e. fine vs. coarse aggregates) and 

natures (i.e. ≠ lithotypes), which sometimes tends to level off at higher expansion levels. 

This suggests, as confirmed by petrographic analysis, that a fair number of “new” ASR 

cracking is formed at low/moderate levels of expansion (e.g. 0.05 – 0.12%), mostly inside 

the aggregate particles, thus resulting in significant energy spent in the system (i.e. 

resulting in steadily increasing SDI and PDI values) to close those cracks during stiffness 

damage testing. As the expansion progresses (0.12-0.20% or greater), the development of 

new cracks within the aggregate particles stabilizes or increases at a lower rate (at least 

cracks visible at the magnification used for DRI determination), while existing cracks 

extend into the cement paste to form a network connecting cracks progressing through 

reactive aggregate particles with each other. Those cracks also increase in length and 

width and become filled by significant amount of alkali-silica reaction products with 

progressive expansion. This phenomenon would result in the increasing trend of the SDI 

to progressively level off, since the energy required for closing cracks (during stiffness 
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damage testing) at a given damage degree is proportional to the cracks’ number x the 

cracks’ width of an affected concrete specimen, and is also likely reduced by the presence 

of increasing amount of gel in those cracks. The same behavior is also seen for the PDI 

parameter.  

 

A – SDI vs. Expansion 

 

B – PDI vs. Expansion 

 

Figure 5:  SDT envelopes using, as output parameters, the SDI and PDI parameters [14].  
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The extensive testing carried out by Sanchez [12, 13, 14, 19] allowed to observe, despite 

some variability related to the materials characteristics (concrete strengths, aggregate 

types and natures (fine and coarse aggregates), etc.), a strong correlation between the 

development of microscopic features of deterioration (visible on polished concrete sections 

at 15-16x magnification under the stereomicroscope) and changes in the mechanical 

properties of the concrete specimens as a function of expansion due to ASR; this is 

illustrated in Figure 6 and summarized in Table 1 as a classification of damage degree in 

concrete due to ASR.  
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B – Tensile strength 

 

C – Compressive strength 

 

Figure 6: Mechanical properties losses (i.e. compared to a sound concrete presenting the 
same maturity) as a function of concrete expansions: A) Modulus of elasticity; B) Tensile 
strength and; C) Compressive strength [14]. 
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Table 1: Classification of damage degree in concrete due to ASR [14], for concretes 
incorporating a range of alkali-reactive quartz-bearing rocks - category 2 of reactive rock 
types according to [5]. 

Classification of 
ASR damage 

degree (%) 

Reference 
expansion level 

(%) 1 

Assessment of ASR 

Stiffness 
loss (%) 

Compressive 
strength loss 

(%) 

Tensile 
strength 
loss (%) 

SDI DRI 

Negligible 0.00 – 0.03 - - - 0.06 – 0.16 100 - 155 

Marginal 0.04 ± 0.01 5 – 37 (-)10 – 15 15 – 60 0.11 – 0.25 210 - 400 

Moderate 0.11 ± 0.01 20 – 50 0 – 20 40 – 65 0.15 – 0.31 330 - 500 

High 0.20 ± 0.01 35 – 60 13 – 25 
45 – 80 

0.19 – 0.32 500 - 765 

Very high 0.30 ± 0.01 40 – 67 20 – 35 0.22 – 0.36 600 – 925 
1  These levels of expansion should not be considered as strict limits between the various classes of damage 

degree but more as indicators/reference levels for which comparative analysis of petrographic and 
mechanical data was carried out allowing to highlight significant damage levels in concrete due to the 
progress of ASR. 

Shear strength testing 

Barr & Hasso [20] have developed a setup for testing the shear strength of sound concrete 

(Figure 7). The setup consists in two parallel steel plates, presenting reversed supports that 

allow the development of shear stresses under compressive loadings perpendicular to the 

specimen’s main axis. Using the above setup, researches from Université Laval & McGill 

University implemented a testing matrix for assessing the shear strength of deteriorated 

concrete specimens.  

 

Figure 7: Cylindrical setup for testing the shear strength of concrete. 
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Figure 8 illustrates the preliminary results obtained from the testing of specimens affected 

by AAR and freeze-thaw cycles (single or coupled). The data suggest that the cylindrical 

shear setup is able to assess the “progress” of a given damage mechanism. Moreover, 

considering the red curve (ASR damage) and the black one (ASR + FT damage), it appears 

that the test is able to distinguish the two different mechanisms affecting companion 

specimens cast from the same concrete mixtures. In addition, is it very interesting to see 

that when ASR comes from a reactive coarse aggregate, the failure plane occurs through 

the aggregate particles (Figure 9A). Otherwise, when ASR comes from a reactive sand, the 

failure plane is in the cement matrix and causes debonding of the non reactive coarse 

aggregates (Figure 9B).   

 

   

Figure 8: Cylindrical setup for testing the shear strength of concrete. 
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A 

 

B 

 

Figure 9: Failure planes for ASR coming from a reactive coarse aggregate (A) and a 
reactive sand (B).  

 

3. Material Modeling 

Multon et al. [21] developed a microscopic ASR model at the LMDC (Laboratoire des 

Matériaux et Durabilité des Constructions – Toulouse, France), whose main input 

parameters are the alkali and reactive silica contents, the aggregate’s grading and the 

mechanical properties of the considered materials (aggregates, mortar/concrete). The 

model output results are both the determination of concrete expansions and damage due 

to ASR, taking into account the physicochemical reaction mechanisms (chemo-mechanical 

modeling). The model is based on the definition of a Representative Elemental Volume of 

concrete (REV) that contains both a mixture of aggregate particles (reactive or not, and of 

different sizes) and a cement paste enveloping those particles (Figure 10). The REV is 

considered to represent the behavior of the bulk concrete volume [21]. 
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Figure 10: Definition of the Relative Elementary Volume (REV) for several reactive aggregate 
sizes [21]. 

 

In the micromodel, some chemical mechanisms are considered: 1) the alkali diffusion into 

the aggregate particles; 2) the production of ASR gel with the increase of alkali 

concentration in the aggregate particles; 3) the decrease of the alkali concentration in the 

cement paste as a function of their consumption by ASR gel; 4) the displacement of a part 

of the ASR gels into the cement paste porous zone surrounding the reactive aggregate 

particles (Figure 10). When that porous zone of thickness tc is filled by ASR gel, the 

continuous gel generation provides significant pressure on the surrounding cement paste, 

leading to the material swelling [21].  

In terms of mechanical effects, it is known that ASR expansions occur over long time 

periods. During this process, ASR affected concretes are subjected to a progressive stress 

built up that is very likely to cause creep on the distressed materials. Since the LMDC 

model takes into account creep effects on ASR expansion/distress, the modulus of 

elasticity of the concretes is adopted as one third of their instantaneous modulus at 28 

days. This assumption is the typical approach used in the French design code for 

reinforced concrete structures.  

If the stresses generated by ASR gel, once all the cement paste porosity is filled, become 

greater than the tensile strength of the concrete material represented by the REV, cracks 

and damage are generated in the surrounding cement paste “ring” (Figure 11) [21]. If ASR 
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progresses, which depends on the amount of silica available in the reactive aggregates, the 

thickness of the distressed concrete “ring” increases up to a point that all the REV is 

affected/damaged by the deleterious chemical reaction. 

Figure 11: Mechanical equilibrium of the damaged REV [21]. 

 

Sanchez et al. [14, 22] used the LMDC model in order the compare its results with 

microscopic and mechanical data obtained in the laboratory. The study had two main 

goals. The first part of the study aimed to analyzing the capability of the model to 

reproduce the expansion of concretes containing a reactive coarse aggregate (NM 

aggregate), a reactive sand (NM crushed into sand) or the two aggregates together. The 

second aimed at assessing ASR damage as a function of its progress/development 

through the use of a “damage factor - d”, which is defined in the model as follows: 

oit EEd /1
 

where: 

Ei:  a mechanical property of the affected concrete, for example the modulus of elasticity 

(E), at a given time i; 

E0: the same mechanical property of the sound concrete (i.e. at 28 days). 
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Assessment of ASR expansion through the model 

Figure 12 presents the expansion against time measured in the laboratory on concrete 

specimens incorporating different NM aggregate size fractions and combinations. The 

figure clearly highlights three different ASR kinetics for: 1) NM coarse aggregate 

(blue/square symbol); 2) NM manufactured fine aggregate (green/triangle symbol); and 

3) both NM fine and coarse aggregates (red/circle symbol). The lines represent the fitted 

curves obtained by the model.  The data below show that using NM as coarse or fine 

aggregate completely changed both ASR kinetics and the amplitude of the expansion. 

When NM is used just as coarse aggregate, ASR kinetics is slower and the final amplitude 

is lower than the mixtures incorporating fine NM particles (i.e. sand particles). When NM 

is used as both fine and coarse aggregates, the expansion kinetics lie between the two 

other behaviors. As a consequence, the expansion measured on the concrete containing the 

two sizes of reactive aggregates was not the “sum” of the two individual expansions 

measured on concretes containing only one reactive aggregate size. This phenomenon can 

likely be explained by the competition in the alkali consumption by the aggregates or, in 

other words, the dilution effect where alkalis are spread over a much larger number of 

reactive sites when both coarse and fine NM aggregate particles are used. 

The model calculations were able to predict quite well the expansions obtained in the 

laboratory when NM was used as a coarse or fine aggregate. When NM was used as both, 

a difference in the behavior “measured vs. calculated” is seen, especially in the beginning 

of ASR expansion where the results generated through the model were greater than those 

obtained in the laboratory. Otherwise, the final expansions for this mixture were found to 

be fairly close.   
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Figure 12: Expansion vs. time plots measured in the laboratory for different concrete mixes 

incorporating NM gravel as coarse aggregate (blue curves), manufactured sand (green 

curves), or even both coarse and sand together (red curves) [14, 22]. 

 

Assessment of ASR damage through the model 

Figure 13 illustrates the results of the damage factor “d” plotted against expansion and 

obtained through both laboratory measurements and LMDC model predictions for nine 

concrete mixtures made with concretes incorporating different reactive aggregates (Tx 

sand and NM coarse aggregate) and compressive strengths (25, 35 and 45 MPa). First of 

all, it is interesting to review the damage process over the model proposed. In the model, it 

is supposed that cracks are generated when the tensile stresses overcome the tensile 

strength of the concrete material, thus causing a drop in modulus of elasticity. However, 

even though the damage is calculated in terms of the stiffness loss, as the model is adopted 

as being a concrete hollow sphere (reactive aggregate) that applies an internal amount of 

pressure on a surrounding undamaged concrete (Figure 11), it appears that the damage 

factor (d) would still be better represented by the modulus of elasticity loss “in tension” or 

even the tensile strength loss of the distressed material. However, it has been found that 

the modulus of elasticity in compression is similar to the modulus of elasticity of sound 

concretes in tension [23]. Therefore, even though this pattern would not possibly be the 
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same for damaged concretes, it was decided to verify the model’s damage factor (d) with 

both parameters, even if the crack opening due to ASR expansion could have greater 

consequences in tension than in compression. 

The graphs in Figure 13 suggest that over the expansion levels studied, the tensile strength 

losses measured in the laboratory reached values of ≈ 70%, whereas the modulus of 

elasticity reached losses of ≈ 65% for the different mixes. Actually, the damaged values for 

both the modulus of elasticity in compression and the tensile strength presented fairly 

close results for the majority of the mixes, depending on the concrete characteristics (i.e. 

concrete strength and aggregate type). On the other hand, the modulus of elasticity 

distress seems to demonstrate an increasing trend as a function of increasing expansion, 

while the tensile strength loss seems to be more important for low expansion levels than 

for higher levels. The model damage factor (d) also presented an increasing trend with 

increasing expansion for all concrete mixtures, as expected. The values found ranged 

between 70% up to 80% for the mixes. Overall, the model predicted quite well the losses of 

both modulus of elasticity and the tensile strength for low expansion levels (i.e. up to 

0.12%). For higher expansions, the model damage factor against expansion curve kept 

showing and increasing trend while the laboratory test results presented either a lower 

increasing trend or a stagnation distress pattern for both properties.   

 

A – Tx + HP, 25 MPa B – Tx + Dia, 25 MPa C – NM + Lav, 25 MPa 
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D – Tx + HP, 35 MPa E – Tx + Dia, 35 MPa F – NM + Lav, 35 MPa 

G – Tx + HP, 45 MPa H – Tx + Dia, 45 MPa 

 

I – NM + Lav, 45 MPa 

Figure 13: Model damage factor “d” plotted against for all the concrete mixtures and 

aggregates [14, 22]. 

 

Figure 14 presents the results of the plots of the compression damage factor (dc) against 

expansion for all the concrete mixtures and strengths. It is known that concrete damage 

mechanisms in tension and compression are quite different. Thus, the model damage 

factor (d) cannot be directly converted into compression damage factor. However, [24] 

proposed an equation to calculate the compression damage factor (dc) from the tension 

damage (dt) : 

15.011 tc dd  

This relation was used in this study to evaluate the damage in compression from the 

damage in tension. Based on the above relationship, the experimental data showed 

compression damage ranging between 10 and 20%. Likewise, the LMDC model results 

predicted compressive strength losses of about 20% for all mixtures, which can be 

considered quite reasonable. 
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A – Tx + HP, 25 MPa B – Tx + Dia, 25 MPa C – NM + Lav, 25 MPa 

D – Tx + HP, 35 MPa E – Tx + Dia, 35 MPa 

 

F – NM + Lav, 35 MPa 

 

G – Tx + HP, 45 MPa H – Tx + Dia, 45 MPa I – NM + Lav, 45 MPa 

 

Figure 14: Compression damage factor (dc) plotted against expansion for all the concrete 

mixtures and aggregates [14,22]. 

 

Critical analysis of the LMDC model 

The models proposed by [21, 24, 25 and 26], consider that the main cause of distress due to 

ASR is a consequence of ASR gel pressure generated once it fills a porous zone 

surrounding reactive aggregate particles, thus applying stresses on the cement paste 

(Figure 10, 11 and 14B). However, the above authors did not consider, at least in their 

model calculations, the development/consequences of cracking in the aggregate particles, 

0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

C
om

pr
es

si
on

 d
am

ag
e 

(d
c)

Expansion (%)

Compression damage (model)
Compression damage (compressive strength)

1.00

0.80

0.60

0.40

0.20

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

C
om

pr
es

si
on

 d
am

ag
e 

(d
c)

Expansion (%)

1.00

0.80

0.60

0.40

0.20

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

C
om

pr
es

si
on

 d
am

ag
e 

(d
c)

Expansion (%)

1.00

0.80

0.60

0.40

0.20

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

C
om

pr
es

si
on

 d
am

ag
e 

(d
c)

Expansion (%)

1.00

0.80

0.60

0.40

0.20

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

C
om

pr
es

si
on

 d
am

ag
e 

(d
c)

Expansion (%)

1.00

0.80

0.60

0.40

0.20

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

C
om

pr
es

si
on

 d
am

ag
e 

(d
c)

Expansion (%)

1.00

0.80

0.60

0.40

0.20

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

C
om

pr
es

si
on

 d
am

ag
e 

(d
c)

Expansion (%)

1.00

0.80

0.60

0.40

0.20

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

C
om

pr
es

si
on

 d
am

ag
e 

(d
c)

Expansion (%)
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

1.00

0.80

0.60

0.40

0.20

0.00 0,00

0,20

0,40

0,60

0,80

1,00

0,00 0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40

C
om

p
re

ss
io

n
 d

am
ag

e 
(d

c)

Expansion (%)

1.00

0.80

0.60

0.40

0.20

0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

NEA/CSNI/R(2016)13/ADD1



23 
 

although [21] have cited that some cracks “are likely to be found in the aggregates” as part 

of ASR development. 

On the other hand, [27 and 28] typically observed the presence of extensive cracking 

within the aggregates particles according to microscopic and macroscopic observations. 

They support the hypothesis that damage begins with a “gel pocket formation” inside the 

aggregates, before causing cement paste cracking. This statement confronts the LMDC 

model assumption. [14, 19, 29] found that either the macroscopic expansion or the 

“damage” in concrete affected by ASR is strongly related to the microstructural location of 

cracks. Thus, predicting the expansion and progress of this harmful chemical reaction is 

only possible for models whose prediction takes into account the damage consequences at 

microstructural levels. Figure 15 illustrates three damage mechanisms already adopted in 

the literature to characterize ASR distress. 

A B C

Figure 15: Models used to develop the damage by AAR: A. expansion of the aggregate 

particles (left), B. expansion of the reaction rims (center) and C. expansion of the gel-filled 

pockets within reactive aggregate particles (right) [14, 22]. 

 

Sanchez [14, 22] highlighted the presence of a large number of cracks (closed (CCA) and 

opened (OCA and OCAG) with and without gel, respectively) inside the aggregate 

particles for ASR generated either from a reactive sand (i.e. Tx sand) or a reactive coarse 

aggregate (i.e. NM gravel) and for two compressive strength types (25 and 35 MPa). The 

authors observed that those cracks generally appear inside the reactive aggregate particles 

(sand or coarse aggregate) already at low expansion levels (i.e. 0.05%) and when the 

expansion increases (≈ 0.12%), the cracks also increase in length and width and some of 

them extend into cement paste. As the expansion level increases further again (≈ 0.20% or 
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larger), most of the cracks formed inside the aggregate particles extend into the cement 

paste, thus increasing the overall crack density (units/cm²) within the distressed 

specimens. Afterwards, by about 0.30% of expansion, the cement paste cracks are linked 

together, thus forming an extended network of cracking. Further analyses on the polished 

concrete specimens provided the distinction of two main general crack patterns due to 

ASR, whatever the chemical reaction comes from the sand or the coarse aggregate (Figure 

4 and 16). 

 

Figure 16: DRI damage features for 25 MPa concrete mixtures cast with NM aggregate for 

0.20% and 0.25% expansion levels. A, B. Onion skin cracks in the aggregate particles; C, D. 

Sharp cracks inside the aggregate particles [14, 19]. The distance between the vertical lines 

is equal to 1 cm. 

 

The cracks that developed in the outer portions of the aggregate particles, or the “onion 

skin” cracks, (Figure 16A and 16B) are likely developing within aggregate particles that do 

not present preexisting cracks/weak zones (or even pores/defects) that facilitates the 

penetration of alkali hydroxides from the concrete pore solution. Thus, the alkali 

A B

C D
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hydroxides diffusion would be quite homogeneous towards the internal part of the 

aggregate particles, thus preferentially forming an almost peripheral cracking pattern (i.e. 

parallel to the aggregate boundary). On the other hand, the “sharp” cracks present inside 

the aggregate particles (Figure 16 C and 16D), can often be caused by pre-existing 

weak/cracked/ porous zones in the aggregate particles, or layering/bedding in the case of 

sedimentary rocks, that would either facilitate the alkalis diffusion or even be damaged 

earlier when ASR occurs. It has been found that both crack types will reach the cement 

paste at a given expansion level; however, “sharp” cracks generally reach the cement paste 

earlier than “onionskin cracks” [14, 19]. 

In fact, the assumptions made by the LMDC model could likely well explain the 

“onionskin” cracks (even though the model considers that ASR cracks are formed in the 

interfacial transition zone – ITZ – and does not take into account the effects of aggregate 

cracking) by the progressive alkali diffusion and progressive silica attack from the 

aggregate boundary inwards. However, even though the model does not consider the 

crack formation inside the aggregate particles as a primary consequence of the ASR 

process, if one considers that all the cracks types in the aggregate particles would reach 

and cause damage in the bulk cement paste after a given expansion level, one verifies that 

the physical parameters of the model (alkali’s diffusion and fixation in the aggregate 

particles, cement and aggregates porosity and tc of the cement paste) could be “set” in 

order to consider this phenomenon in an “indirect way”, which was confirmed through 

Figures 12, 13 and 14. Finally, Sanchez [14, 19] also highlighted the presence of minor 

cracking in the cement paste at the early stages of ASR expansion that is likely not linked 

to cracks extending from the aggregate particles. According to the [14, 19], these cracks 

were possibly created due to shrinkage or creep mechanisms, but could even be indirect 

effects caused by ASR; i.e. zones in the cement paste that suffered from important stress 

concentrations due to the bulk ASR-generated pressure. 

 

4. Structural Testing  

Sanchez et al. [14] studied the relationship between the development of physical distress 

features of AAR (e.g. cracking) and the resulting impact on the mechanical performance of 
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the distressed concrete. However, the data obtained is based on the evaluation of aging 

concrete specimens under "free expansion and accelerated environment". Such an 

approach allows a valid comparative performance analysis considering the “strict 

conditions” under which the specimens were cured and tested. However, one should 

realize that the features described before and the resulting analyses/conclusions would 

not necessarily apply directly to the condition assessment of concrete cores extracted from 

ASR-affected structural concrete members in service, which are largely influenced by the 

presence of different stress fields (bi/triaxial stresses etc.), restraints and environmental 

conditions.  

It is believed, however, that the “free expansion” analyses could serve as a reference (and 

perhaps as the worst case scenario!) in the process of quantifying the progress of damage 

in concrete undergoing deleterious expansion due to ASR in the field. Therefore, 

considering the results obtained by Sanchez et al [14], one may discuss the likely possible 

structural implications of AAR in terms of both structure safety (ultimate limit state – 

ULS) and serviceability (serviceability limit state - SLS).  

According to the data found in Table 1, one verifies that for low, moderate and even high 

expansion levels, ASR may well be a durability-related issue (affecting the SLS – linked to 

the stiffness reductions and crack openings of the structural members) rather than a 

structural capacity problem for well designed and detailed reinforced structures. On the 

other hand, for very high expansions (> 0.30%), it was found that the compressive strength 

of the concrete may decrease of about 25-30%, which may raise concerns about the 

structural capacity in civil structures (even localized). The scenario could even be worse 

for aging infrastructures built in the fifties to seventies without proper 

reinforcement/detailing (according to recent standards/codes) and increasing traffic 

loads. Moreover, as stated by [30-32], due to its microscopic distress features (i.e. opened 

cracks within the aggregate particles – Figure 16, 17A), AAR could have a significant 

impact on the shear strength of affected concrete, decreasing the aggregate interlock and 

thus enhancing potential shear (brittle) failures, such as found in [33]. 

In this context, researchers from Université Laval & McGill University developed a testing 

program for assessing the shear strength of ASR-affected concrete blocks, through a direct 

shear procedure called push-off test. In this test, concrete blocks with a “S” shape are cast 
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with two important horizontal notches (N1, N2) (Figure 17B). These notches are intended 

to provide shear stresses in the middle of the S block during a vertical compression test. 

Moreover, a vertical notch (N3) is made in the concrete specimens to control the 

propagation of the main shear crack during the compression testing. 

Two levels of reinforcement were selected, i.e. two stirrups vs. four stirrups in the shear 

plane, corresponding to reinforcement rates of 1.12% and 2.24%, respectively (Figure 18).      

A 

 

B 

 

Figure 17: ASR distress features (A) and push off specimens (B). 

 

Figure 18: Reinforcement rates chosen for the push off project. 
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In order to assess potential changes in aggregate interlock capacity as a function of the 

progress of ASR-induced damage, the following three ASR expansion levels/stages were 

selected:  1), low expansion level (i.e. 0.05%), where cracks are mainly located within the 

aggregates particles; 2), moderate expansion level (i.e. 0.12%) where the cracks start 

reaching the cement paste; and 3), high expansion level (0.20%) where ASR cracking is 

present in the cement paste (Figure 19).    

 

 

Figure 19: Free-expansion against time of 35 MPa concrete specimens (incorporating the 

NM reactive coarse aggregate). Three expansion levels were selected for the push off 

project, illustrating three different stages of ASR progress. 

 

The concrete blocks were cast (late 2014 – early 2015) and then wet-cured for seven days. 

The specimens were then demolded and six studs installed for expansion measurements 

(Figure 20). Afterwards, the specimens were placed in plastic boxes in a temperature-

controlled chamber (38°C, 100% R.H.) for accelerating ASR progress. Once the specimens 

will reach the expansion chosen in this research project (Figure 19), vertical compression 

tests will be carried out to evaluate both the shear failure maximum load and main crack 

width passing through the vertical notch (N3). Unreinforced (control) blocks were also 
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made and are being monitored for expansion, in order to verify the “restraint capacity” of 

the reinforcements bars on ASR expansion. 

A 

 

Figure 20: Push off specimens. Six holes were drilled (65 mm depth– studs 1 and 2, and 20 

mm depth – stud 3) at selected locations for installing stainless steel studs for expansion 

measurements.   

 

5. Structural Acceptance Criteria  

The Robert-Bourassa/Charest viaduct (Quebec, Canada) was built in 1966 using a local 

siliceous limestone aggregate. The viaduct was made of a deck resting on reinforced Y-

shaped concrete columns, themselves supported by massive concrete foundations. No 

specific information is available on the concrete mix designs; however, technical reports 

suggest that the 28-day design strengths for the concretes were 24 MPa for the foundations 

blocks and 28 MPa for the columns and decks [34].  

Over the last three decades, different signs of distress developed in the various elements of 

the structure (Figure 21), including extensive steel corrosion and concrete 

1 

2 

3 
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delamination/spalling at the level of the deck (due to leaking joints), map cracking, 

scaling, disaggregation and pop-outs affecting the massive concrete foundations and 

concrete spalling and steel corrosion on the columns and massive foundations [35]. Several 

inspection surveys, in-situ and laboratory investigations confirmed that the deterioration 

was induced by the highly-reactive siliceous limestone coarse aggregate used in the 

construction. From the above investigations, Bérubé et al. [6] developed a guide for the 

diagnosis, prognosis and management of AAR-affected structures. This guide is based on 

a collection of laboratory tests (mechanical testing and petrography), such as the SDT 

(Stiffness Damage Test), DRI (Damage Rating Index), residual expansion, water soluble alkali, 

etc. Recent studies [12, 13, 14, 19] dealing with the tests proposed in the guide suggest that 

the SDT and the DRI are powerful tools for the diagnosis and prognosis assessment of 

AAR in aging concrete structures, when properly used. 

The Robert-Bourassa/Charest viaduct was demolished in 2011 due to its condition but 

also to allow a total reconfiguration of the highway system in the area. This was the 

opportunity to recover samples from various parts of the structure, i.e. cores from the 

bridge deck and the massive foundation blocks, as well as two 3-m long sections from the 

Y-shaped columns, and carry out further testing to confirm the reliability of the various 

tests for ASR condition assessment described before. The full “post mortem” assessment of 

the structure is currently in progress through the analyses of the above specimens. The 

work plan and preliminary results are presented hereafter. 

 

Massive foundation blocks 

The SDT was performed on cores extracted from exposed and non exposed parts of the 

foundation blocks of the Robert-Bourassa/Charest viaduct (Figure 22 A). Higher 

hysteresis areas and lower modulus of elasticity were obtained from the cores extracted 

from the severely deteriorated exposed zones, thus confirming a higher degree of damage 

as expected (Figure 22 B and 22C). Moreover, a higher degree of damage was found in the 

surficial portion of the concrete member (Figure 22 D and E). 

Companion cores examined through the DRI confirmed the damage assessment obtained 

from stiffness damage testing (Figure 23). Microscopic observations indeed showed that 
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more severe damage is found in both exposed sites and surficial portion of the concrete 

member (i.e. likely exposed to combined effects of ASR and freeze-thaw). 

A 

 

B 

 

C 

 

D 

 

Figure 21: Concrete members of the Robert-Bourassa/Charest viaduct, presenting clear 

signs of distress induced by ASR. 
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Y-shaped columns 

In addition to the overall distress assessment, since the structural stability of the Y-shaped 

columns was one of the main source of concerns by the engineers in charge of the viaduct, 

two 3-meter sections of the reinforced columns, one coming from an exposed site and the 

other from a non-exposed one (i.e. under the bridge deck), were collected and stored in the 

laboratory for further analysis (Figure 24A).  

Concrete was removed around a number of stirrups and strained gages installed on the 

bars (Figure 24B). The latter were then cut and the strains measured. Sections of the 

stirrups were also extracted to determine their residual tensile strength and modulus of 

elasticity (Figure 24C). The objective of this work is to determine the level of stress 

accumulated and the possibility of stirrups yielding  Cores were then extracted in the three 

main directions in order to quantify the actual damage of the concrete (both mechanically 

and microscopically – Figure 24 C) present in the exposed and non-exposed columns. The 

end portions of the 3m-long sections were polished and high-resolution pictures were 

taken. The pictures were then joined together into a mosaic.  The cracks were then 

highlighted, according to their width (<0.10mm, 0.10 – 0.30mm and > 0.30mm), and their 

length and location quantified using the ARCGIS software (Figure 24E). Extensive 

cracking was noticed both in the outer portion of the column, and within the 

reinforcement cage (Figure 24F). 

Finally, through a collaboration with the researchers from INSA-Toulouse, an ASR model 

will be used for estimating the serviceability/reliability of Robert-Bourassa/Charest at the 

moment of its demolition, as well as its likely damage progress over time, using as input 

parameters of the model some of the data obtained in the laboratory. 
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                                   A 

 

B 

 

C 

 

D 

 

 

E 

 

Figure 22: Stiffness Damage Test (SDT) results obtained from exposed and non-

exposed parts of the foundation blocks of DV Charest viaduct.  
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Figure 23: Damage Rating Index (DRI) results obtained from exposed and non-exposed 

parts of the foundation blocks of DV Charest viaduct. 
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E F 

 

Figure 24: Post-mortem assessment of Robert-Bourassa/Charest columns. A. two 3m-
long sections recovered prior to demolition. B. Concrete removed around stirrups. C. 
A section of stirrups for tensile strength testing. D. Crack mapping on the end portions 
of the 60cm x 60cm columns (blue lines: cracks < 0.10mm width; red lines: cracks > 
0.10mm width). F. Details of cracking within the cement paste and within the 
aggregate particles.   
 

6. Conclusions & Recommendations 

Civil infrastructures are very critical for society and many of them are reaching their 

expected “service-life” worldwide. Moreover, several aging infrastructures (bridges, 

tunnels, dams, nuclear power plants, etc.) present clear signs of distress due to different 

damage mechanisms (e.g. alkali-aggregate reaction (AAR), delayed ettringite formation 

(DEF), sulfate attack, steel corrosion, freezing and thawing cycles, etc.), which might very 

likely decrease their performance down to unacceptable thresholds.  

In this regard, challenges facing engineers are to identify the cause (i.e. pathology type), 

the extent of actual distress, to establish the correlation between the reductions in 

mechanical properties, physical integrity, durability and performance of the affected 

material, to evaluate possible structural implications and also their potential for further 

deterioration. Those are critical steps in the selection of management actions on the above 

structures.  
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This report presented some of the works carried out and/or still under development in 

Canada, through a collaboration project Université Laval/McGill University. Some results 

showing the latest developments in the optimization of various techniques used for 

evaluating either the current damage degree or the potential for further distress of aging 

concrete structures affected by ASR are presented, discussed and criticized. Current and 

future research needs are discussed in order to illustrate the “big picture” of the challenges 

in dealing with ASR and related mechanisms in civil infrastructures.  
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1. Research topic – Influence of freeze–thaw loading on the 
chloride ingress of concrete

1.1 Introduction  

The international research community has recognized in the last few years that the use of a 
performance based approach in its current format considers individually the effect of a 
degradation mechanism. While often this is considered to be acceptable due to a dominant 
form of degradation, in some cases coupled deterioration cannot be over looked. In reality, 
reinforced concrete structures (RCS) are subject to a multitude of degradation mechanism 
acting either simultaneously or cyclically, and most often with synergetic effect on the 
degradation of concrete. International technical bodies are endorsing research in this field, 
such as the RILEM TC 246 – TDC created in 2012, dedicated to studying new test methods 
to determine durability of concrete under combined environmental actions and mechanical 
loads. 

Realistic assessment of concrete durability must consider complex interactions when multiple 
mechanisms combine to degrade reinforced concrete structures under field conditions. 
Recent research has drawn attention to the interaction of degradation mechanisms occurring 
in the harsh environmental conditions of the Nordic countries (frost attack/chloride 
penetration) [1, 2]. Frost attack of concrete affects the chloride penetration by reducing the 
concrete cover, and more importantly, by changing the characteristics of the surface and 
internal concrete due to cracking.  

Literature tells us that a long period of freezing conditions will slow chloride ingress. New 
results [3], however, show that the rate of chloride ingress remains about the same 
regardless of whether the tests are exposed to daily freeze-thaw cycling. This suggests that 
the interaction between the various transport mechanism (capillary water uptake, water and 
vapour diffusion and micro ice-lens pumping) is complex, and that no single mechanism 
consistently explains the test results. Even if freezing slows bulk transport, other 
mechanisms counteract this effect.  

The research presented here is part of the Concrete Service Life Assessment Project (CSLA) 
funded by TEKES-FiDiPro and VTT. 

The scientific aim of the project is to investigate the influence of freeze–thaw loading on the 
transport characteristics of chloride ion in concrete. The aims will be addressed through three 
specific scientific objectives: 

• to ascertain how ice formation in the concrete pore structure influences the transport 
properties of chloride ions; 

• to establish the characteristic of chloride ions transport in concrete subject to surface 
scaling and internal cracking due to frost attack; 

• to develop more reliable service life design models that take into account the interacted 
effect of degradation mechanism - namely frost attack on chloride penetration into 
concrete. 

1.2 Material aspects and laboratorial material testing 

The purpose of testing was to study the influence of freeze-thaw cycles on chloride 
penetration into concrete. For this purpose, two distinct concretes qualities were subject to 
three different freeze-thaw test cycles and two ponding conditions.  
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1.2.1 Concrete mix design and specimen conditioning  

Two concrete mixes were prepared with a 0.42 and 0.55 w/b ratios (B42 and B55, 
respectively). A CEM I 42,5 N-SR3 was used to minimise the possibility of chloride binding. A 
plasticizer (VB-Parmix) was used in the B42 mix, and an air entrainment agent (Ilma-Parmix) 
for both mixes. Details of the concrete mixtures and their workability are presented in Table 
1, and the characteristics of the air entrainment measured on hardened concrete in Table 2 

Table 1.  Parameter Concrete compositions and workability 

Series w/b Water  
(l/m3)

Binder  
(kg/m3)

Aggregate – Total (kg/m3) & fractions (%) Slump  
(mm)

Air
(%)Total <0.125 <0.250 <4.0 <10.0

B42 0.42 175 420 1695 5.8 12.1 58.7 89.1 100 5.0 
B55 0.55 195 355 1716 4.3 9.7 59.4 89.2 180 6.0 

 
Table 2.  Parameter Characteristics of the air pores of hardened concrete 

Series
Protective AP
0.02-0.80 mm 

(%)

Compaction 
AP > 0.800

mm (%)
Total AP ≈

(%)

Specific 
surface for 

protective AP 
(mm2/mm3)

Spacing factor 
for protective 

AP (mm)

B42 2.9 1.2 4.1 33 0.21 
B55 5.1 0.8 5.9 21 0.24 

 
The concrete batches were produce in a vertical axis mixer with a 200 litre capacity. Cubic 
specimens 150 mm in dimension were cast in moulds and compacted using a vibrating table. 
24 hours after casting the specimens were removed from the moulds and permanently stored 
in a climate chamber at RH≥95 % at 20 ± 2 ºC until testing. From The results in Table 2, it 
can be concluded that very good air entrainment was achieved in both concretes mixes, as 
shown by the low spacing factor and the specific surface. 

Concrete samples were kept in the climate chamber for approximately 8 months to minimise 
the influence of microstructure changes due to continuous hydration on the test results. After 
this period, the specimens were stored in a climate chamber at RH≥65 % for an additional 
month. Ten days prior to testing, the concrete specimens were prepared according to the 
procedure defined in the CEN/TS 12390-9:2006 [4], except with regards to the age of the 
specimens. A test specimen constitutes a concrete prism with 150x150x50 mm. After a three 
day period where test specimens were ponded with a layer of deionised water of 3 mm, the 
water was replaced with a 3 % by weight of NaCl solution. 

1.2.2 Test setup  

Four different freeze-thaw testing cycles were defined to assess influence of freeze-thaw 
cycles on the transport of chlorides in concrete. The first three have one day duration, and 
follow the reference test procedure curve for freeze-thaw scaling, varying only in the 
minimum temperature reached: -5, -10 and -20 °C. The rate of freezing was kept as close as 
possible to the reference test (CEN/TS 12390-9:2006) (see Figure 1). The fourth test follows 
the reference test curve, except that the lowest temperature point (-20 °C) is held for two and 
a half days (60 hours), so that the total length of the cycle is three and a half days (72 hours). 

The total number of freeze-thaw cycles is 112 for the 1 day test cycle, and 41 cycles for the 
three and a half day cycle totalling 143.5 days. The one day test cycles subject the concrete 
to negative temperature approximately 65 % of the time, and the three and a half day cycle 
subject the concrete to negative temperature approximately 90 % of the time. The choice of 
different lower (negative) limit temperature in the cycles, resulting in different durations of 
time at negative temperatures, was to promote different freezing-thawing behaviour of the 
brine solution in the pore structure of the concrete. As the temperature decreases, and the 
longer a certain low temperature is maintained, a greater volume of the pore structure is 
frozen.  
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Two additional tests were also performed - ponding tests (natural immersion) were carried 
out at +20 °C and +5 °C, where no freeze-thaw occurs. 

 
Figure 1. Schematic representation of the different freeze-thaw cycles and ponding tests used. Shaded 
blue are corresponds roughly to the time specimens are subject to negative temperatures (for the one 
day cycle tests). 

During testing, scaled material mass, specimen mass variation and fundamental frequency 
were measured periodically. In addition, at certain intervals specimens were removed and 
the chloride profiles determined. 

1.3 Main testing results 

All testing setups and results for the characterization of concretes performance, and all 
results from the freeze-thaw testing cycles are presented in Ferreira et al. [5] and Ferreira et 
al. [6], respectively.  

1.3.1 Chloride profiles  

A comparison of the ponding and freeze-thaw chloride profiles for concrete B55 and B42 
reveals the quality difference between the concretes (water/binder ratios), i.e., deeper 
chloride profile for B55 concrete. Furthermore, the clear effect of testing duration is visible in 
all profiles. The results show also minor difference between the ponding profiles and the 
freeze-thaw profiles. This is an unexpected finding as the water uptake is clearly larger for 
the concretes with freeze-thaw cycles than with just ponding. It is thought that this water 
uptake is mainly salt free as it occurs due the ice-lens pumping effect, and would result in a 
dilution of the chloride ions solution, affecting the profiles accordingly. However, the profiles 
show no such reduction in chloride. This confirms the complexity of the interaction of the 
transport mechanism in action. 

The surface chloride concentration increases for all concretes with time (from 70 to 112 
cycles/ days). This tendency is also observed for the three and a half day freeze-thaw cycle 
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test. The average surface chloride concentration for all ponding profiles is 0.31 %/wt. 
concrete (CoV ≈ 10 %), and for all the freeze-thaw tests is 0.35 %/wt. concrete (CoV ≈ 12 %). 

The influence of ponding temperature is generally clear, with deeper profiles for +20 C, 
irrespective of the concrete type. This is quantified by the apparent diffusion coefficients 
difference. The influence of the different freeze-thaw cycles (minimum temperature reached) 
is not clear, with a close overlapping of most profiles. 

A comparison of the profiles for the 41 three and a half day freeze-thaw cycles to the 112 
one day cycle shows similar size profiles. This is quite interesting since the number of cycles 
that are being compared differ greatly, and considering that the uptake of water (and 
chlorides) is proportional to the number of cycles, then potentially another transport 
mechanism is influencing the results. 

1.3.2 Insights for modelling chloride ingress under freeze-thaw loading 

This research project has looked at the direct relationship between freeze-thaw cycles and 
chloride penetration, while attempting to minimise other possible interfering factors such as 
the surface scaling of concrete or the internal cracking of concrete due to freeze-thaw 
loading. To certain extend the test setup and concrete qualities have helped minimise these 
effects. Furthermore, these results reflect a very specific situation – were concrete is 
continuously covered with water. This condition does not reflect the situation of most 
concrete used in infrastructures. 

The dominating transport mechanisms for chloride ingress are capillary absorption (briefly 
in the beginning of the test), diffusion and ice-lens pumping. Figure 2 presents the chloride 
profiles for both concrete qualities of three tests: ponding at +20 C, one day freeze-thaw 
cycle testing up to -20 C, and three and a half days freeze-thaw cycle testing up to -20 C. 

 
(a) (b) 

Figure 2.  Comparison of the chloride profiles for +20 C ponding and -20 C freeze-thaw 
testing with 1 day and 3.5 day cycles. Result for the B55 (a) and B42 (b) concretes.

 
Independent of the concrete quality, the lowest chloride profile at the surface corresponds to 
the ponding test. This implies that the ice-lens pumping of water dominates the transport at 
the surface. If we observe the opposite end of the profile, we notice that the pure ponding 
profiles have the highest chloride values, implying that diffusion dominates the transport of 
chloride in depth from the surface. The point along the profile where the dominating transport 
mechanism shifts from ice-lens pumping to diffusion varies with concrete quality, being ≈ 14 
mm for the B55 concrete and ≈ 9 mm for the B42 concrete. These values are consistent with 
the quality of the two concretes. 

However, it is known that the amount of water uptake for the three and a half day freeze-
thaw cycle is even lower than that of the pure ponding. In this case, we would not expect to 
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see chloride profiles greater than the ponding profile, but the results consistently show 
otherwise. This implies that there is another mechanism aiding chloride transport in 
concrete? One possible explanation is that, within the concrete pore structure, as pure ice 
forms at the ice-brine solution interface, insoluble ions are ejected out of the liquid volume 
transforming into ice. The region surrounding the ice crystals experience an increase in salt 
concentration, which lowers the local instantaneous freezing-point temperature in the 
solution, slowing down the movement of ice crystal growth. However, due to the long 
freezing period at -20 C (approximately 2.5 days), the ice formation in concrete has time to 
accommodate extensively to the porous network at the surface. As a result of this, significant 
salt brine expulsion from the growing ice crystals could occurs. If we assume the main 
direction of ice crystal growth to coincide with the direction of the temperature gradient 
across the concrete specimens, this would imply the direction of local ice formation induced 
chloride expulsion also to be towards the concrete interior. Once the concrete thaws, the ice 
crystals melt resulting in pockets of clear water and highly concentrate brine, which would be 
subject to intense diffusion as a result of localised concentration gradients. However, the 
effect of the freezing of ice crystals in the pores it too fast to be compensated by the diffusion 
process, resulting in a movement of chlorides inwards from the concrete surface. 

1.4 Conclusions and recommendations for future work  

This research project looks at the direct relationship between freeze-thaw cycles and chloride 
ingress, while attempting to minimise other possible interfering factors such as the surface 
scaling or internal cracking of concrete due to freeze-thaw loading. To certain extend the test 
setup and concrete qualities have helped minimise these effects. Furthermore, these results 
reflect a specific situation were concrete is continuously covered with water, not reflect the 
situation of most concrete structures. 

The multiple transport mechanisms are complex experiment because they combine capillary 
water uptake with diffusion at the same time, and overlaying these with the action of freeze-
thaw. The results provide an insight into possible interaction therefore it is important to 
observe the outcome of verified behaviour. It can be difficult to extract a full explanation 
without additional experiments; however, based on the limited tests and number of samples 
tested, the following conclusions can be drawn: 

- The water uptake for B52 is greater than B42, as would be expected due to the pore 
structure of these concretes; 

- Concrete samples subject to freeze-thaw cycles have a greater uptake of water than 
subject to pure ponding, suggesting that micro ice-lens pumping is active. This tendency is 
not observed for the freeze-thaw cycle with three and a half days; 

- No clear difference is noticed in the uptake of water by the intensity of the one day freeze-
thaw cycles (low negative temperature); 

- The B55 profiles all exhibit a characteristic drop of the chloride concentration on the 
surface. This can be attributed to the slight scaling that occurs and reduces the amount of 
cement paste on the concrete surface; 

- The depth and volume of B55 chloride profiles are greater than B42 chloride profiles, as 
result of the difference in concrete quality (water/binder ratios), and due to the greater uptake 
of water as a result of the freeze-thaw cycles. For the same concrete type, the one day 
freeze-thaw cycles profiles have similar values; 

- The results show a small difference between the ponding profiles and the freeze-thaw 
profiles. This is an unexpected finding as the water uptake is larger for the concretes with 
one day freeze-thaw cycles than with just ponding; 
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- The concretes subject to freeze-thaw cycles tests have higher chloride volumes at the 
surface compared to the chloride profiles of the concretes subject to ponding. This difference 
could result from the freeze-thaw pumping contribution to chloride ingress. Deeper in the 
concrete, the chloride profiles of the ponding specimens exhibit higher values indicating that 
the effect of diffusion is dominating. 

Aspects for future research include the study of binders with high chloride binding capacity, 
the study of concretes in which freeze-thaw damage occurs, and the study of concretes that 
are partially saturated.  
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2. Research topic – Limit state coupling for Service Life Design of 
concrete until cover cracking 

2.1 Introduction  

The service life design of reinforced concrete structures requires material models capable of 
reliably describing both mechanisms of damage and the general progression of damage over 
time. However, most models that are currently being used only capture the process of 
carbonation and chloride penetration into the uncracked concrete that is at the initial phase of 
degradation. Typically, these models disregard the actual damage, i.e. the corrosion of the 
reinforcing steel. As a result, the service life design established to date only considers the 
end of the initiation phase of the degradation process, i.e. the onset of damage (time of 
depassivation or onset of corrosion) as a critical limit state. The corrosion of the 
reinforcement and its consequences, i.e. the crack formation and spalling of concrete, are 
not considered, which may lead to a substantially shorter estimated service life of the 
structures.  

Comprehensive investigations were recently undertaken on the depassivation of steel 
reinforcement and on crack formation in concrete which have resulted in an analytical model 
for corrosion-induced cracking occurring in the surface zones of structural components.  

In practice, it has been observed that time de-pendent reliability models do not consider the 
causational relationship between serviceability limit states, dealing with each limit state 
independently. As an example, corrosion initiation and propagation are usually dealt with 
independently, ignoring the dependency between them. Commonly the propagation phase is 
ignored, i.e. considered to be on the safe side (conservative approach). This might stem from 
the lack of models, and confidence in models for this phase. As a consequence, design 
decisions based upon independent time-dependent reliability models will not produce optimal 
outcomes.  

In this research project, an attempt to bridge this gap is made with a basic methodology for 
the probabilistic determination of service life, combining both corrosion initiation and 
propagation phase models. The approach takes into account the time dependency of the 
individual phenomena, and the relationship between both phases. 

The quantitative prediction of the time to cracking is needed in the development of a holistic 
deterioration model for the prediction of service life. A probabilistic methodology is presented 
based on theoretical physical models for corrosion initiation and time from corrosion initiation 
to cracking of the concrete cover (time-to-cracking), and the causational relationship between 
them, i.e. time-to-cracking depends on the time to corrosion initiation. Based on the 
methodology, it is demonstrated how the models influence the estimated time to corrosion 
cracking considering both deterioration mechanisms involved. This approach helps to 
improve the prediction of durability for new or to define optimal repair strategies for existing 
concrete structures. The time from corrosion initiation to cracking of the concrete cover is a 
critical period for modelling the time to repair, rehabilitate, and replace RCS. 

This study’s goal is to develop a probabilistic design procedure which combines the 
calculation of two independent limit states for concrete deterioration: chloride induced 
corrosion initiation, and corrosion induced cracking of concrete. By combining the limit states, 
the outcome of the service life calculation is the probability of time to corrosion induced 
cracking, at any time starting after construction. 

The research presented here is part of an internal VTT project on Service Life Design and 
Ageing Management of Concrete Infrastructure. 
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2.2 Modelling – Reliability analysis for the combination of two limit states 

 A methodology is presented which contributes to the development of reliability-based 
approaches for the durability design and service life prediction of RCS that combines the 
probabilistic determination of two limit states (corrosion initiation and corrosion induced 
cracking) in a single analysis, thus removing the need for one of the limit states. 
By combining initiation with propagation until cracking, the combined service life covers the 
period from t = 0 until the time for the first crack with a width of a minimum of 0.05 mm to 
appear on the surface of the concrete.  
 
Assuming that corrosion is initiated at some time  for cracking to take place at time t the 
corrosion process has to have a duration of t -  Consequently, the combined probability 
distribution of the time of cracking is 

difiTtpftpif )()|()(,
 (1) 

where fi,p = probability of failure; fp(t) = PDF of the propagation model; and fi(t) = PDF of 
the initiation model. 
 
The start of corrosion propagation process depends on the corrosion initiation process, 
however the mechanisms that describe each of these processes are independent of each 
other. Therefore the modelling and computation of this distribution can be simplified by 
replacing the conditional PDF with corresponding marginal probability distribution:  

diftpftpif )()()(,
 (2) 

The model assumes chloride ingress starts at the time of construction (t = 0), and that the 
corrosion process starts when chloride has reached a critical threshold value at the depth of 
the reinforcement. Consequently,  

00)()( ttiftpf
 (3) 

allowing the integration interval to be shortened.  
 
For 0t  

d
t

iftpftpif
0

)()()(,
 (4) 

A consequence of this approach is that there is no need to establish a limit state requirement 
for corrosion initiation, and another for cracking. By combining the calculations, only one 
requirement for the outcome of both needs to be defined. Furthermore, the uncertainties 
related to both processes, as modelled in the PDF’s, are properly combined. 

2.3 Service life modelling 

The limit state function for time to corrosion initiation is defined by: 

0,0),( txCCtxg criti  (5) 

where gi (x,t) = limit state function for corrosion initiation; Ccrit = critical chloride content 
leading to depassivation [%/weight of cement or concrete]; and C(x,t) = chloride 
concentration at depth x and time t [%/weight of cement or concrete];  
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The limit state function for time to corrosion induced concrete cracking is given by: 

00),( corrcorrcrackp trtrtxg  (6) 

where gp (x,t) = limit state function for corrosion induced concrete cracking; rcorr = increase 
of rebar radius due to corrosion [mm]; rcrack = critical increase of rebar radius due to 
corrosion at time of cracking [mm]; tcorr = time of corrosion [years];  

2.3.1 Time to corrosion initiation 

The model used is based on the classical solution of Fick’s second law with semi-infinite 
boundary and constant surface concentration. This model includes a time dependent 
apparent diffusion coefficient, which takes into account the time of exposure to the source of 
chlorides and the loss of the diffusion coefficients ageing factor effect with time. The model is 
given by: 

tD

cc
erfCCCtxC

ap

S .2
1),( 00  (7)

t
t

k
tt

be
t
te

t
teD

D t
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0

11
0 11.exp1

1
 (8)

where C0 = initial chloride concentration in the concrete [%/weight of cement or concrete]; CS  
= surface chloride concentration [%/weight of cement or concrete]; c = concrete cover depth 
[m]; c = convection zone of the concrete cover depth [m]; Dap = apparent diffusion 
coefficient [m2/s]; D0 = diffusion coefficient at t0 [m2/s];  = ageing factor of diffusion 
coefficient [-];t0 = reference time [years]; te = time of exposure to chlorides [years]; t = life time 
[years]; treal = temperature of the water/air in contact with concrete [K]; tref = reference 
temperature [K]; be= Arrhenius slope [-]; kt = transfer parameter [-]. 

Although widely used, models based on Fick’s 2nd Law of diffusion have not have been 
calibrated for periods longer than 30 years and has several limitations and sources of 
uncertainty [7]. Equation 7 provides an estimate of the chloride profile for a specific period of 
exposure time. It is applicable for 1-D situations, and not suitable for small columns and 
beams, especially in the regions near the edges. The model also includes a number of 
implicit assumptions: CS is constant over time; and Dap varies with time and temperature 
only. 

2.3.2 Time from corrosion initiation to concrete cracking 

In order to describe the action S, which represents the propagation of corrosion, the increase 
of reinforcement bar (rebar) radius rcorr has to be defined. This increase is dependent on the 
time of corrosion and results from the reduction of the reinforcement bar radius due to 
corrosion in combination with the expansion of the occurred corrosion products (Eq. 9). The 
reduction of the rebar radius is based on the corrosion rate ẋcorr. The corrosion rate can be 
either determined experimentally or it can be calculated by means of models, such as that of 
[8]. The expansion factor, also known as volume ratio , is calculated by the quotient of the 
volume of rust and the volume of the steel [9].  

corrporcorrcorrcorrcorrcorr tdtxttr 1  (9) 

where rcorr = increase of rebar radius due to corrosion [mm]; ẋcorr = corrosion rate [mm/a];  
= volume ratio [-]; dpor = function to take account of rust migration into concrete pores [mm]. 
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Experimental investigations have shown that the initial radius increase of the corroding rebar 
is weakened by the migration of corrosion products into the surrounding voids and pores of 
the concrete. This results in a time delay of the development of corrosion induced stresses. 
Stress levels that are able to cause concrete cracking occur not until a certain saturation of 
the pores in the transition zone around the steel surface has taken place. By means of a 
continuous function (Eq. 10), which was derived based on physical considerations, the 
migration of rust into the concrete pores can be considered as: 

corr
tz

corrcorr
tzcorrpor t

dp
tx

dptd
1tanh  (10) 

where p = porosity of the transition zone accessible for corrosion products [-], valid 0 ≤ p < 1; 
dtz = thickness of the transition zone accessible for corrosion products [mm]. 
 
The action S (increase of rebar radius due to corrosion) encounters a resistance R that 
derives from the concrete surrounding the rebar. It can be defined as the critical increase of 
rebar radius due to corrosion at the time of cracking (see Eq. 11). This threshold value 
depends on concrete age, concrete properties, size and shape of rebar and concrete cover 
thickness. Its derivation is based on the linear elastic theory for a thick-walled cylinder 
assuming linear viscoelastic behaviour of the concrete [10]:  
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1/12
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where rcrack = critical increase of rebar radius due to corrosion at time of cracking [mm]; t = 
concrete age [a]; fct = tensile strength of concrete [MPa]; Ec,eff,D = effective modulus of 
elasticity of concrete [MPa] (influence of creep, relaxation and degradation, see [11];  = 
Poisson’s ratio of concrete [-]; ds = rebar diameter [mm]; c = concrete cover [mm]; knonlin = 
factor for consideration of plasticity and cracking of concrete [-]; klocal = factor for 
consideration of a localisation of corrosion (pitting corrosion) [-]; kμ = factor for consideration 
of percentage of reinforcement [-]. 
 
The model assumes that the corrosion instantly appears as uniform corrosion, covering the 
entire circumference of the reinforcement bar. A distinct pitting corrosion can be taken into 
account by assigning a value to the factor klocal. The complex time-dependent stress-induced 
deformation behaviour of concrete and its characteristic tension softening during cracking 
have a significant influence on the duration of the deterioration process. They are considered 
based on simplifying or adjunct functions, as e.g. the effective modulus of elasticity for 
concrete creep or the factor knonlin for taking into account the quasi-brittle cracking behaviour 
of concrete. For a detailed discussion of Equation 9-11 and further information on the factors 
knonlin, klocal and kμ including the development of the model based on elastic theory for a thick-
wall cylinder and its verification with experiments, see [10]. 

2.4 Main results 

To illustrate the procedure described in Section 2.2, service life calculations have been 
performed considering two distinct concrete qualities: a CEM I 42.5 N with w/b ratio 0.50, and 
a CEM III/A 42.5 R with w/b ratio 0.55. Both concretes have similar mechanical performance, 
but differ significantly from a chloride ingress perspective, where CEM III out performs CEM 
I. For each parameter, distribution type and values used are presented in Table 3 for the 
corrosion initiation model.  
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For the corrosion propagation model, two distinct corrosion rates were chosen to simulate a 
“fast” (3.0 A/cm2) and a “slow” corrosion process (0.3 A/cm2). Corrosion rate is defined by 
a lognormal distribution (CoV = 0.3) with an average value of 0.0035 mm/year and 0.035 
mm/year for “slow” and “fast” corrosion, respectively. The remaining parameters are 
presented in Table 3.  

Table 3.  Parameter values/distributions for time from corrosion initiation to concrete cracking 
calculation 

Parameter Units CEM I CEM III  Parameter Units CEM I CEM III 

Ccrit %/wt.c B[0.6, 0.15, 0.2, 2]  – C[2.1] 

C0 %/wt.c N[0.10, 0.005]  p – N[0.14,0.02] N[0.16,0.02] 

CS %/wt.c LN[2.50, 0.75]  dtz mm LN[0.18,0.05] LN[0.20,0.05] 

c mm LN[55.0, 10.0]  ds mm C[16.0] 

DRCM,0 
10-12 

∙m2/s LN[12.0,4.8] LN[4.5,1.8]  c mm LN[55.0, 10.0] 

kt – C[1.0]  fct(t) MPa N[3.10, 0.31] N[2.90, 0.29] 

be K N[4800, 500] 
 

Ec MPa N[29300, 
2000] 

N[28300, 
2000] 

Tref °C C[20.0]  – C[0.20] 

Treal °C C[20.0]  knonlin – C[2.3] 

n – 
B[0.3, 0.06, 

0.0, 1.0] 

B[0.45, 
0.09, 

0.0, 1.0] 
 klocal – C[0.70] 

t0 Years C[0.0767]  km – C[1.0] 
Distribution types: 
LN – lognormal; N –Normal; B – Beta; C - Constant 

D – C[0.0] 

– C[0.70] 

– C[0.80] 
 

The calculation of the limit states for both individual models was performed with a direct 
Monte Carlo simulation based on 5000 determinations for each time step. The results are 
presented in Figure 3a for corrosion initiation and in Figure 3b for corrosion propagation, for 
both “fast” and “slow” corrosion. 

The probability density function in Equation 4 was computed with trapezoidal numerical 
quadrature [12]. The results are presented in Figure 4a for corrosion initiation combined with 
“fast” corrosion propagation, and in Figure 4b for corrosion initiation combined with “slow” 
corrosion propagation. 
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Figure 3.  Probability of limit state failure for corrosion initiation (a), and corrosion propagation (b). 
Both CEM I and CEM III concretes are shown, as well as “fast” and “slow” corrosion processes.

Figure 4.  Probability of limit state failure for corrosion initiation and for corrosion initiation combined 
with corrosion propagation. In (a) the corrosion rate of the propagation model is “fast”, and in (b) 
the corrosion rate of the propagation model is “slow”.

The service life obtained by combining the two individual service life calculations depends on 
both the quality of concrete and the corrosion rate. However, the quality of concrete, mostly 
determining the time to corrosion initiation, dominates as it is the precursor for the corrosion 
propagation phase. 

Assuming a 10% probability for the limit state failure for corrosion initiation, it is normal to 
expect that the probability for the limit state failure for corrosion propagation should be lower 
since the consequences are more severe, and already damage inducing. The combination of 
both limit states should then be judged by the requirement for the second limit state since it is 
the phenomenon being observed, i.e. first cracking. A value of 7% is assumed for the limit 
state for corrosion propagation, for the sake of the following analyses.  

If considering a “slow” corrosion (see Figure 4b), the combination of the two limit states leads 
to an extension of the overall service life of the RCS of approx. 18 years, when compared 
with the limit state for corrosion initiation. If considering a “fast” corrosion rate (see Figure 
5a), an extension of 2 to 3 years in the service life is observed for a CEM I concrete. 
However, for the CEM III concrete, the combination of the two limit states results in a 
reduction of the overall service life of the RCS from 40 to 35 years.  

This result seems contradictory because the overall service life is shortened when compared 
with the service life of corrosion initiation. The calculation of the combined service life takes 
into account the probability of each limit state occurring simultaneously, which normal service 
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life calculations cannot account for. For a traditional service life calculation, the limit state of 
propagation is always an extension of the limit state of corrosion initiation. 

These results show that the choice of evaluation criteria for the limit state for corrosion 
initiation or for propagation cannot be chosen arbitrarily. It would be expected that a limit 
state for propagation results in an extension of the limit state of corrosion initiation. This 
raises questions regarding what are the values that should be used. Could the criteria differ 
based on the type of structural part, type and quality of concrete and environmental 
conditions? 

Cairns & Law (2003) suggest that the limit state for propagation could be identical to that of 
the initiation because the appearance of the first crack does not affect the mechanical 
performance of the RCS. In this case, a combination of limit states would always result in an 
extension of the service life of the RCS. 

There is currently not enough background information to understand the consequences of 
certain values, and while many values are being put forward based on those used in 
structural design they do not necessarily represent adequately the complexity of the 
deterioration mechanism and the economic consequences of limit state failure. However, the 
choice of limit state requirement is still relatively subjective. Could a lower reliability (higher 
probability of limit state failure) for cracking be considered? While the benefits for the service 
life design of new concrete structures, and for the remaining service life determination of 
existing structures, are apparent, the criteria by which the limit states are defined are not yet 
mature. 

2.5 Conclusions and recommendations for future work  

The research is defining a probabilistic design procedure which combines the calculation of 
two independent limit states for concrete deterioration: chloride induced corrosion initiation 
and corrosion induced cover cracking of concrete. By combining these two limit states, the 
outcome of the service life calculation is the probability of time to corrosion induced cracking, 
at any time starting after construction. The design procedure is exemplified with two qualities 
of concrete (CEM I and CEM III) and two corrosion rates (“slow” and “fast”). 

This study quantifies the impact that the propagation phase can have on the entire design 
service life of a RCS.  

While in the past propagation models have had limitations (empirical nature, assumptions, 
simplifications, difficult handling, etc.), which call into question the outcome of the modelling, 
now the certainty behind the modelling is renewed. This is based on a new analytical time-to-
cracking model [10] that allows for a realistic and quantitative description as well as a reliable 
prediction of the evolution of the damage process. 

As a consequence of the probabilistic design procedure, combining the limit states of 
corrosion initiation and propagation, there is a theoretical probability for cracking, starting 
already with the construction of the RCS. 

The results show that the outcome of the combined analysis depends on the criteria for limit 
state evaluation chosen for the service life determination. In the example presented, it is 
observed that the choice of a lower probability of failure for corrosion propagation than for 
corrosion initiation could result in a combined service life that is shorter than that determined 
only for corrosion initiation.  

The difficulty in this analysis resides in the definition of the limit state requirement (reliability 
index or probability of limit state failure). There is currently not enough background 
information to understand the consequences of certain values, and while many values are 
being put forward based on those used in structural design they do not necessarily represent 
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adequately the complexity of the deterioration mechanism and the economic consequences 
of limit state failure. 

Despite the necessary discussion regarding the requirements for service life determination, 
this approach improves modelling for the entire service life of a structure, enabling cost 
savings possibilities through the avoidance of unnecessary repair costs by an optimised 
timing of the repair measures. 
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1. In-situ condition assessment 

1.1 Assessment of Post-Tensioned Containment Structure 

Introduction 

Seismic Margin Assessment (SMA) was performed for a CANDU®16 plant to meet higher 
demand and new Floor Response Spectra (FRS) for the RB containment structure needed to be 
developed, which in addition to new seismic requirements should consider the condition of the 
RB structure including possible aging related degradation.  
Alkali Aggregate Reaction (AAR) was identified as applicable Aging Related Degradation 
Mechanism (ARDM) and investigation was performed in order to establish the means of 
accounting for AAR in the development of FRS for RB to be used in SMA work [3].   
As shown in Figure 1 and Figure 2, CANDU6 containment structure consists of a base slab, 
perimeter wall, ring beam and upper dome. These are all prestressed post-tensioned structural 
elements. The post-tensioning tendons are protected from corrosion with cement grout pumped 
into the sheaths.  

Figure 1 CANDU 6 Reactor Building Prestressed Containment Structure 

                                                           
1® Registered trademark of Atomic Energy of Canada Ltd. (AECL) used under exclusive license by Candu Energy 
Inc., a Member of the SNC-Lavalin Group. 
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Figure 2 General Arrangement of Pre-stressing Cables for CANDU 6 RB 

RB Condition

AAR was identified early in the life of one CANDU6  RB. The concrete inside the RB is kept 
under very dry condition (5-20% RH). Dousing tank located inside the lower dome (see Figure 
1) is lined from the inside with fiber reinforced epoxy liner to protect the concrete from water 
contained in the tank. The assessment of the dousing tank did not reveal any major problems 
with regards to the protective liner. The outside surface of the RB was protected from moisture 
by application of a sealant.  
At the time of assessment, there were no evidences of deterioration or changes in concrete 
properties of the RB structure due to AAR. Expansion of concrete is insignificant.  
Examined cores from the base slab and the dome of the RB showed signs of AAR, i.e. presence 
of gel and cracks through some aggregate particles. Two concrete cylinders (one from the dome 
and one from the base slab) were tested for expansion under 100% Relative Humidity (R.H.) and 
38°C. After about fifteen weeks, average annual expansion rates were of 0.014 % for the dome 
and 0.018% for the base slab. Expansion test carried out on a cylinder from the base slab 
submerged in Na2Oeq at 38 °C showed after 24 weeks an expansion of 0.15%. These tests are 
typically used for screening aggregates to determine their potential reactivity; however, these 
tests are not suitable to predict the expansion of actual structures. Expansion measured using 
vertical and horizontal extensometers installed in concrete of the actual RB structure was 
0.00287% for the wall, 0.0057% for the lower dome and 0.0014% for the foundation.  

AAR Effects on Properties of RB Structure 

In case of plain (unreinforced) concrete, expansion and cracking due to AAR adversely affect the 
tensile strength and, to a lesser extent, compression strength and modulus of elasticity. In 
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reinforced or prestressed concrete the effects of AAR are more complex. Unlike in case of plain 
concrete, where expansion due to AAR generates tensile stresses in concrete, in reinforced or 
prestressed concrete structures, the expansion generates tensile stresses in the reinforcing/ 
prestressing steel and compressive stresses in surrounding concrete.  
The total expansion due to AAR and its rate depend on type of structural member, degree of 
chemical reactivity, environment, and location and volume of reinforcement. Thus, distribution 
of AAR in a concrete structure is often highly variable, both with regard to appearance and 
intensity [4]. Considering variations in humidity and restrain conditions, expansion associated 
with AAR cannot be expected to be the same for different elements and even throughout the 
same elements of the RB.  
As discussed in [3], many experiments and investigations have indicated that the overall 
confinement by reinforcing/prestressing steel reduces the overall expansion. Expansion can be 
completely eliminated in the direction of the load for average stresses of about 5 MPa with 
accompanying decrease of the degrading influence of AAR on concrete’s mechanical properties.  
Prestressing forces measured after construction of the RB base slab were 3.5 MPa in vertical 
direction and 6 MPa in horizontal direction. Thus, even after consideration of long-term losses of 
the prestressing, it is unlikely that RB would expand in the circumferential direction, while only 
minor expansion might be possible in the vertical direction. 
Restraint also has implications on the interpretation of expansion tests of cores. Expansion of a 
core recovered from structure is dependent on restraint, which is relieved when core is extracted: 
the greater previous restraint to a core, the greater its subsequent expansion [5]. Thus, free 
expansion of 0.15% (1.5 mm/m) of the cylinder sample from the RB base slab submerged for 24 
weeks in Na2Oeq at 38°C does not provide an estimate on the future expansion of the RB. 
Experiments discussed in [3] have shown that tensile strength and modulus of elasticity in 
reinforced concrete are more affected by AAR than compressive strength. To determine 
conservative value for the modulus of elasticity to be used for seismic calculations for the RB, 
results of accelerated laboratory studies as well as testing of cores from AAR affected structures 
were reviewed and plotted Figure 3 showing practically no decrease in modulus of elasticity for 
expansions below 0.1%. 
Based on this investigation and considering geometry and the condition of the post-tensioned 
RB, no change in modulus of elasticity to account for AAR was considered necessary for 
generation of seismic FRS. It was considered prudent to include a possible reduction in modulus 
of elasticity of about 15% in order to account for possible local variations in material 
characteristics, environment of exposure, and chemical reactivity.  
Measured compressive strength of the RB concrete (51 MPa) was higher than the strength used 
in original design calculations (35 MPa). Thus, an increase in the modulus of elasticity also was 
to be considered for seismic FRS generation for RB for life extension.  
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Figure 3 Effect of Expansion due to AAR on Elastic Modulus  

1.2 Assessment of Dry Fuel Waste Storage Structures  
The Spent Fuel Dry Storage Facilities were designed to provide safe, economical, reliable, and 
retrievable interim storage for spent fuel [2]. The facility consists of reinforced concrete canisters 
containing steel cylinders supported on reinforced concrete slabs. 
Pattern cracking was observed during inspection of the concrete canisters at one of the sites 
(Figure 4). An investigation of the canisters was performed to determine the cause and extent of 
cracking to develop a repair scheme was undertaken including the following activities: 
 A condition survey of canisters; 
 Non-destructive tests: Impact Echo, Ground Penetrating Radar (GPR), impact hammer, and 

half-cell potential; and 
 Laboratory testing of extracted cores, including compressive strength and density tests, as 

well as petrographic analysis. 

Figure 4 Close up View of Typical Cracking Pattern on the Outside Surface of Concrete 
Canisters 
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Impact Echo and GPR 

The impact echo survey was conducted at forty-two locations evenly spaced around the canister 
and along its length. All impact echo tests showed similar results. Figure 5 shows an example of 
the type of signal obtained. Invariably there was a very large peak around 7 kHz. In addition, 
some tests showed very minor peaks around 15 kHz and at 1 to 1.5 kHz. To analyse the probable 
location of these reflected signals, calculations were made of the expected frequencies from 
known design details within the canisters.  

Figure 5 Example of Impact Echo Signal in Canister 
The wave speed assumed based on the testing of cores extracted from the canisters did not 
provide a good fit for the data. It appeared that the surface cracking observed in some of the core 
tests have propagated to the outer reinforcing steel. Cracking of the concrete cover re-directs the 
stress wave, significantly reducing their speed and, combined with the large diameter and tightly 
spaced reinforcing steel that absorb the majority of the wave energy, has the effect of slowing the 
impact echo stress waves in that region. Thus, analysis was performed considering attenuation of 
signal waves due to the observed cracking in the outer layer of the concrete.   
Based on the analysis, the 7 to 7.5 kHz peak was from the outer reinforcing steel, while minor 
peaks at 1 to 1.5 kHz were reflections from the inside steel cylinder or inside reinforcing cage. 
The minor peaks around 15 kHz were from the cracks in the concrete cover. There were no 
significant peaks noted between 7 kHz and 1.5 kHz, which indicated the absence of internal 
defects or flaws beyond the level of the outer reinforcing steel. 
Another possible interpretation of the dominant peak frequency result of 7.5 kHz, which was 
considered, is that there is a crack at approximately 230 mm inside the concrete. This
interpretation was considered improbable since it is unlikely for the crack to be present at exactly 
the same location in each of the tested canisters. However, it was prudent to include alternative 
technique (i.e. GPR scans) to rule out the existence of anomaly at that location. A limited 
number of GPR scans were conducted. The GPR survey showed a very tight pattern of 
reinforcing steel in the outer reinforcing cage, but did not show any indication of deterioration in 
the main body of the concrete (see Figure 6).  
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Figure 6 Horizontal GPR Scan of Canister

Field Investigation and Coring 

In order to avoid cutting of the reinforcement while extracting core samples, a PROCEQ 
Profometer 5 rebar locater was used to scan the reinforcement. It was determined that the 
concrete cover as well as the spacing of the reinforcing bars was not uniform. Concrete core 
samples measuring 76 mm in diameter and 200 mm in length were recovered for testing. A few 
samples of smaller length were recovered to provide access to the reinforcement to perform half-
cell potential survey. 
A half-cell potential survey was conducted in accordance with ASTM C876. A total of 42 
measurement points were used to produce the equipotential maps. Areas where potential is less 
negative than –0.1V are shown as shaded. However, according to test method ASTM C876, 
values that are less negative than –0.20V have a greater than 90% probability that no corrosion is 
present. It is not until the readings are more negative than –0.35V, that corrosion is likely. Thus, 
the results of the half-cell potential testing showed that corrosion was not occurring in any of the 
canisters tested. However, it is interesting to point out that although corrosion was of no concern 
at the time of assessment, the probability of corrosion was higher in the tested canister that does 
not contain spent fuel.  The heat from the fuel in the canisters most likely  helps reduce the 
moisture content in the concrete, which has the effect of limiting one of the principal factors 
controlling the potential for corrosion. 
An impact hammer survey indicated that there was no significant difference in the quality of the 
concrete cover as variability of results was low. The rebound numbers were very high exceeding 
the normal range for the instrument. 

Laboratory Analysis of Cores 

Typical cracking on the surface of the concrete ranged in width from 0.1 to 0.25 mm and 
extended through the cores in most cases to approximately 50 percent of the core length. In some 
cases, deposition of secondary mineralization on the surface of the canisters at crack locations 
was observed. Efflorescence was observed in many cases below the crack. Although the pattern 
of cracking and leaching deposits often associated with Alkali Aggregate Reaction (AAR) were 
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observed on most canisters, petrographic examination did not reveal features typically associated 
with AAR. 
Visual inspection of cores revealed uneven gradation of the coarse aggregate in the concrete 
cover. The values for compressive strength and density of the cores averaged at about 77 MPa 
and 2513 kg/m3 respectively. An air void system analysis was performed in accordance with 
ASTM C 457. Results showed that for a few of the tested canisters, the air void system of the 
outer concrete did not satisfy the requirements for minimum air content and maximum spacing 
factor of voids as was stated in the CSA A23.1. However, based on the construction records, 
adequate air content was present in the concrete when delivered to the site. Petrographic 
examination of cores revealed varying degrees of segregation of the coarse aggregate in the outer 
layer.  
Based on these observations, it is likely that placement / consolidation techniques used to place 
the concrete between the outer ring of reinforcing steel and the exterior forms, combined with 
large size of the coarse aggregate and dense reinforcement layout resulted in significant 
disruption of the proportioning of the concrete. As a result, an outer layer of concrete was 
depleted with respect to coarse aggregate and did not have a proper air void system. However, 
this did not appear to have negatively impacted the field performance of the concrete, as 
widespread signs of degradation associated with the freeze-thaw failure were not present.  

Results of the Investigation 

Based on results of the investigation, it was concluded that the nature and extent of cracking did 
not compromise the structural integrity of the canisters. Cracks were mostly shallow and strength 
and density of the tested cores exceeded design values of 28 MPa and 2368 kg/m3 respectively.  
The distribution and character of the cracking suggests they are principally the result of factors 
such as restrained drying shrinkage and thermal effects, enhanced by the geometry of the 
structures and construction practices used. Although efforts were taken to reduce the effects of 
thermal stresses developed during the hydration of such large masses of concrete mostly by using 
low heat of hydration cement, the impact of temperature differentials on the concrete canisters is 
important when considering that canisters were constructed in cold weather conditions.  
Although cracking has had little effect on the performance of the canisters and quality of 
concrete, the long term integrity of the structures might be jeopardized as the existing crack 
network acts as conduits for moisture movement into the interior of the concrete, which is 
evident by the widespread occurrence of leaching on the exterior of the canisters. Thus, it was 
recommended to protect the canisters from further deterioration by preventing the moisture from 
penetrating the canisters (refer to Section 7.2). 
It proved useful to combine a few methods to perform evaluation of the spent fuel dry storage 
structures. This was necessary when establishing the base line condition of the existing structure. 
Subsequent periodic examinations will then be performed by means of visual inspection, if the 
structure is accessible. Non-destructive testing and laboratory analysis of extracted samples may 
be performed if warranted based on results of visual inspection. 
Laboratory analyses of the cores extracted from the structures provided very valuable 
information as to the composition of concrete, quality of the air-void system, indications of the 
chemical reactions, and propagation and characterization of cracks. However, this information is 
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limited mostly to the outer layer of concrete.  Also, it might not always be practical to extract 
samples if radiation doses are high. 
To investigate thick walled concrete structures with dense reinforcement, it may be beneficial to 
map the reinforcement using a GPR survey. Based on this information, the impact echo test can 
be carefully positioned to avoid as many layers of the reinforcement as possible in order to 
increase the impact energy beyond the level of the outer reinforcing steel. Optimum spacing for 
the impact echo tests should be chosen to provide reliable information related to the internal 
condition of the structure. 

2. Structural repair 

2.1 Gentilly 1 Ring Beam Repair 

Introduction 
Gentilly-1, a permanently shutdown CANDU 250 MWe Nuclear Power Plant and is currently in 
the Storage With Surveillance (SWS) phase. At approximately 30 years old it underwent repair 
of the prestressed containment concrete ring beam as briefly described below[1]. In order to meet 
SWS phase requirements of maintaining the structure, and to assess the long-term performance 
of the first Glass Fibre Reinforced Polymer (GFRP) repaired CANDU structure, an 
instrumentation and monitoring program was implemented. 

Description of Repair Work 

Gentilly-1 was designed in 1960s and went into operation in 1972. It is currently in a safe 
shutdown state, which is referred to as Storage with Surveillance (SWS) phase. The objective of 
this phase is to maintain integrity of the structure to allow for decay of radioactive materials.   
During visual inspection of the Gentilly-1 containment structure in the 1990s, deterioration in the 
form of cracking, spalling and delamination of concrete was observed predominantly in the ring 
beam. An evaluation of the structure to determine the cause and extent of deterioration consisted 
of the following activities: 

 non-destructive tests and laboratory analysis of concrete cores; 
 overcore concrete stress measurements; and 
 in-situ stress measurement and inspection of post tensioned cables. 

In the areas of post-tensioning anchorages, concrete serves mainly a secondary function of 
protecting anchorage heads from corrosion. Despite the very poor concrete quality of the 
concrete in the post-tensioned recesses, the anchorage heads were in a reasonably good 
condition. Deterioration was mainly due to Alkali Aggregate Reaction (AAR).  
To minimize future expansion due to AAR and to protect reinforcing and prestressing steel from 
corrosion, water ingress had to be prevented. Deteriorated concrete of the ring beam was 
replaced using cement based grout material. Subsequently, GFRP sheets were applied using the 
pattern shown in Figure 7. Prequalifying work was carried out to test the repair method prior to 
application. Figure 8 shows condition of the ring beam before and after repair. 
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Figure 7 Application Pattern of GFRP sheets to the Ring Beam 

a) Before repair b) After repair

Figure 8 Ring Beam Before and After Repair

To monitor the ring beam in order to provide assurance of structural integrity and to investigate 
suitability of instruments for long-term monitoring, instrumentation was installed inside and 
outside of the repair. The instrumentation consisted of the Vibrating Wire Strain Gauges 
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(VWSG) and Fiber Optic Sensors (FOS). Readings were taken during concrete pouring and 
hydration. Monitoring is performed by assessing data collected semi-annually using VWSG.  
Strain is small and is mostly due to temperature variations throughout the year.  

2.2 Repair of Dry Fuel Waste Storage Structures 
The Spent Fuel Dry Storage Facilities were designed to provide safe, economical, reliable, and 
retrievable interim storage for spent fuel. The facility consists of reinforced concrete canisters 
containing steel cylinders supported on reinforced concrete slabs. Pattern cracking was observed 
during inspection of the concrete canisters at one of the sites (Figure 4) and assessment was 
undertaking to determine cause and extent of cracking as described in Section 5.2.
Weatherproofing work was undertaken in 2010 to protect the canisters from further deterioration 
and consisted of the following components [2]: 

 Weatherproofing of the canisters; 
 Weatherproofing of the base slabs; 
 Replacing the joint sealants in the joints between the base slabs; and 
 Repainting the weather caps on the canisters. 

The amount and nature of cracking in the canisters’ surfaces was such that it was not feasible to 
repair them individually. Therefore the approach for surface treatment of the canisters was 
considered.  
The original concept to weatherproof the canisters involved the use of the crystalline material 
(Xypex) that was supposed to create a crystalline structure deep within the pores and capillary 
tracts of the concrete mass to prevent penetration of water and aggressive chemicals. 
This concept was considered superior to the coating or membrane solution as crystalline material 
supposedly becomes an integral part of the structures, thus not requiring reapplication. However, 
issues were encountered with this approach and were attributed to a variety of factors including 
surface preparation and curing of the material.  
The coating system for waterproofing of the canisters consisted of a primer and two coats of 
Thorolastic by BASF. Such a system, when properly applied, has a proven field record (i.e., has 
been performing well in a similar application for the period of over 10 years). Improvements for 
the surface preparation (pressure washing using higher water pressure or sand blasting) were 
implemented. Large voids in the concrete were repaired with a compatible material (Gel Patch 
by BASF) prior to application of the coating system.  
Quality control / quality assurance activities were implemented for this application. A few test 
patches were prepared to confirm surface preparation and application method (Figure 7).
Measurements of the wet film thickness during application of the coating are shown in Figure 10.
X-cut test was performed following requirements of ASTM D3359 to confirm adhesion thus 
qualifying surface preparation and curing (Figure 11).  
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Figure 9 Test Patch 

Figure 10 Measuring Wet Film Thickness 

Figure 11 X-cut Test  
Deterioration at the bottom of the canisters shown in Figure 12 was repaired using Gel Patch by 
BASF and sealed with a “cant-bead” of NP1 by BASF (single component polyurethane sealant).  
Flexible joint sealant SL2 by BASF was installed between the base slabs treated with Enviroseal 
40 to provide waterproofing (Figure 13). Repaired canisters shown in Figure 14 are performing 
well after nearly three years since weatherproofing. 
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Figure 12 Deterioration at the Bottom of the Canister  

Figure 13 Base Slab (before and after repair) 

Figure 14 Repaired Canisters 
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1) Introduction

FHWA Mission 
“The Federal Highway Administration (FHWA) provides stewardship over the construction, maintenance, 
and preservation of the Nation’s highways, bridges, and tunnels.  FHWA also conducts research and 
provides technical assistance to state and local agencies in an effort to improve safety, mobility, and 
livability, and to encourage innovation …” This is from the main Webpage of the FHWA – 
http://www.fhwa.dot.gov/ – which links to much information concerning the US highway system and 
current technical and engineering information about its construction, management, and repair.  It must 
be pointed out that the vast majority of the system is built and maintained by various State departments 
of transportation (DOTs) or by other local agencies within a region.  These agencies generally develop 
their own specifications, methods of quality assurance, and in-service assessment methods linking to 
asset management, repair, and rehabilitation when needed.  The FHWA through Division Offices in each 
State works with these agencies to champion high quality specifications and construction to assure that 
monies expended on highway infrastructure is spent wisely.  The only direct FHWA construction and 
maintenance is a fairly small percentage on various federal lands such as National Parks or National 
Forests.  Also from the website – “FHWA is an agency within the U.S. Department of Transportation 
(DOT) that supports State and local governments in the design, construction, and maintenance of the 
Nation’s highway system (Federal Aid Highway Program) and various federally and tribal owned lands 
(Federal Lands Highway Program).  Through financial and technical assistance to State and local 
governments, the FHWA is responsible for ensuring that America’s roads and highways continue to be 
among the safest and most technologically sound in the world.” 

Concrete in Highways 
Concrete is used for highway pavement construction and also for the construction of many highway 
structures ranging from reinforced concrete box culverts, concrete foundations, highway bridges and 
tunnels, and for pre-stressed and post-tensioned girders used in many major US bridges.  It is for this 
reason that proper design, and quality materials and construction is emphasized throughout the 
program to optimize the service life and sustainability of pavements and structures which are expected 
to serve the public for many decades without major rehabilitation.  Concrete deterioration when it does 
occur must be evaluated from both a serviceability and safety standpoint.  Unexpected early concrete 
deterioration is evaluated through various non-destructive and forensic test methods and evaluation 
techniques to determine what caused the problem, how it can be prevented in the future, and what 
repair/rehabilitation techniques might be used to correct the issue.  Far more common is concrete 
deterioration after long-time service where the design life has often been exceeded, but now – because 
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of factors such as cracking due to fatigue under traffic or corrosion of steel reinforcing after decades of 
service in a cold weather region where deicing chemicals have accelerated the process – the concrete 
has become weakened and made it more vulnerable to other modes of deterioration. 
 
Management of concrete highway pavements and bridges is quite different from the management of 
aging concrete nuclear facilities in many ways.  Some of the deterioration mechanisms are the same, but 
perhaps the emphasis is different.  In the highway industry corrosion of steel reinforcement and tendons 
is a critical issue requiring frequent inspection and evaluation.  In cold weather locations and along sea 
coasts chlorides can enter concrete structures through pores, cracks, and openings thus threatening the 
steel reinforcing and other embedments.  Care must also be taken to restrict chloride levels in concrete 
materials wherever steel is used in concrete.  Abnormal volume change of concrete – either high 
shrinkage or swelling – can also cause deterioration through cracking and disruption.  Alkali Silica 
Reaction (ASR) is a serious issue in some areas of the country and with certain susceptible aggregates 
where volume increase and cracking of the concrete can lead to reduced service life and to the entrance 
of water and chemicals that can speed freezing and thawing damage, chemical attack, and corrosion of 
steel.  FHWA has recently completed research and deployment of advanced technology in preventing, 
mitigating, and extending the life of some affected pavements and structures.  The other type of Alkali 
Aggregate Reaction (AAR) known as Alkali Carbonate Reaction (ACR) has been recognized in a few 
pavements and structures in the US – but its known occurrence is much lower than that of ASR.  And in a 
few cases suspected ACR has been found to be ASR.  More research is needed in that area.  Most all 
concrete in the US is air-entrained to provide protection of the paste and mortar from freezing and 
thawing damage in cold weather areas.  That along with the use of a quality water to cementitious 
materials ratio (w/cm) and quality aggregates generally assures durable concrete.  However there are 
some lingering issues where research is advancing technology to improve concrete performance – such 
as the understanding of how de-icing chemicals attack the cement paste matrix and the newly 
discovered advantages of internal curing in addressing early volume change and cracking. 
 
FHWA Offices and Research 
FHWA’s highway infrastructure program (Office of Infrastructure, Washington, DC) and research offices 
(Office of Infrastructure R&D, TFHRC, McLean, VA) are structured – so that proper emphasis and 
expertise can address both the pavements and structures areas: 
 

 For Concrete Pavements 
o The Washington Headquarters policy/program office provides policy, training, 

technology, and deployment to State DOTs and FHWA Division Offices as well.  FHWA 
engineers work with the American Association of State Highway and Transportation 
Officials (AASHTO) Subcommittee on Materials providing standards used by the State 
highway agencies: specifications; test methods; and practices for the design and 
evaluation of pavement materials and structures, and some bridge materials as well.  
FHWA is moving more to performance requirements rather than prescriptive solutions – 
and the emphasis on the management of assets to perform effective evaluation and 
repairs as needed to extend the useful life for pavements and structures. 

o Research on concrete pavements and concrete materials and forensics services are 
provided through TFHRC both at the laboratories at McLean Virginia or by contract or 
agreement with universities and others through such programs as the Exploratory 
Advanced Research (EAR) Program.  Concrete and aggregate petrography, as well as 
forensic chemical evaluations, are essential tools at TFHRC.  Research is also conducted 
through the Transportation Pooled Fund (TPF) Program where research directed by the 
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States can use pooled federal funds in cooperation with FHWA to address critical issues.  
Additionally the Transportation Research Board (TRB) and the National Cooperative 
Highway Research Program (NCHRP) conduct research which is monitored by FHWA.   
 

 For Concrete Structures 
o The Washington Headquarters bridge and structures policy/program office again 

provides policy, training, technology, and deployment to State DOTs and FHWA Division 
Offices.  And FHWA bridge, structures, geotech, and hydraulic engineers work with 
AASHTO committees to develop structures design, inspection, and evaluation practices 
that are used throughout the nation.  Of particular note is the coordinated use of the 
AASHTO Load and Resistance Factor Design (LRFD) Specification for the design of 
bridges in the US. 

o Research on concrete bridges, materials, and structural elements are again conducted 
through TFHRC both at the laboratories at McLean Virginia or by contract or cooperative 
agreement with universities and other researchers.  The major areas of research include 
cast-in-place and pre-cast structural elements and their performance under traffic 
loadings and environmental exposure, inspection and Non-Destructive Evaluation (NDE) 
methods, geotech and hydraulics research for structures.  Again major additional 
research is conducted through the TPF program and through TRB and the NCHRP 
program as well.  There is a wealth of information about current and past research 
maintained by the on-line reference systems of the TRB and also at the TFHRC research 
library, which can help locate relevant research pertaining to concrete materials and 
structures alike. 

 
In addition to Headquarters and Research offices the FHWA maintains a Resource Center with 
pavement, materials, and structures experts who work directly with State FHWA Divisions and State 
DOTs in providing technology, education, and system reviews that help advance the quality of concrete 
construction and evaluation throughout the highway system. 
 
Modes of Deterioration (Kind of concrete pathology/degradation mechanisms studied.) 
For concrete pavements and bridges the principal concrete pathology/degradation mechanisms that are 
researched (aside from traffic-related loadings and severe events such as earthquakes, flooding, 
weather events, and crashes) relate to the following mechanisms, often termed Materials Related 
Deterioration (MRD), and which are considered globally in publication FHWA-RD-01-163 “Guidelines for 
Detection, Analysis, and Treatment of Materials-Related Distress in Concrete Pavements” – and these 
same mechanisms affect structures as well – with corrosion of steel of critical importance for structures: 
 

 Freeze-Thaw Deterioration of Hardened Cement Paste (Surface or deep-seated deterioration 
where the paste phase becomes critically saturated and damaged during freezing by water in 
the pores, most often related to an inadequate entrained air-void system and/or a poor quality 
mixture where too much water has been used in the cementitious mixture.) 
 

 Deicer Scaling/Deterioration (This is a concrete surface and joint phenomena due to 
applications of deicing chemicals combined often with traffic wear during freezing weather, and 
often exacerbated by poor finishing and/or curing of surfaces that leaves a weakened paste or 
mortar layer on or near surface or joints.  Again inadequate air-void systems and poor quality 
cementitious mixtures can cause scaling as well as cracking parallel to surfaces and joints.  
Deicing chemicals can also accumulate in joints and cracks – attracting excess moisture and in 
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some cases fostering chemical and crystal-growth volume changes due to phase changes in the 
near-surface pore systems and causing gradual sloughing off and then cracking and spalling 
deeper into the concrete with time.) 
 

 Freeze-Thaw Deterioration of Aggregate (This is mainly an issue of porous coarse aggregates 
that are not freeze-thaw durable, where capillary absorption of water can lead to the gradual 
critical saturation of internal aggregate pores causing expansion and deterioration upon freezing 
of aggregate particles.  If the susceptible coarse aggregates represent only a small percentage, 
surface pop-outs may be the only result – but if more of the coarse aggregate cracks the 
concrete deteriorates generally from the perennial moist surfaces inward, called “D-Cracking”) 
 

 Alkali-Silica Reactivity (ASR) – This is a very important concrete materials selection and mixture 
design issue.  Older structures that have undergone ASR generally will have a reduced life span 
and require more repairs.  Affected pavements are usually overlaid with asphalt to improve 
rideability or are eventually replaced with new pavement.  Structural elements in bridges that 
stay moist such as foundations, abutments, piers, and columns in contact with the ground or 
water are more prone to ASR.  Historically in the highway industry low alkali cement was 
specified to avoid ASR, but with time it was discovered that some mixtures still did react.  And 
also due to changes in air pollution controls on portland cement manufacture the production of 
low alkali cement has become more limited.  Many aggregates are potentially reactive if the 
alkali level in the mixture is high enough, and in many areas the ruling-out of all potentially 
reactive aggregates is not feasible.  This has led to the specification and use of substantial 
quantities of Supplementary Cementitious Materials (SCMs) such as fly ash and ground slag, the 
use of ternary blends, and/or the use of manufactured blended cements.  Today most concrete 
used in structures and pavements contains this type of mitigation, and most all agencies require 
evaluation of materials and/or concrete mixtures to reduce the risk of ASR.  Much of the FHWA 
research, education, and deployment activities are on the FHWA ASR Website – 
http://www.fhwa.dot.gov/pavement/concrete/asr.cfm – and the FHWA AAR Workshop 
Reference Manual – http://www.fhwa.dot.gov/pavement/concrete/asr/pubs/reference.pdf – 
other references will be included at the end. 
 

 Alkali-Carbonate Reactivity (ACR) – As indicated before ACR is a much more rare form of AAR, 
and in some cases suspected ACR has been found to be ASR.  The general approach is to rule-out 
dolomitic limestones that have the characteristic texture that has been said to cause ACR.  
FHWA-TFHRC has been doing some research in this area to see how many cases of suspected 
ACR may actually be ASR caused by hard to identify siliceous inclusions in dolomite or limestone. 
 

 External Sulfate Attack (ESA) – Concrete exposed to high sulfate concentrations in ground or 
surface waters can be vulnerable to chemical attack.  This is not a common occurrence, but 
when sulfate exposure is present the selection of cement and SCM is usually channeled into 
those combinations that have been shown to resist sulfates.  Also the quality level of the 
concrete is governed by more stringent w/cm specifications or the performance of cementitious 
combinations in laboratory sulfate exposure testing.  For quality highway concrete exposed in 
sulfate soils the deterioration is often worse just above the soil in the evaporation zone where 
drying pore solutions containing soluble salts cause crystallization growth pressures, called 
physical salt attack. 
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 Internal Sulfate Attack (ISA) and Delayed Ettringite Formation (DEF) – In rare instances 
aggregates may contain sulfates that can react with cement constituents.  Some specifications 
limit the sulfates in aggregates or other non-cement constituents.  DEF is a mode of 
deterioration linked to high concrete temperature during curing of the concrete.  It has been 
identified in some foundations and structural elements where the expansion of the cement 
paste away from aggregates has been linked to microscopic growth of sulfate residual in the 
matrix.  This is a concern with mass concrete or structural elements with higher cement 
contents that will exceed a specified temperature in the interior, such as 70C (160F.)  Mixtures 
should be developed and placed so that the temperature in the concrete is kept lower than the 
limit. 
 

 Corrosion of Embedded Steel (This is a critical durability and sustainability issue to be addressed 
in the design and materials selected for reinforced and pre- and post-tensioned structural 
concrete elements.)  Steel in concrete can be a deleterious material if it is not properly 
protected from corrosion.  And with the increased emphasis on designing structures to last 50 to 
100 years it becomes a daunting objective.  Some agencies are using more stainless steel in 
critical structural locations as well as researching how non-corrosive reinforcing, such a Fiber-
Reinforced Polymers (FRP) can be used to extend service life while maintaining economy and 
serviceability.  Much of the serious environmental degradation of structural concrete on the 
highway system is attributable to the corrosion of steel, and it is often the reason for bridge-
deck replacements and other major structural rehabilitations and replacements.  Pavement can 
be built without steel in the concrete, such as jointed plain concrete pavement – but for those 
trafficked by heavy trucks the mode of failure is often at joints or transverse cracks where the 
wheel loads going from one slab to the next cause deflection, faulting, and ultimate joint 
deterioration.  Steel dowels (some use epoxy coated dowels) have been the preferred strategy 
for joint load transfer in many States using jointed concrete pavements, but many now desire to 
increase the performance and design life of pavements to beyond the 20-30 year level.  Thicker 
pavements and better base layers are used, but corrosion of the dowel bars and joint 
deterioration may become the weak link.  Some are using other options such as stainless steel 
dowel bars, clad dowel bars, and some are also researching the use of FRP dowel bars.  A few 
States extensively use Continuously-Reinforced Concrete Pavement (CRCP) where the steel has 
more cover than structures – often at mid-depth of the slab.  And sometimes epoxy coating is 
used in northern regions to increase the time to corrosion.  However, eventually chloride will 
reach the steel causing corrosion and delamination – about 40 years in one case.  A few research 
sections with FRP CRCP have been installed with few conclusions to date. 
 

 Corrosion of Post-Tensioned (PT) Tendons and Grouting Issues – Recently serious cases of 
corrosion of steel tendons in ducts have been identified in major bridges and are being 
researched.  In some cases tendons or cables in cable-stayed bridges have been replaced due to 
corrosion.  Grouting issues have included cases of incomplete filling of conduits or encapsulation 
of the tendons, soft grout areas, segregation in grouts, and the discovery of high chloride levels 
in some pre-packaged grouts recently installed in new bridges.  Research and monitoring is on-
going to understand the extent of the issue and how to eliminate these problems in the future.  
See FHWA-HRT-13-028 Report – Guidelines for Sampling, Assessing, and Restoring Defective 
Grout in Prestressed Concrete Bridge Post-Tensioning Ducts.  PT tendons are used often in 
concrete bridges; they can be susceptible to corrosion due to grouting voids and segregation or 
due to the presence of increased chlorides in grout materials or intrusion from winter de-icing 
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chemicals.  “This study was performed to provide bridge owners with a practical protocol for 
inspecting, sampling, analyzing, evaluating, and responding to bridge grout concerns.” 
 

2) Material Testing 
 
 
State Highway Agencies 
The various State Highway Agencies (SHAs) have their own Standard Specification Books which cover 
concrete materials, mixture design, mixture evaluation, placement, and reference the required testing 
methods.  They also typically have an inspection manual and required materials sampling schedule as 
well.  Testing methods for concrete materials qualification, Quality Assurance and Quality Control 
(QA/QC), and project acceptance tests are often AASHTO, ASTM, or specific State DOT developed test 
methods.  The “ACI 211.1 Standard Practice for Selecting Proportions for Normal, Heavyweight, and 
Mass Concrete” is often used for selecting proportions for concrete, or the agency may have its own 
proportioning practices, which can take into account aggregate gradings and the selection of 
cementitious materials based on the perceived risk of Alkali Silica Reaction (ASR), other durability risk 
factors, and which may be different for concrete pavements and concrete structures.  Research is on-
going to look at how concrete materials combinations are evaluated for strength, for transmission 
properties of chlorides and other deleterious ions, for the risk of ASR reactivity, and evaluated to make 
sure a proper entrained air-void structure is produced for freezing and thawing durability.  Each agency 
has its own set of specification, construction, and acceptance tools which have been reviewed by the 
FHWA.  In addition many cities, counties, and other construction authorities in the State will use the 
State DOT specifications as the basis for their construction.  Exceptions to this can be major structures or 
projects where a consulting firm has developed the design and plans, for example, the construction of a 
major bridge or tunnel.  In that case alternative specifications or test methods may be applied to meet 
specific goals.   
 
Evaluation of Materials 
Of particular importance is testing and evaluating potential materials and mixture combinations for 
concrete pavements and structures: 

 Fine and Coarse Aggregate for grading, ASR, ACR (dolomitic limestones), sometimes chloride 
content, and freeze-thaw durability for coarse aggregate.  There are now two comprehensive 
guides for reducing the risk of ASR and the agencies and consultants are beginning to use these 
in selecting combinations of materials and proportions for concrete in highways and 
transportation; they also invoke other materials tests in AASHTO and ASTM for the evaluation: 

o AASHTO PP 65-11 “Determining the Reactivity of Concrete Aggregates and Selecting 
Appropriate Measures for Preventing Deleterious Expansion in New Concrete 
Construction” 

o ASTM C 1778-14 "Standard Guide For Reducing the Risk of Deleterious Alkali-Aggregate 
Reaction in Concrete” 

o C1567 – 11 Method for Determining the Potential Alkali-Silica Reactivity of 
Combinations of Cementitious Materials and Aggregate (Accelerated Mortar-Bar 
Method) 

 
 Properties of Cementitious Materials for projected strength development rate and 

conformance with specifications.  For mass concrete, prestressed concrete, and other high 
performance concretes – other tests such as chloride content if corrosion might be a factor and 
heat of hydration to avoid high temperatures that may cause cracking due to volume change 
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and to keep internal concrete temperatures below the level where Delayed Ettringite Formation 
(DEF) might be a durability factor.  Research into early hydration rates and temperature 
development is being accomplished at TFHRC using calorimetry of pastes, mortar, and concrete.  
Also calorimetry is used regularly by admixture and cement suppliers to quantify cement-
admixture interactions.  ASTM C1679-14 Practice for Measuring Hydration Kinetics of Hydraulic 
Cementitious Mixtures Using Isothermal Calorimetry is used, and new methods are being 
researched for Evaluating Early Hydration of Hydraulic Cementitious Mixtures Using Thermal 
Measurements.  One FHWA Exploratory Advanced Research (EAR) project at Purdue explored 
“Greatly Increased Use of Fly Ash in Hydraulic Cement Concrete for Pavement Layers and 
Transportation Structures” including evaluation improvements in hydration and reduced 
cracking with Internal Curing (IC.) 
 

 Admixtures for concrete to assure entrained air-void properties, low chloride content, and other 
required performance criteria for water-reducing and corrosion inhibiting admixtures.  Recently 
shrinkage-reducing admixtures have become available and have been employed with the 
objective to reduce volume change and subsequent cracking. 
 

 Thermal Properties – Under the Long-Term Pavement Performance Program (LTPP) FHWA-
TFHRC researched the Coefficient of Thermal Expansion (CTE) of many concrete mixtures around 
North America.  These were pavement concretes from LTPP test sections where the most 
important influence on thermal volume change was found to be the mineralogy and rock types 
used as coarse aggregate.  Limestone tended to produce the lowest CTE and siliceous 
aggregates such as quartz, chert, and quartzite had the highest CTE.  Other igneous and 
metamorphic aggregates tended to have CTE values between these materials.  If limestone is 
used for all aggregates (fine and coarse) compared to quartz for all the aggregate – other 
materials being equal, the quartz-aggregate concrete can have a CTE of almost double that of 
the limestone. 
 

 Other Volume Change Properties such as drying shrinkage may be researched, evaluated, or 
limits specified by some SHAs for particular applications.  For important structures other criteria 
may be investigated and/or specified for the proposed materials and mixtures, such as modulus 
of elasticity and/or creep. 
 

 Evaluation of Materials Combinations on Aggregate ITZ (Interfacial Transition Zone) in concrete 
with cement-fly ash and ternary combinations containing ground limestone is a current 
cooperative research between FHWA-TFHRC and NIST.  The objective is to measure the effect of 
the combinations, and the effect of the ITZ, on strength and durability properties.  Petrography 
at TFHRC is being used to characterize the quality of the ITZ and the bond of the paste to the 
aggregate using microscopy and other petrography tools. 
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3) Material Modeling 
 
Concrete Pavement Software 
FHWA has funded the modeling of the early hydration and strength development of slip-form concrete 
pavements to minimize the incidence of early cracking in software called HIPERPAV available on-line at – 
http://www.hiperpav.com/ – “The HIPERPAV® (HIgh PERformance Concrete PAVing) software is used to 
analyze the early age behavior of jointed concrete pavements, continuously reinforced concrete 
pavements, and bonded concrete overlays.”  Concrete proportioning guidance with COMPASS – 
http://www.cproadmap.org/publications/MAPbrief1-1.pdf – “Job-Specific Optimization of Paving 
Concrete with COMPASS (Concrete Mixture Performance Analysis System)” is also tailored to concrete 
paving mixtures.  The software is on-line at – http://www.pccmix.com/ –  
 
Research on Hydration Modeling 
The FHWA Exploratory Advanced Research (EAR) program has projects in modeling of hydration of 
portland cement and previously had helped develop the Hydration Research Roadmap published jointly 
as NIST SP-1138 and FHWA-HRT-13-05 – http://www.nist.gov/manuscript-publication-
search.cfm?pub_id=912154 – “Paving the Way for a More Sustainable Concrete Infrastructure: A Vision 
for Developing a Comprehensive Description of Cement Hydration Kinetics.”  There are currently three 
EAR projects: one led by Princeton on improved understanding and modeling of portland cement 
hydration to improve NIST hydration models; another modeling with SCMs led by UCLA and NIST. 
 
Alternative Cementitious Materials (ACMs) is the topic of a third FHWA EAR project led by Georgia Tech 
in cooperation with the US Army Corps of Engineers, Oklahoma State University, and Tourney Consulting 
Group (TCG) concrete durability and corrosion experts.  FHWA organized and led a US Federal Agency 
Steering Committee on ACMs which met to discuss research in the area of ACMs that contain little or no 
portland cement for various applications.  The DOE Savannah River National Laboratory was involved in 
describing research in ACMs as cementitious barriers in containment of nuclear waste – one on-line 
reference of interest to this workshop “New Materials Developed to Meet Regulatory and Technical 
Requirements Associated with In-situ Decommissioning of Nuclear Reactors and Associated Facilities” – 
http://sti.srs.gov/fulltext/SDD-2012-00003.pdf – The Corps of Engineers ERDC has been researching 
geopolymers and rapid repair materials, and the Bureau of Reclamation both rapid repair options and 
the making of a potential cementitious materials from by-product fines from water treatment.  The 
FHWA-TFHRC currently has Cooperative Research and Development Agreements (CRADAs) with two 
manufactures of ACMs.  One is CeraTech which markets Class C fly ash based cements and chemical 
activators; and the other is with a start-up technology company Solidia which has developed a cement 
that relies on a carbonation reaction to harden and gain strength.  Neither system contains any portland 
cement. 
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4) Structural Testing 
 
Research 
FHWA supports full-scale testing of bridge elements and pavements, but not of deteriorated or 
damaged elements.  The principal objective is to evaluate new materials and structural configurations 
and to better understand pavement and structural performance to improve design protocols and be 
able to move more rapidly to performance criteria in the specification and testing of concrete.  Several 
States are evaluating Internal Curing (IC) in bridge decks to reduce cracking, the use of pre-soaked 
lightweight concrete fine aggregate additions in concrete to provide supplemental water for hydration 
and improvement of in-place concrete quality.  Research has been conducted on systems to reduce 
corrosion in bridge elements; one Report FHWA-HRT-07-043 “Multiple Corrosion Protection Systems for 
Reinforced Concrete Bridge Components” where “Eleven systems combining epoxy-coated 
reinforcement with another corrosion protection system are evaluated using the rapid macrocell, 
Southern Exposure, cracked beam, and linear polarization resistance tests.” 
 
TFHRC Structures Laboratory 
 
FHWA’s TFHRC supports a comprehensive structures research program.  See the Website – 
http://www.fhwa.dot.gov/research/tfhrc/labs/structures/index.cfm – “The purpose of the Structures 
Laboratory is to support FHWA's strategic focus on improving mobility through analytical and 
experimental studies to determine the behavior of bridge systems under typical and extreme loading 
conditions.  These experimental studies may also include tests of bridge systems developed to enhance 
bridge durability and constructability over time.  Data from these studies help upgrade national bridge 
design specifications and improve the safety, reliability, and cost effectiveness of bridge construction in 
the United States.  The Structures Laboratory also provides bridge failure forensic investigation services 
to State departments of transportation, FHWA divisions, National Transportation Safety Board (NTSB), 
and other organizations.  Through this forensic service, the laboratory determines the causes of bridge 
structural failures and develops practices and procedures to help avoid similar failures from occurring in 
the future.” 
 
Ongoing Research (Recent projects listed on the FHWA Website) 

 Dimensional Stability of Prebagged Grouts for Prefabricated Bridge Element and System 
Connections (FHWA-PROJ-13-0031)  

 Splice Length of Prestressing Strand in Field-Cast Ultra-High Performance Concrete Connections 
(FHWA-PROJ-12-0106)  

 Development of Advanced Connection Systems for Adjacent Concrete Box Beams (FHWA-PROJ-
12-0097)  

 Compression Response of a Rapid-Strengthening Ultra-High Performance Concrete Formulation 
(FHWA-PROJ-11-0189)  

 Development of Nonproprietary Ultra-High Performance Concrete (UHPC) (FHWA-PROJ-11-
0161)  
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5) Structural Acceptance Criteria 
 
In general, acceptance procedures for fresh and hardened concrete for pavements and structures 
involves meeting strength, air content, temperature, and workability criteria.  And more and more 
chloride diffusion characteristics are being researched and specified for both bridge and pavement 
concrete that contains reinforcing steel.  Acceptance quality assurance must also verify that the 
specified reinforcing meets requirements (such as epoxy-coated rebar) and that designed concrete 
cover requirements are being maintained during construction.  FHWA conducts research on the 
performance of concrete in structures and pavements.  And there is movement to use of performance 
rather than prescriptive requirements to allow alternative materials and structures to be evaluated and 
used for highway applications.  Precast concrete slabs in pavements and precast bridge elements are 
being more widely used in areas where rapid construction or rehab can minimize traffic disruption 
impacts, and repetitive precasting using quality materials and concrete has the potential for better 
quality control particularly in a controlled factory environment.  However, the use of precast concrete 
requires the use of strong, durable grouts or other cementitious mixtures to properly place and join 
together these elements into the functioning structure.  FHWA at TFHRC is researching grouts for prefab 
construction and system connections.  Ultra-High Performance Concrete Connections for Prefabricated 
Bridge Elements is addressed in website – http://www.fhwa.dot.gov/everydaycounts/edc-
3/connections.cfm – “UHPC is a steel fiber-reinforced, cementitious-based material that provides 
exceptionally high mechanical and durability related properties.  The mechanical properties of UHPC 
allow for the redesign of connection details in ways that simplify the detailing such that the overall 
bridge layout and the manner in which the bridge is fabricated and constructed can be improved.”   
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6) Structural Modeling 
 
FHWA Research on Structural Modeling 
FHWA research on structural modeling is principally intended for improvement of bridge design and 
evaluation codes and concrete pavement design procedures.  Models are also used in forensic 
evaluation of in-situ performance. 
 
 

7) In-Situ Condition Assessment 
 
Bridge and Pavement Inspection 
FHWA sponsors a comprehensive bridge inspection program and manuals and procedures are available.  
Concrete pavements are also regularly inspected for cracking, spalling, joint deterioration, faulting, and 
evidence of drainage problems and other durability issues.  Cores are often obtained for lab strength, 
chloride content, permeability, air-void, and petrographic evaluation if deterioration is present.  “The 
Manual for Bridge Evaluation (MBE)” is the primary standard for highway bridge inspection and rating.  
Sections include visual inspection, field tests, sampling, and laboratory and petrographic evaluation. 
 
Concrete Beams and Girders are inspected for cracking and the results carefully noted for future 
reference, along with the probable cause – shrinkage, overstress, settlement, or possible ASR or 
corrosion.  Prestressed Concrete Beams, Girders, and Box Sections are also examined for alignment, 
cracking, and deterioration, particularly for cracking or spalling in the area around bearings and cast-in-
place diaphragms where creep and camber of the girders may be issues.  Rust staining at cracks can 
mean possible damage to prestressing steel.  Also check during passage of heavy loads to see whether 
any component is acting independently of the others. 
 
Concrete Decks are inspected and if necessary evaluated further for cracking, leaching, scaling, 
potholing, spalling, and other evidence of deterioration.  Evidence of deterioration in the reinforcing 
steel should be examined closely to determine its extent.  Decks which are treated with deicing salts or 
are located in a salt air environment are likely to be affected.  The extent of spalling, delamination, or 
both, can be sounded and mapped.  Nondestructive field test methods are discussed in Section 5. 
 To the extent possible all sides of each concrete element and the underside of the deck slab should be 
examined.  Prestressed concrete deck panel surfaces should be also checked carefully and problems 
noted.  The ends should be examined for deterioration or failure in the anchorage zone. 
 
Prestressed Concrete Segmental Bridges may be made of cast-in-place segments or precast segments.  
The inspection again includes substructure, bearings, deck, and expansion joints should be closely 
examined.  Unexpected cracking could have resulted from heavy loads on the overhang or by casting or 
curing methods.  Particular attention should also be paid to the profile of the roadway since humps or 
sags of an entire span length may be evidence of long-term creep of tendons or concrete not anticipated 
in the original design.  Localized sags or humps are indications of problems deserving closer inspection 
to see if there has been a failure of prestressing units or their anchorages. 
 
Concrete Field Tests can include non-destructive indicators of strength, corrosion, and continuity: 

 Strength methods such as the rebound hammer or penetration tests 
 Sonic pulse methods – chain drags, sounding rods, or hammers frequently used for detecting 

delaminations on horizontal surfaces, such as decks or tops of piers. Portable, automated 
acoustic methods are also available. 
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 Ultrasonic devices are used by measuring the velocity in concrete of a generated pulse which 
depends on the composition, continuity, maturity, and elastic properties. 

 Magnetic methods can be used to determine the position of the reinforcement 
 Electrical methods can detect corrosion of reinforcement where a corrosion cell caused by 

differences in electrical potential by placing a copper-copper sulfate half-cell on the surface of 
the concrete and measuring the potential differences between the half-cell and steel 
reinforcement. 

 Nuclear methods can measure moisture content in concrete by neutron absorption and 
scattering techniques to see where the conditions a right for corrosion to occur. 

 Infrared thermography has been found to be a useful in detecting delaminations in concrete 
 Ground-penetrating radar has been used to detect deterioration of bridge decks using low-

power, high-frequency pulsed radar. 
 Radiography (gamma radiation) is expensive and used on a limited basis to give a reasonable 

idea of the concrete steel reinforcement pattern and location and the location and extent of 
defects in the concrete mass. 

 Endoscopes allow close examination of parts of the structure which could not be otherwise 
viewed, such as the inside of a box girder or a hollow post-tensioning duct. 

 
Sampling for Lab Evaluation includes ASTM C 42 /AASHTO T 24 Methods of Obtaining and Testing 
Drilled Cores and Sawed Beams of Concrete, AASHTO T 260 Sampling and Testing for Total Chloride Ion 
in Concrete, and ASTM C 823 Standard Practice for Examination and Sampling of Hardened Concrete.  
The Aggregate and Petrography Laboratory (APL) at TFHRC includes the following methods and 
techniques in the evaluation of polished and thin sections from field concrete samples: 

 Cement and SCM Particles (Presence and Hydration Quality) 
 Paste Quality, Deicing Chemical Attack, and Carbonation 
 Air-Void System Quality by ASTM C 457 and the RapidAir 457 
 Crack Patterns / Consolidation Quality / Characterization of Large Voids 
 Aggregate Quality, Bond, and TMZ Evaluation 
 Identification of Alkali Aggregate Reactions and ASR Gel 
 Aggregate Freezing and Thawing Cracking (D-Cracking) 

The TFHRC chemistry Lab is also available to help identify unknown materials and materials too small to 
see with stereo or optical petrographic microscopy – including SEM, Raman Microscopy, and XRD 
equipment. 
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RABIT™ bridge deck assessment tool is a Non-Destructive Evaluation (NDE) device developed by the 
FHWA Long-Term Bridge Performance (LTBP) – 
http://www.fhwa.dot.gov/research/tfhrc/programs/infrastructure/structures/ltbp/ – program to deploy 
a suit of NDE technologies simultaneously.  And from the RABIT™ Website – 
http://www.fhwa.dot.gov/research/tfhrc/programs/infrastructure/structures/ltbp/ltbpresearch/rabit/in
dex.cfm – “The technologies incorporated into the robot-assisted, remote controlled RABIT™ bridge 
deck assessment tool include:  

 Panoramic Camera to collect high-quality, 360-degree images around the bridge deck.  
 High-Definition Imaging to capture high-resolution images of the deck surface using 

professional-grade cameras.  
 Electrical Resistivity to characterize the corrosive environment of the concrete.  
 Impact Echo and Ultrasonic Surface Waves to evaluate concrete delamination and concrete 

deck strength.  
 Ground Penetrating Radar (GPR) to “map” rebar and other metallic objects below the surface 

using electromagnetic waves.  GPR also provides a qualitative assessment of concrete deck 
deterioration.  

 Global Positioning System (GPS) to record and mark location data, making testing grids virtually 
obsolete.” 

 
RABIT™ bridge deck assessment tool 
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8) Structural Repair 
 
Various rapid repair materials are often used to make local bridge and pavement slab repairs and to 
install quickly precast pavement slabs and structural repair elements.  As indicated before, FHWA 
sponsors a comprehensive bridge inspection program and is developing a new Long-Term Bridge 
Performance (LTBP) study of existing and new bridges.  Repair is generally addressed on a case by case 
basis and is often dictated by traffic volume considerations and the time window available for either 
overnight repair (perhaps in the 1 am to 5 am time window of 4 hours) or more extensive repairs in a 
weekend time window (perhaps Saturday 1 am to Monday 5 am of 52 hours.) 
 
FHWA is researching various ACM materials for potential use in general structure and pavement 
construction; however, many concrete repair materials are also formulations of some of these same 
materials since they do have rapid set time and rapid strength gain curves – depending on the 
accelerating or retarding admixtures used.  It has been known that simply using type III portland cement 
or high type I OPC cement contents with accelerators to get rapid set and strength gain often results in 
high mixture temperatures and early cracking of the repair or patch.  In some cases carefully measured 
and precast concrete slabs and elements can be made in a precast plant and then installed in a short 
time window when traffic allows. 
 
 

9) Conclusions / Recommendations 
 
It is important to continue to research concrete materials and mixtures to minimize deterioration to 
environmental and service exposure conditions and internal chemical degradation pathologies such as 
ASR and corrosion of embedded steel.  Of particular importance is the development of evaluation 
protocols for performance so they can be used to evaluate new and alternative materials.  NDE methods 
can be used to look for pavement and structural anomalies related to deterioration, but FHWA finds that 
is important to obtain samples of both concrete affected by deterioration and nearby sound concrete 
for laboratory study and comparison.  Petrography and chemical methods remain important FHWA-
TFHRC forensic methods to identify aggregate materials and minerals as well as any reaction products 
and crack patterns to help diagnose MRD and develop tests and specifications to avoid pathologies and 
improve concrete performance.  For FHWA and the highway industry the principal concrete 
deterioration modes are corrosion of steel for structures and for pavements the combined effects of 
freezing and thawing, deicer applications, and ASR. 
 
 
 

References and FHWA Web links to publications, research reports, and technical papers.  
 
There is a specific set of publications on Materials Related Distress (MRD) and a comprehensive 
Petrographic Manual 
 
FHWA-RD-01-163, 164, and 165 – Guidelines for Detection, Analysis, and Treatment of Materials-
Related Distress in Concrete Pavements, a three volume set – 
http://www.fhwa.dot.gov/publications/research/infrastructure/pavements/pccp/01163/index.cfm –  
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FHWA-HRT-04-150 – Petrographic Methods of Examining Hardened Concrete: A Petrographic Manual – 
http://www.fhwa.dot.gov/publications/research/infrastructure/pavements/pccp/04150/index.cfm –  

ASR Reference Center – http://www.fhwa.dot.gov/pavement/concrete/asr/reference.cfm – Reports on 
research and mitigation guidelines from the FHWA ASR technical program.  FHWA ASR Website – 
http://www.fhwa.dot.gov/pavement/concrete/asr.cfm – and the FHWA AAR Workshop Reference 
Manual – http://www.fhwa.dot.gov/pavement/concrete/asr/pubs/reference.pdf –  

“Do Current Laboratory Test Methods Accurately Predict Alkali-Silica Reactivity?”  ACI Mats J – 
10.14359/51683914 V 109, Issue 4; Jason H. Ideker, Anthony F. Bentivegna, Kevin J. Folliard, and Maria 
C. G. Juenger 

FHWA/TX-06/0-4085-5 – http://www.utexas.edu/research/ctr/pdf_reports/0_4085_5.pdf – Preventing 
ASR/DEF in New Concrete: Final Report; University of Texas Austin for the Texas DOT; Author(s) Kevin J. 
Folliard, Ryan Barborak, Thano Drimalas, Dr. Lianxiang Du, Sabrina Garber, Jason Ideker, Tyler Ley, 
Stephanie Williams, Maria Juenger, Benoit Fournier, and Michael D.A. Thomas 

FHWA-HRT-13-028 Report – Guidelines for Sampling, Assessing, and Restoring Defective Grout in 
Prestressed Concrete Bridge Post-Tensioning Ducts – 
http://www.fhwa.dot.gov/publications/research/infrastructure/structures/bridge/13028/ –  

FHWA-NHI-13-026 – Post-Tensioning Tendon Installation and Grouting Manual – 
http://www.fhwa.dot.gov/bridge/construction/pubs/hif13026.pdf –  

FHWA-HRT-04-093 Report – A Critical Literature Review of High-Performance Corrosion Reinforcements 
in Concrete Bridge Applications – 
http://www.fhwa.dot.gov/publications/research/infrastructure/structures/04093/04093.pdf –  

Report FHWA-HRT-07-043 “Multiple Corrosion Protection Systems for Reinforced Concrete Bridge 
Components” where “Eleven systems combining epoxy-coated reinforcement with another corrosion 
protection system are evaluated using the rapid macrocell, Southern Exposure, cracked beam, and linear 
polarization resistance tests.” 

HIPERPAV available on-line at – http://www.hiperpav.com/ – “The HIPERPAV® (HIgh PERformance 
Concrete PAVing) software is used to analyze the early age behavior of jointed concrete pavements, 
continuously reinforced concrete pavements, and bonded concrete overlays.” 

Concrete proportioning guidance with COMPASS – http://www.cproadmap.org/publications/MAPbrief1-
1.pdf – “Job-Specific Optimization of Paving Concrete with COMPASS (Concrete Mixture Performance
Analysis System)” 
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EPRI – Concrete program

Materials aging in nuclear power plants has predominantly focused on the metals used in reactor 
internals, piping, support structures, and welds. Concrete structures have received comparatively less 
attention, but recent field experience indicates that these structures may be beginning to show their 
age. While the performance of post- tensioned and reinforced concrete structures in the nuclear power 
industry has been good, greater understanding of degradation mechanisms in a nuclear environment is 
essential. 

This program is based on a thorough knowledge of materials degradation applied to individual 
structures. Material degradation is identified in-situ through inspection. Reliability and development of 
improved characterization technologies will be addressed through a focused effort on overcoming the 
challenges of concrete structures in this industry, typically characterized by large structures with heavy 
reinforcement and a lack of accessibility. Finally, an asset management platform, i.e. toolbox, will be 
developed for concrete structures for the particular environment where concrete structures are located. 

The synergy between different energy sectors will be used to benefit this program. For example, the 
existence of similar concrete structures in coal plants, but with a different regulatory environment, may 
make it easier to start implementing new inspection techniques in the fossil industry prior to their 
implementation in nuclear plants. 

Degradation mechanisms studied at EPRI 

Boric acid attack in concrete – experimental / modeling
Irradiation in concrete – bounding fluence in nuclear reactors
ASR – only Inspection
Delamination – only inspection
Creep – only inspection
Freeze-thaw – only inspection
Other projects:

o Retrofitting sensors in containments
o Aging Management of concrete structures

Material testing   

Boric acid attack in concrete – experimental 

Material testing is being performed at Commissariat à l'Energie Atomique (CEA) in Saclay, France to 
determine the effects of aqueous boric acid on concrete.  In spent fuel pools of PWR plants, water 
poisoned with boric acid can leak past the steel liner and come into contact with the concrete 
substructure.  This can cause accelerated leaching of calcium from the cement paste and react with 
aggregates.  The goal of this project is to characterize the leaching rate in concrete to determine if, 
during operation to 80 years, the boric acid will be expected to come into contact with the rebars, 
creating a potential structural issue.  Three types of testing are being pursued – 1) reactivity of different 
aggregates in aqueous boric acid (Florida limestone, dolomitic limestone and granite), 2) reaction rate of 
cement paste in aqueous boric acid and 3) reaction rate of concrete in aqueous boric acid.  The reaction 
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products are being analyzed by mass spectroscopy and x-ray diffraction and the reaction layers and 
rates are being characterized by light and electron microscopy. 

Project Duration: 2013-2015 

Creep – inspection 

A project on concrete creep in posttensioned containments is being performed at Georgia Institute of 
Technology.  The project goal is to determine if nonlinear ultrasonic testing can be used to characterize 
concrete creep strain and strain rate in posttensioned containment concrete (having an applied internal 
axial / biaxial stress).  The testing is done under uniaxial compression in a materials test rig adapted to 
allow in-situ nonlinear ultrasonic testing.  This work is being done as a feasibility study. 

Project Duration: 2014-2015 

Material modeling,  

Boric acid attack in concrete 

The previously mentioned project on the effects of aqueous boric acid on pressurized water reactor 
spent fuel pool concrete substructures has a computational aspect which complements the material 
testing.  Computational modeling of the reactions between boric acid and Portland cement as well as 
concrete are being modeled using the HYTEC code, which couples thermodynamics (reactions) and 
kinetics (reaction rates) to simulate the material testing conditions.  It is anticipated that the model may 
in the future be adapted to concretes with variable porosity, water to cement ratios, and aggregates. 

Project Duration: 2013-2015 

Irradiation in concrete – bounding fluence in nuclear reactors 

An ongoing project on modeling concrete irradiation damage is being done by EPRI in collaboration with 
the DOE Light Water Reactor Sustainability (LWRS) program.  The potential issue is that swelling and 
changes in the mechanical properties of concrete could affect the design margin in the biological shield 
in the region of the nuclear steam supply system (NSSS) support structures in some reactor designs.  
EPRI tasks were to use ADAMS data on neutron flux as well as Monte Carlo n-Particle modeling to 
approximate the fluence seen by the biological shield after 80 years of operation.  Additional modeling 
on creating a finite element mesh of the NSSS support structure to adapt to 1-D materials modeling 
efforts being undertaken at Oak Ridge National laboratory to generate a 3-D finite element model of the 
structural effects of neutron damage to the reactor cavity concrete may be pursued.   

Project Duration: 2010-2016 
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In situ condition assessment   

Corrosion, Delamination and voids, ASR and freeze thaw – Inspection 

EPRI is evaluating the efficacy of inspection techniques to ensure reliable inspection of key concrete 
structures at nuclear power plants and other industry facilities.  
 
Work focuses on three types of damage: corrosion of embedded steel; single defects such as 
delaminations, voids and vertical cracks; and pattern cracking, which includes ASR and freeze-thaw. A 
quantitative evaluation of the ability of commercially available NDE equipment to detect and 
characterize subsurface defects at varying depths within concrete is being performed. Mockups 
containing specific types of defects have been built at the EPRI NDE center and are subjected to round-
robin inspections through the Nuclear Sector’s NDE Program. Results provide a consistent basis for 
gauging the reliability of individual inspection methods, helping inform run/repair decision-making.  

Advanced NDE technologies also are being explored, especially focusing on deployment of NDE 
techniques in large vertical concrete structures.  
 
Project Duration: 2011-2018 
 

Others   

Retrofitting sensors in nuclear structures. 

Project objectives: 
- This project evaluates different technologies for installing new deformation monitoring systems 

in existing containments. The project includes installation of these sensors during a pressure test 
to determine the effectiveness of retrofitted solution in comparison to currently used 
monitoring techniques. 

- This project included the installation of sensors in two operating nuclear containments. 
Project Duration: 2012-2015 
 
Aging Management Programs and Toolbox 
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An R&D program on aging management material degradation is primarily based on two documents: a) a 
material degradation matrix and b) an issue management table (IMT). These documents are used to 
determine knowledge gaps and to guide R&D efforts.  Table 1 summarizes the process of aging 
management from an R&D (first two rows), and a practical application perspective (last two rows). 
 
The IMT documents every component in the plant that is constructed of any type of concrete materials 
(reinforced, post-tensioned; composite; etc.).  This document provides information on the operability 
and safety assessments for each component and location constructed in concrete and susceptible to 
degradation. Additionally, the IMT identifies if inspection and evaluation guidelines for the identified 
components and locations are available. Finally, the IMT lists available mitigation and repair options for 
the various components and locations that are postulated to potentially suffer degradation and have 
unacceptable consequences if failure of these items occurs. Some of this information can be found in 
the GALL report (NUREG1801). 
 
Project objectives: 

- Development of concrete aging management toolbox to guide plant specific aging management 
programs.  

- Identify if reliable inspection and evaluation guidelines are available to obtain: a) Baseline 
information, and b) Monitoring information  

- Available preventive options for each targeted components and each relevant degradation 
- Available mitigation and repair options for the various components and locations that are 

postulated to potentially suffer degradation and have unacceptable consequences if failure of 
these items occurs 

 
Project Duration: 2014-2018 
 
Table 1 – Example of an existing EPRI aging management program 
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Conclusion 

This program is based on a thorough knowledge of materials degradation applied to individual 
structures. Material degradation is identified in-situ through inspection. Reliability and development of 
improved characterization technologies will be addressed through a focused effort on overcoming the 
challenges of concrete structures in this industry, typically characterized by large structures with heavy 
reinforcement and a lack of accessibility. Finally, an asset management platform will be developed for 
concrete structures for the particular environment where concrete structures are located. 

The synergy between different energy sectors will be used to benefit this program. For example, the 
existence of similar concrete structures in coal plants, but with a different regulatory environment, may 
make it easier to start implementing new inspection techniques in the fossil industry prior to their 
implementation in nuclear plants. 

Upon completion of this work, it is expected that: 
All sectors of the electricity industry (nuclear, generation, transmission and distribution) will
have access to best practices related to infrastructure asset management and inspections for
concrete infrastructure.
Utilities will be able to deploy improved and reliable NDE tests to assess emergent and routine
degradation of concrete infrastructure.
Utilities will have an asset management platform for concrete infrastructure where the rate of
degradation can be predicted; and repairs, maintenance and replacement needs can be
identified early and planned in advance.
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1 Introduction 
 

Concrete components underlie environmental exposures which may induce various deteriorations 

on concrete structures. This is of special importance for typical infrastructural engineering buildings 

as for example bridges, industrial structures and power plants (see Table 1 listing the exposures 

for the case of a nuclear power plant). 

 

Over the last decades the Materials Testing and Research Institute (MPA Karlsruhe) of the 

Karlsruhe Institute of Technology (KIT) has performed multiple studies on the relating topics. 

Actually the ongoing different projects cover mainly the degradation processes due to carbonation, 

chloride mitigation, frost and Alkali-Silica-Reaction (ASR). Further work is being done regarding life 

time management for keeping up the integrity of structures. 

 

Table 1  Exposure as well as deterioration mechanisms and the consequences on concrete 
structures of nuclear power plants [1] 

 
Exposure Deterioration mechanisms Consequences 

carbon dioxide (CO2) carbonation corrosion of steel, concrete spalling 
drying of concrete shrinkage cracks, deformation 
external stress creep cracks, deformation 
settlement of ground deformation, rearrangement of load cracks 
dynamic load, vibration material fatigue cracks 
temperature restraint, deformation cracks, concrete spalling 
water, moisture swelling corrosion, blooming 
frost  freezing, volume expansion cracks, concrete spalling 
chemical exposure volume expansion cracks, concrete spalling 
chloride ingress pitting corrosion cracks, concrete spalling 
microbiological growth moisture penetration, root penetration concrete spalling 
ionising radiation embrittlement, structural change reduction of stability  

 

The MPA Karlsruhe has a large variety of testing capabilities and a lot of experts of multiple 

disciplines (physics, mineralogy, geology and civil engineering) allowing for the performance of 

experimental and numerical investigations from the micro scale of atomic structures to the macro 

scale of structural members. The laboratories of the MPA Karlsruhe are accredited under terms of 

DIN EN ISO/IEC 17025 and have the possibilities for 

 on-site investigations using destructive and non-destructive testing methods, 

 analyses and classification of the identified durability related damages on concrete 

samples, 

 production and conditioning of concrete samples for special investigations, 
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 simulation of the hygro-thermal behaviour of concrete by means of appropriate 

experimental and numerical methods, 

 modelling of durability related damages using appropriate deterioration laws in combination 

with probabilistic methods. 

In the following the research activities of the MPA Karlsruhe relating to the above mentioned topics 

are briefly described. 

 
 
2 Material aspects and laboratory material testing 
 

For the assessment of the durability of examined concrete structures the MPA Karlsruhe has been 

working in several projects on-site and in its own laboratories. Concrete samples of different 

geometries have been taken in the past also from very special structures such as hydraulic power 

stations, road bridges and nuclear power plants (where mainly auxiliary facility buildings were 

extensively examined). The needed facilities covering the aspects of environmental exposure, 

chemical and physical attacks, hygro-thermal behaviour, frost resistance and material strength are 

at disposal in the laboratories of the MPA Karlsruhe. 

 

The deterioration regarded material testing procedures which can been performed in the 

laboratories of the MPA Karlsruhe can be subdivided in 

 durability-related material properties, 

 structural-physical material properties and 

 deformation and strength properties. 

 

Concerning the mentioned durability-related material properties basically the quantification of 

concrete cover, carbonation depth, chloride content and frost resistance can be performed and the 

results can be rated. 

 

In addition to the quantification of the carbonation depth and the chloride content in selected 

concrete samples taken on-site, the equipment of the MPA Karlsruhe also allows for investigations 

on test specimens that have been specially prepared or produced. Different acceleration 

procedures for the different deterioration mechanisms, in particular for the following models (see 

chapter 3), are available. These are e.g. the 

 accelerated carbonation test (ACC-test method) for the determination of the inverse 

carbonation resistance 

 rapid chloride migration test for the determination of the chloride migration coefficient. 
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As the durability of concrete structures is essentially influenced by the hygro-thermal behaviour of 

the concrete the interaction between external and internal moisture conditions of the concrete 

structure has to be determined. The material laws concerning the moisture behaviour of concrete 

require different material constants which describe the physical material properties of 

 capillary suction, 

 vapour diffusion resistance, 

 water absorption,  

 porosity, 

 sorption isotherm, 

 pore size distribution 

which can all be determined in the laboratories of the MPA Karlsruhe. 

 

For the purpose of evaluating the concrete durability against the operational and load exposures 

the deformation and strength properties, such as 

 compressive and tensile strength, 

 static modulus of elasticity 

 dynamic modulus of elasticity 

can also be determined (see chapter 4). This plays e.g. an important role for the repair of concrete 

structures or components. Here, the correct adjustment of the repair concrete to the original 

concrete of the structure has to be assured. 

 

Assigning the frost resistance of investigated structure concrete the common testing method 

“Capillary suction, Internal damage and Freeze Thaw Test” (CIF-Test) [2] is used in the 

laboratories of the MPA Karlsruhe for mapping the real conditions during a frost attack. Beside the 

water absorption the internal damage (formation of cracks) can be determined by using an 

ultrasonic velocity impulse instrument. 

 

Additionally to the CIF-test a NMR set-up (BRUKER minispec mq10 NMR Analyzer apparatus) is 

used in order to record the water absorption profile in the sample and for understanding of the 

water transport processes during the freezing and thawing action. For this investigation a special 

test set-up which can realise freeze and thaw according to real conditions has been developed and 

integrated into the BRUKER-system. This test set-up is shown in the following Figure 1. 
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Figure 1 Nuclear magnetic resonance (NMR) test set-up of the MPA Karlsruhe 

left: Principle sketch of the set-up for the in situ temperature control 

right: Exemplary result of the NMR-measurement: Average degree of saturation 

profiles distributed over the longitudinal axis of hardened cement paste 

samples with a water/cement ratio of w/c = 0.4 during the frost suction 

 

The developed set-up on one hand allows for a non-destructive, highly spatially resolved detection 

of the water absorption of stressed samples during frost exposure and on the other hand it gives 

the opportunity to observe the freezing and thawing processes and to understand the frost 

mechanisms according to realistic temperature scenarii.  

 

The MPA Karlsruhe has a broad experience in the field of Alkali-Silica-Reaction (ASR), too. In 

Germany ASR is mainly related to damages of traffic routes, especially bridges and highways. 

Therefore actual research projects focus on ASR damages of highways. The MPA Karlsruhe is a 

partner in a joint research project of the German Research Foundation DFG titled “Alkali-Silica-

Reaction in concrete compounds under cyclic load and external alkali input”. This joint project 

focuses on damages due to or intensified by external alkali input, caused e.g. by seawater or de-

icing salt. As traffic routes are additionally stressed by cyclic loading due to traffic and freeze-thaw 

effects the combined attack of these mechanisms is simulated and investigated in our laboratories 

for a deeper understanding of combined ASR controlling processes. 
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Furthermore, the MPA Karlsruhe was partner in a joint venture project about a big water reservoir 

dam in Africa, where the institute had the responsibility of investigating, testing and validating local 

sands, rocks and concrete on their potential for ASR by different laboratory methods. 

 

Several expert reports on ASR damages of traffic routes have been published by our institute. For 

15 years the MPA Karlsruhe has been regularly participating in two different interlaboratory tests 

concerning ASR with success. 

 

Our physical and chemical labs are well equipped for all scales of investigation. Some instruments 

of special interest might be 

 micro-X-ray fluorescence,  

 infrared spectroscopy, 

 X-ray diffraction, 

 digital microscopy (up to 5000 fold magnification), 

 atomic emission spectroscopy. 

 

The MPA Karlsruhe is equipped with different climate simulation chambers and facilities for freeze-

thaw testing and a special concrete lab. The treatment with CO2 with a maximum concentration of 

3 % CO2 in air is possible in smaller chambers of about one cubic meter. 

 

3 Material modelling 

 

The gradual loss of durability due to service conditions and environmental exposures has to be 

described by means of sophisticated material constitutive laws. Such laws should preferably take 

into account real physical and chemical mechanisms. This holds true e.g. for the degradation 

processes caused by carbonation, chloride ingress or by frost attack. The models used by the 

MPA Karlsruhe for the description of the mentioned deterioration processes are applied in the 

respective working group and are briefly described in the following. 

 

The process of carbonation is considered in the models used by the MPA Karlsruhe comprising a 

material constitutive law. In order to calculate the carbonation depth at a defined time (or concrete 

age) various parameters take into account curing effects, environmental conditions (relative 

humidity) and CO2-concentration in the air as well as the rewetting of surfaces due to rain events 

and the inverse effective carbonation resistance of concrete. This model bases on the fib 

(International Federation for Structural Concrete) Model Code for Service Life Design [3]. 
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The ingress of chlorides and the spatial distribution in a concrete surface zone can be calculated 

by an extended formulation basing on Fick’s second law of diffusion. Using this approach the 

chloride concentration at a certain depth and time can be calculated by using appropriate software. 

This model assumes that the transport of chlorides into concrete is controlled by diffusion. 

However, it also takes into account the existence of a convective zone where chloride penetration 

is not mainly diffusion controlled. An essential parameter of the model is the so called apparent 

chloride diffusion coefficient Dapp,C representing the material composition depending on a particular 

chloride migration coefficient, the impact of the environment and the test method as well as the 

concrete age (see also [3]). 

 

A further research field of the MPA Karlsruhe is the examination and modelling of the time-

dependent water uptake during the freeze-thaw attack in hardened cement paste resulting in the 

frost resistance of concrete. Here, the degree of saturation which describes the water content of 

the pores in relation to the pore volume plays an important role. Every freeze-thaw attack provokes 

an increase of the water content in the concrete that can significantly exceed the saturation which 

is normally reached by capillary suction. This frost suction phenomenon is the so called micro ice 

lens pump [4]. Upon reaching a critical value of saturation structural damage will occur with the 

very next additional freezing attack [5]. 

 

As the relationship between saturation and frequency as well as the intensity of freeze-thaw 

loading (the steering parameters of the micro ice lens pump) is not covered by the actual models 

the duration of the damage initiation phase is highly underestimated [6]. Hence, once the water 

saturation behaviour of the concrete during the frost exposure is understood and the critical degree 

of saturation is known, it will be possible to predict the time of failure. The critical degree of 

saturation can be easily determined by laboratory investigations [7]. The challenge is primarily the 

quantification of the frost suction process as a function of environmental conditions and material 

quality considering the underlying physical mechanisms. It is essential to observe continuously and 

spatially the water transport in concrete during the freezing and thawing process. This can be done 

by the nuclear magnetic resonance imaging (NMR) as described in chapter 2. 

 

In the field of modelling ASR the MPA Karlsruhe has started to use a model for macro scale effects 

on concrete roads, based on the experiments described in chapter 2. The implementation of micro 

scale models is scheduled to start in the near future. 
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4 Laboratory structural components testing – destructive testing 
 

The laboratories for structural testing at the MPA Karlsruhe are equipped with a large variety of 

testing machines and a strong floor with the dimensions of 14 m x 24 m. The department for 

measuring technique owns different multipoint measuring equipment and sensors for the computer 

controlled data acquisition of all parameters that usually are measured in structural tests such as 

e. g. strain, force, displacement, acceleration, temperature, humidity and media flow. Also dynamic 

processes can be covered by using a very fast transient-recorder and other equipment for 

recording high frequency signals as well as a digital high-speed-camera. 

 

The mechanical testing machines in the laboratories of the MPA Karlsruhe cover tensile capacities 

of 10 N up to 3 MN and compressive capacities of 10 N up to 15 MN. Some of these machines can 

be used with high loading velocity for impact and tearing tests. Additionally an impact tube, an 

eccentric mass vibrator, an air pressure gun, various constant environment units, weathering units, 

curing rooms, hardness tests, concreting facilities, testing devices for creep tests and 

determination of material strength under sustained loading are available. 

 

On the strong floor freely designed test set-ups can be realised. The maximum force capacity on 

the strong floor is 8 MN with a single hydraulic jack or 40 MN with combined jacks. The floor and 

the height of the testing hall allow for large test set-ups such as the actually realised device for 

dynamic testing of anchors or the leakage test bench for large specimens (both related to the 

safety of nuclear power plants). 

 

Research activities dedicated to the interaction of carbonation, chloride attack and mechanical 

loads on structural components will start very soon. They will be funded by the Federal Ministry for 

Economic Affairs and Energy (BMWi) steered by the project management agency of the German 

Reactor Safety Association (GRS) and will include laboratory testing and the modelling of the 

interacting processes as well. 

 

 

5 Structural modelling 
 

The quantitative assessment of the service life of concrete structures taking into account on 

different deterioration processes is performed by the MPA Karlsruhe based on probabilistic 

methods. The increasing damage process with time – the safety margin between action and 
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resistance – affecting the concrete structure is modelled by means of material constitutive laws. 

Since there are several uncertainties in the action and resistance related parameters it is 

necessary to describe their variability with statistical parameters. As a consequence, the safety 

margin between the action and the resistance can be expressed in terms of failure probability and 

reliability respectively. The time-dependent increase of damage and the failure probability (or the 

decreasing of the safety, described by the safety index) against the background of a predefined 

limit state (undesired condition of a structural component) can be calculated. The individual steps 

of the methods for a probabilistic service life assessment of concrete structures can be taken 

exemplarily from the literature [8]. 

 

As concrete structures are complex systems composed of numerous structural components which 

have to satisfy more than one limit state criterion relating to the several environmental exposures it 

is necessary to distinguish between the reliability of single components and whole systems. In the 

current practice, durability-related exposures (e. g. carbonation, chloride or frost attack) and 

singular risks (for example leaking of a coating system) are often treated separately (see e.g. [3]). 

However, in practice these exposures and singular risks at concrete structures occur 

simultaneously at different structural components. Thus it must be identified which exposures act 

on which component of the structure. So, it is necessary to classify the different components 

according to their function. In a further step each component of a concrete structure has to be 

assigned to the different exposure conditions and degradation mechanisms. 

 

The modelling of combined deterioration mechanisms can be realised by means of the system 

reliability theory using the fault tree analysis. Within a fault tree analysis the identification of the 

different failure modes of the structural components and their influences on the system can be 

performed. In view of a system reliability analysis there are two basic elementary systems: the 

series system – also called “weakest link system” – and the parallel system – also called 

“redundant system”. A series system fails if one of the system elements fails and a parallel system 

fails not until all elements fail. Hence, it is assumed that each system component is either in a 

functioning state or in a failed state. On this basis the state of the structure can be expressed in 

terms of the component functionality. As concrete structures are usually made up of a large 

number of components which are connected in relation to their functions the interaction of the 

different components of the structure influences the failure of the whole systems. The failure mode 

of one individual component may lead to the system failure. But the application of this procedure 

includes only the mathematic dependencies between the exposed concrete components. 

Therefore, in a further step the material-based dependencies between the durability-related 

exposed concrete components must be modelled. 
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In order to illustrate material-based dependencies between the exposed concrete components an 

example of carbonation and chloride induced corrosion elements is shown in the following (see 

also [9]). There are different possible effects which might be caused by the material-based 

interactions between carbonation and chloride ingress. On one hand due to the carbonation the 

hardened cement paste might have an increased density and a lower porosity which can impede 

the further ingress of media from the environment. On the other hand the binding capacity of the 

concrete is lowered due to the carbonation process. The total chloride concentration at the 

carbonation front might be higher than in non-carbonated concrete since the bound chlorides are 

released. In order to consider the material-based interactions between carbonation and chloride 

ingress the relevant material parameters of the constitutive material laws (amongst others the 

diffusion coefficient is essential) has to be modified by means of so called interaction factors or 

interaction functions.  

 

A short numerical example illustrates the main procedure of the modeling of interactions using an 

exemplary superstructure. On the basis of the fib Model Code for Service Life Design [3] the limit 

state related reliability index of the system sys was calculated for different durability related 

degradation mechanisms and singular risks. For the parameters which are needed in the selected 

models corresponding values were taken from the literature [10]. The prediction of the system 

failure probability was performed for a service life of 100 years. The target value of the reliability 

index was set to  = 1.6. The reliability analysis was realized applying the software package 

STRUREL [11] (see Figure 2). 

 

 

Figure 2 Reliability index vs. age of an exemplary superstructure 
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The results relating to the modelling of mathematical based interactions displayed in Figure 2 show 

that the reliability of the chosen superstructure decreases when the number of the deterioration 

mechanisms increases. For example the limit state (here  = 1.6) is reached after 95 years if only 

the deterioration mechanisms carbonation and chloride induced corrosion take place at the same 

time. For the case that all exposures are considered (carbonation, chloride, ASR and singular risks 

as for example corroded tendons) the limit state is already reached after 50 years. 

 

For the modelling of material-based interactions it is assumed that the interaction is limited to the 

influence of carbonation on the chloride ingress. For this study an interaction factor carbo was 

varied from 0.5 to 2.0 for a fixed service life of 50 years. The influence of an increasing or a 

decreasing factor carbo on the development of the reliability is again shown as green dots in 

Figure 2. If the chloride ingress process is increased by the factor carbo being higher than 1.0 

(accelerated degradation process), the reliability decreases. Correspondingly the reliability 

increases with a decreasing chloride ingress process as a result of a factor carbo being lower than 

1.0 (decelerated degradation process). It is clearly evident that the magnitude of the factor carbo 

and therefore the extent of the material-based interaction of chloride ingress and carbonation have 

a very pronounced effect on the reliability of the exemplary superstructure. 

 

 

6 Non-destructive testing and in-situ condition assessment 
 

Various non-destructive test methods are available at the MPA Karlsruhe for the use in structural 

experiments. On-site tests at different concrete constructions (among them also power plants) 

were carried out. These tests are subdivided in 

 visual examinations (deterioration-mapping) with determination of crack widths also with a 

portable digital microscope,  

 locating of the position and the diameter of the reinforcement with non-destructive testing 

methods (e.g. reinforcement detector Ferroscan-System), 

 estimation of the carbonation depth at the concrete component using an indicator solution, 

 determination of the capillary suction of the surface of the concrete using the Karsten’s 

tubes, 

 determination of the moisture distribution in the concrete (e.g. the microwaves moisture 

measurement MOIST-Analyze system), 
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 testing of the surface strength/surface bonding strength using the rebound hammer test and 

the pull-off tester, 

 removal of drilling cores and borehole cuts for further laboratory tests (e.g. compressive 

strength or modulus of elasticity), 

 measurement of the temperature distribution by infrared cameras. 

 

The above listed on-site tests serve only for a first estimation of the concrete conditions at the real 

structure. These tests usually are the basis for appropriate laboratory tests. 

 

 

7 Structural acceptance criteria for structures with pathologies/degradation   
mechanisms

 

Based on the structural modelling described in chapter 5 the service life prediction or residual 

service life prediction is performed by the MPA Karlsruhe. This includes the definition of structural 

acceptance criteria for structures with pathologies/degradation. These criteria are defined against 

the background of reaching an unacceptable state of the concrete structure or component as the 

so called limit state. Generally, the limit state is understood as a condition at which a civil structure 

or a structural component stops to comply with its intended mode of operation. 

 

Regarding the aspect of acceptance criteria experts of the MPA Karlsruhe are members of different 

working groups of fib commissions and committees of the German Institute for Standardization 

(DIN). For example the new fib commission 8 “Durability” comprises of task groups dealing with the 

life cycle management and model technical specifications for repairs and interventions. The 

president of the MPA Karlsruhe, Harald S. Müller, is the actual president of fib. 

 

 

8 Repair 
 

The MPA Karlsruhe has been also involved in various repair projects, too. As a key result, the 

research activities provide an efficient repair concept and define the use of special material 

adjusted to the structure. As an example the work within a German-Russian joint project an 

innovative maintenance and repair concept for the strengthening of a damaged concrete area is 

briefly shown here. The relevant concrete area was not only situated in the tidal zone but also 

below the water level. It was succeeded to carry out the repair without lowering the water level 

which is a significant technical-economical advantage (see Figure 3). 
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The transferability of the developed concept could be shown by successfully applying it for the first 

time at a hydraulic structure in Germany (hydraulic power plant of Albbruck-Dogern at the German-

Swiss borderline), too. Moreover, a monitoring system was implemented at the repair zone to 

control the exposure conditions (in this case mainly the temperature) in order to get important 

information concerning the frost attack on this concrete structure. 

 

 
Figure 3 Damaged weir pillar at the hydropower plant of Albbruck-Dogern 

left: special formwork mounted at the repair zone (concrete prepared by chiselling) 

right: concreting procedure using a concrete pump 

 

NEA/CSNI/R(2016)13/ADD1



Karlsruhe Institute of Technology (KIT)  Page 15 of 16 
Materials Testing and Research Institute  ASCET Report 
MPA Karlsruhe  15.04.2015 

 
 
 
 

9 Conclusions and recommendations for further work 

 

The MPA Karlsruhe has a broad experience and knowledge base in the field of “Assessment of 

Structures subject to Concrete Pathologies” with the focus on migration processes related to 

different environmental exposures of concrete structures. Work has been done on-site at different 

engineering structures such as nuclear and water power plants, bridges and other infrastructural 

buildings. Related experiments have been performed in our physical, chemical and mechanical 

laboratories. The gained results and material parameters have been used for the formulation of 

new and the improvement of existing simulation models. Due to this combined approach of 

performing experiments and simulations the validation of models is possible. 

 

From the point of view of the MPA Karlsruhe there are still many unanswered questions among 

which the most important work to be done in the near future is listed below: 

 Assemblage of a realistic data base to develop reliable models for the prognosis of the 

service life of structures taking into account interacting degradation mechanisms. 

 Accelerated lab simulation of environmental attacks. 

 Expansion of existing local mapping concerning reactive silica bearing rocks in combination 

with different available cements (ASR). 

 Development of a reliable precaution method for ASR. 

 Benchmark testing for NDT-methods at a specially designed specimen accessible for all 

interested institutions. 

 On-site quantification and monitoring of structure state by NDT-methods for early detection 

of concrete pathology and prediction of service life. 

 Further development of reliable repairing concepts and methods. 

 Improvement of aging management by 

- applying probabilistic methods, 

- establishing sufficient material laws, 

- analysing and modelling of combined deterioration mechanisms, 

- using realistic test methods. 
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The ODOBA Project 
Christophe MARQUIÉ, Georges NAHAS – IRSN 

Worldwide there is a general tendency toward increasing the planed life duration of power plants up 
to 60 to 80 years for an initial 40-year planned operation. For the new facility, initial operation 
duration of 60 year is planned. Within this context, there is a need to assess the impact of aging on 
non-replaceable parts of nuclear power plants such as the containment building. 

Some countries have chosen a deep repository solution for long term waste management. A 
mandatory 100 years of reversibility is required in for the French project, during this period it should 
be easily possible to retrieve the waste packages if better solution is finally find. 

The concrete aging can result from creeping / shrinkage phenomena that can lead to loss of pre-
stress or from concrete pathologies (swelling reaction or rebar corrosion). Both can result to impact 
the mechanical resistance of the containment or its tightness. 

Moreover, for nuclear containment building the surveillance program is quite limited due to the 
difficulty or impossibility to have periodic core sampling and the limitation of NDE means. The 
detection is mainly limited to measurement of deformations and superficial cracking of the concrete. 
Shrinkage/creeping and swelling reaction have antagonist effects; therefore it is difficult to interpret 
the results of deformation measurement in terms of quantification of aging. So, there is a serious 
need to develop and validate NDE mean both for early detection of pathologies and to monitor their 
evolution. 

Mainly, the research concerning pathology has been made on small scale laboratory samples, 
without taking into account the effect of confinement (rebar or pre-stress) or the coupling between 
the phenomena. The results were also globally focused on defining how to avoid or limit pathology in 
new construction and there is a lack of information for accurately predicts the evolution of a given 
structure affected by pathology. There is a general concern that a scale effect may exist due to 
gradient of properties such as humidity and temperature in a large structure compared to laboratory 
specimens. 

In this perspective, IRSN choose to launch the ODOBA project for studying concrete pathology on 
large scale specimens with the objectives to develop and validate: models that can predict the 
evolution of existing containment building and NDE examination. The final objective is to define an 
accurate surveillance program and criteria concerning the accepted duration of operation for 
containment building. 

The ODOBA project will be focused on the study of swelling reactions: ASR (Alkali-Sillica Reaction) 
and DEF (Delayed Ettringite Formation) and rebar corrosion (carbonatation and Cl- attack). 

The ODOBA project is mainly concerned by a 10- to 15-year experimentation on large scale 
specimens that would take place in Cadarache (S-E of France). About 60 blocks of concrete could be 
tested. The block dimension would be around 2 m height, 1 m width and 4 m wide. They should be 
heavily instrumented (temperature, humidity, deformation, stress…) and submitted to periodical 
NDE (acoustic, resistivity, radar…) and destructive examinations (mechanical test, chemical and 
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physical characterization…). The program would be as analytical as possible. The key experimental 
parameters should be: 

The concrete formulation: both prototypical compositions and “comprehension”
compositions are foreseen, they should allow covering the large spectrum of possible
compositions encounter between the facilities.
The confinement conditions: plain concrete, reinforced concrete and pre-stress concrete
would be studied.
Accelerated process would be applied. Some blocks would only be submitted to natural

aging for comparison and afterward validation of the accelerating process (time factor). The
definition and validation of the aging processes is a key for the success of the project. At that
time, it is foreseen to use enriched CO2 atmosphere for carbonatation and cycling for
swelling reactions (humidity and temperature combined cycling). Particular attention would
be taken concerning possible artefacts of these processes such as alkali lixiviation with
immersion / drying cycles (e.g. adding alkali in the water). An accelerating ratio of 1 year of
experimentation taking into account about 10 years of normal operation is expected.

Alongside the large experimentation, with the same concrete formulations, laboratory 
experimentation would also be carried out. 

The preparatory work for the experimental is undergoing until the end of 2015. The first blocks 
should be casted around March 2016. 

To define the ODOBA project, IRSN initiated collaborations with French academic laboratories: ENS 
Cachan, IFSTTAR, LMDC and LMA. IRSN has discussed with several countries that could potentially 
lead to active collaboration: US-NRC, FANR (Emirates), VTT (Finland)… and wished a large 
collaboration for this project. 
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Stress state prediction in structures 
affected by AAR and DEF 

Alain Sellier 

 S.Multon, P. Morenon, M.Salgues, Y Thiebaut 
(Univ Toulouse / EDF / Vinci) 

E.Grimal, E. Bourdarot (EDF-CIH) 

Collaborations  L.Sanchez / B.Fournier 
(Université de Laval)  

 Paulo Regis (Universidade Federal de 
Pernambuco) 

(Canmet / Univ Laval illustration ) 
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Layout 

• Assessment of Kinetic and amplitude of the AAR 
• Requirements for a Finite element model 
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Limit of residual swelling tests method 

Residual expansion tests on core specimens allow only to classify the current AAR activity: not able to 
predict residual swelling (none asymptote of swelling curve , even after 1 year in accelerated conditions) 

1-Drilled core specimens 

2-Residual swelling test : 38°C 100%RH 
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2-Residual expansion tests (RH 100%, 60°C) 

Underestimation of damage & 
displacements ! 

3-Finite element modeling 

Small slope 

No asymptote after 1 year test 

Residual swelling on core sample are not suitable for the fitting since they underestimate the swelling 
rate and they don’t supply the asymptotic swelling. 

Limits of residual swelling test method 
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=  

Reaction advancement (0→1 )  
managed by characteristic time τ) 

Gel production potential  in ideal condition : Vaar Measured  Swelling velocity   in 
accelerated swelling test 

Advancement of the reaction depends mainly on residual reactive silica in aggrgate 
Swelling potential observed in lab generally different of  in situ gel (difference of temperature, long term 
processes…) 

Fitting 1: slow kinetic, high swelling potential 
Fitting 2 : quick kinetic, low swelling potential 

Time (months) 

Swelling x1000 Swelling x1000 ≈ amount of pathogen gel 

Time (months) Time (months) 

Kinetic  A ≈ chemical activity 

Several parameters sets allow acceptable fitting of 
accelerated swelling curves in the time test interval 

A recurrent fitting problem : compensation of kinetic by amplitude 

Close 
slope 
domain 

Reminder of the limit of residual swelling tests limits  

p )p )
→  Only kinetic of the reaction can bi fitted with lab tests (trough the measure of  residual react silica) 
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An example of methodology able to measure chemistry advancement in lab and fit swelling 
potential on the real structure (formalized as “Toulouse method” in RILEM ISR WG1) 

(a) Core samples→ (b) Hydrochloric acid attack (1M) → (c)Recovered Aggregate (after sifting) 

1-1 Extraction of aggregates from concrete 1-2 Mortar bars made with crushed 
aggregates extracted (0,6mm/3mm) 
• From structural  concrete 
• From quarry or dry zones (to obtain 

initial aggregates)  

(2) Swelling potential of  mortar made of  
aggregates from quarry or dry zones 

(1) Swelling potential of  mortar made of  
altered aggregates 

Time In situ advancement of  the reaction 

1-3 Deduction of advancement and kinetic of the 
chemical reaction by comparison of mortar bars 
swelling for initial and damaged agg… 
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2- Final Swelling amplitude fitting on 
displacement rate of a few 
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As swelling potential can not be dissociated of the FEM model, it is essential to use an accurate FEM 
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Layout 

• Assessment of Kinetic and amplitude of the AAR 
• Requirements for a Finite element model 
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Reactive concrete under axial loading Non Reactive concrete under axial loading 

• The both concretes presents a same axial creep under 10 and 20 Mpa compression 
• Lateral swelling is amplified if axial swelling is impeded by a compressive stress 

Free swelling 

Lateral swelling under 10MPa 

Lateral swelling under 20 MPa 

Creep only under 10MPa 

Creep only under 20 MPa 

Requirements for swelling models usable for structure  affected by swelling reactions ?  

Strain X 1E3 

Time (d) /1E2 

Strain X 1E3 

Time (d) /1E2 

Anisotropic swelling  and creep : experimental evidences 

Strain of reactive concrete under 10 and 20 
Mpa compression (Multon’s PhD work) 
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with creep : reference solution 
(LMDC EDF model) (-4MPa) 

Consequences of misestimating of anisotropic swelling 

Example : Assessment of the vertical Stress state in a Reactive concrete cube 
blocked vertically ? 

00000000. 0Error 20 % 

0000  10.10

Error 150 % 

15. 000000  Error 450 % 

The most important aspect to consider is the swelling anisotropy induced by stress, the second is the 
creep 
• If anisotropic swelling if misevaluated the error on the stress state can reach 500% ! 
• The anisotropic swelling error is attenuated by creep  

Assessed Vertical stress 
induced by AAR swelling 

Time (/100 days) 

• The swelling reductions and transfers are of major importance but how to consider them properly ? 
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The different methods to consider swelling’s reductions and transfers in models 

Saouma, V., & Perotti, L. (2007). Constitutive 
Model for Alkali-Aggregate Reactions. ACI 
Materials Journal-American Concrete Institute, 
(103). 

Charlwood, R. G., Solymar, S. V. and Curtis, D. D. 
1992. “A Review of Alkali Aggregate Reactions in 
Hydroelectric Plants and Dams”. Proceedings of 
the International Conference of Alkali-Aggregate 
Reactions in Hydroelectric Plants and Dams, CEA 
and CANCOLD, Fredericton, pp. 1 - 29. 

Swelling direction i 

Stress direction i 

1992-2000 Empirical models : 
Chalwood (1992) 
Axial reduction but none 
swelling transfer from loaded 
to unloaded direction 

2000-2007 Semi-empirical models : 
Ulm, Li & Coussy (2000), Saouma(2007),  
Swelling and kinetic reduction with transfer to 
unloaded direction (empirical weight 
functions) 

Pan, J., Feng, Y. T., Jin, F., Xu, Y., Sun, Q., Zhang, C., & Owen, D. R. 
J. (2012). Meso-scale particle modeling of concrete deterioration 
caused by alkali-aggregate reaction. International Journal for 
Numerical and Analytical Methods in Geomechanics, 

2008-2015 Physical models: 
- Meso scopic models (understanding at REV 

scale) (Pan 2012) 
- Non linear poro-mechanics model coupled 

with chemical models (for structural analysis) 

Grimal, E., Sellier, A., Le Pape, Y., & Bourdarot, E. (2008). Creep, 
Shrinkage, and Anisotropic Damage in Alkali-Aggregate Reaction 
Swelling Mechanism-Part I: A Constitutive Model. ACI Materials 
Journal-American Concrete Institute, 105(3), 227–235.  

Axial reduction method Multi axial reduction method Physics based models 

e

5

erstanding at REVerstanding at REV

(3), 227–235. 

Ongoing research consists to link microscopic phenomena and numerical formulations to be used in structural analysis 
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Reactive 
aggregate

AAR Gel

Gel migration in 
connected 
porosity

400 m

2 mm

( b )

(a)

Reactive aggregate

AAR gel Gel
Concrete
Connected Porosity

AAR gel under
negligible pressure

AAR gel under 
significant pressure

A B

Chemical advancement of the reaction 
Depends on temperature, humidity 
Aggregate nature and aggregate size 

Connected porosity filling, 
pressure increases and gel 

migrates to connected porosity 

Under excessive gel 
pressure concrete 

cracks…gel goes into 
the cracks 

(Picture from Multon’s PhD) 

(Univ Toulouse MEB analysis) 

Which microscopic Phenomena to consider to avoid a misestimation of swelling amplitude 
and anisotropy ?  

• Latency time is mainly a physical (not chemical)  pb (time to fill connected porosity) 
• Anisotropic swelling is a consequence of matrix cracking (a micro-mechanical pb) 

The FEM must be able to consider progressive filling of porosity by gel, and anisotropic 
cracking in case of gel over pressure in pores connected to reactive aggregate 
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Benefits of a poro-mechanical formulation to consider coupling and anisotropy 

Reactive aggregate

AAR gel Gel
Concrete
Connected Porosity

AAR gel under
negligible pressure

AAR gel under 
significant pressure

A B

Concrete mechanical 
behaviour AAR gel Pressure 

(The Visco-Elasto-Plastic 
damageable matrix of concrete) 

• Mesoscopic analysis confirm cracks occur in 
the principal direction of effective stress 

A poro-mechanics formulation allows to combine  gel pressure and external loading effect, it allows to 
assess an effective stress around reactive aggregates, able to predict cracking directions  

An anisotropic cracking criterion based on effective 
stress must be used to consider the physical origin 
of cracking : 

bg Pg (Local gel 
pressure effect) 

Effective stress  
T  

 

+ k  
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Rt 

 

Rt → Cracking 

Longitudinal ‘Total stress’ on concrete induced by  
longitudinal reinforcements (able to balance gel pressure 
effect, leading to anisotropic cracking and swelling) 

Gel pressure effect (isotropic 
tension in the matrix) Vertical ‘Total stress’ on concrete induced by  transversal 

reinforcements (not sufficient to balance gel pressure effect, 
then effective stress is positive, a crack appears when it exceeds 
the tensile strenght) 

 k   

Gel pressure effect (isotropic 
tension in the matrix) 

(Isotropic tensile strenght) 

In each principal stress direction, the cracking criteria are able to decide if a crack appears or not, without 
resorting to “empirical functions as in previous modeling” 

Efficiency of poro-mechanics combined with anisotropic damage criteria to understand 
anisotropic cracking and swelling 
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What  we have to consider to assess the gel pressure using in models ? 

Reactive aggregate

AAR gel Gel
Concrete
Connected Porosity

AAR gel under
negligible pressure

AAR gel under 
significant pressure

A B

Gel volume created by the 
chemical reaction (t, T, HR)  

Connected porosity (fulfilled after the latency time L, depends on 
the gel pressure pg) (reduction of volume swelling  in 3D conf) 

Connected porosity change due 
to volume deformation 

Crack’s opening allow gel to migrate, that reduces the gel 
pressure Pg 

Gel solidification allows to 
treat crack fulfilled by the 
solidified gel as plastic 
strains 

Gel-Matric 
stiffness 
coefficient 

Ingress in porosity and in cracks is considered by the gel mass balance of compressible and viscous gel 
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Coupling wth creep 

Poro-mechanics is an efficient framework to explain the different configurations: 
• Before cracking the matrix creeps in tension 
• After cracking , the gel pressure can decrease and the external loading becomes prevalent, leading 

to a creep in compression 

To be able to predict properly the mechanical behavior of affected concrete, several phenomena have 
to be understood and modeled (creep in tension and in compression, drying creep, shrinkage…) 
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GI BI  FECI T

TEMPS

EPZZ

0 . 00 1 . 00 2 . 00 3 . 00 4 . 00 5 . 00
x1. E2

 2. 50

 2. 00

 1. 50

 1. 00

 0. 50

0 . 00

0 . 50
x1. E3

NR shr  zz t h

NR shr  zz ex

NRshr  r r  t h

NR cr 10 zz t h

NR cr 10 zz ex

NR cr 10 r r  t h

NR cr 20 zz t h

NRcr 20 zz ex

NR cr 20 r r  t h

10 MPa 

20 MPa 

0 MPa 

Basic creep of Non Reactive Concrete under axial 
compression (from Multon’s PhD work) 

An efficient creep model for 
effective stress based on the 
consolidation theory (Univ 
Toulouse 2007-2015) 

Anisotropic consolidation theory is an efficient way to manage 3D creep… 

Progress in structural creep modelling are integrated in the global model… 
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Lateral swelling under 20 Mpa axial 

Lateral swelling under 10 Mpa axial 

Free swelling (axial and radial) 

Axial strain under 20 Mpa axial 
Axial strain under 20 Mpa axial 

GI BI  FECI T

TEMPS

EPZZ

0 . 00 1 . 00 2 . 00 3 . 00 4 . 00 5 . 00
x1. E2

 2. 50

 2. 00

 1. 50

 1. 00

 0. 50

0 . 00

0 . 50

1 . 00

1 . 50
x1. E3

NR shr  zz t h
NR shr  zz ex
NRshr  r r  t h
NR cr 10 zz t h
NR cr 10 zz ex
NR cr 10 r r  t h
NR cr 20 zz t h
NRcr 20 zz ex
NR cr 20 r r  t h
R shr  zz t h
R shr  zz ex
R shr  r r  t h
R shr  r r  ex
R cr 10 zz t h
R cr 10 zz ex
R cr 10 r r  t h
R cr 10 r r  ex
R cr 20 zz t h
R cr 20 zz ex
R cr 20 r r  t h
R cr 20 r r  ex

NR 10 MPa 

NR 20 MPa 

NR 0 MPa 

Axial deformation of Reactive concrete under 10 and 
20MPa compression present a creep quasi-similar to 
NonReactive concrete. 

Lateral swelling is amplified if longitudinal swelling is 
impeded 

R 20 MPa 

R 10 MPa 

Efficiency of coupling between anisotropic plasticity and creep model allows to fit properly  

Once the creep, plasticity and damage models are merged  in a poro-mechanics framework, the model 
need appropriate experimental results to be fitted (simple specimens in various loading conditions) 
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The model can then be used to assess the concrete behavior in real structures 

The poro-mechanics formulation combining non linear creep, anisotropic plasticity and damage, allows to 
predict : 
• the change in Latency time 
• the reduction of swelling in loaded direction, 
• the swelling transfer in free direction 
• the possible prevalence of non linear creep under hard compression   

Prediction of material response 
under various axial loading (from 1 
to 20 Mpa axial compression) 

Despite the progress accomplished, some improvements  could be made regarding the behavior under 
tri-axial loading (ingress of AAR gel or DEF into porosity at high pressure, without cracking…) 

Longitudinal and lateral strain for different axial loading 

strain 

time 
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Another challenge of research : the pertinence to extend the model clarified for AAR to the DEF  

Bouzabata, H., Multon, S., Sellier, A., & Houari, H. (2012). 
Effects of restraint on expansion due to delayed ettringite 
formation. Cement and Concrete Research, 42(7), 1024–
1031. 

• DEF swelling is approximatively 10 
time greater then AAR… 

 
• A swelling reduction is observed in 

loaded direction 
 

• The transfer from loaded to 
unloaded direction seems lesser 
than for AAR  

Ongoing research  on this topic 
should be supported… 
• Even if a few results appear in 

the literature, behavior of 
specimens under various tri-axial 
loading are needed 
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Are the relationships damage-swelling established for AAR usable for DEF ? 

In free swelling condition  damage versus swelling are of a same order for AAR and DEF 

Capra, B., & Sellier, A. (2002). Orthotropic modelling of 
alkali-aggregate reaction in concrete structures : 
numerical simulations. Mechanics of Materials, 
6(December). 

The damage –swelling law seems to be the same for AAR and DEF, but only a few results 
are available in the literature… 

Bouzabata, H., Multon, S., Sellier, A., & Houari, H. 
(2012). Effects of restraint on expansion due to 
delayed ettringite formation. Cement and Concrete 
Research, 42(7), 1024–1031. 

NEA/CSNI/R(2016)13/ADD1



Reactive beam 

Non reactive beam 

(Multon’s beams) 

Constrained swelling : 
• Orients crack parallel to main reinforcements, stiffness is not reduced in the reinforcement direction 

(anisotropic damage needed in the models) 
• Creates a compressive stress parallel to the reinforcement witch acts as a pre-stress, and delays first 

cracking, leading sometimes to an apparent strenght increse due to confinment by rebar’ frame 
 

• BUT : as the steel are pre-tensioned by AAR, the ductility  reserve of the structure could be reduced 
(stirrup rupture observed in some bridge’s beam…) real risk is to break the reinforcement under swelling,  
worst with DEF. (criteria on residula ductility of rebars could be interesting) 

Concerning research at the structural scale  NEA/CSNI/R(2016)13/ADD1



Conclusion 

• Prediction of the behavior of structures affected by AAR needs to assess separately :
• The kinetic of the chemical reaction
• The gel production potential

• The kinetic can be deduced from comparison of aggregates extracted from affected concrete
with aggregates from quarry (or dry zones of the structure, for exple with the mortar bar
method)

• The amplitude can then be assessed from inverse analysis of displacement rate on the
structure.

• This assessment needs a very realistic finite element model, able to consider:
• Swelling anisotropy
• Plasticity
• Anisotropic damage
• Non linear creep

• Errors on anisotropic swelling assessment lead to several hundred % error on stress
assessment.

• The poro-mechanics theory is a convenient framework to merge all involved phenomena, but
research have to go on to improve the gel pressure assessment :

• Triaxial tests under various loading cases are needed
• Several size of specimens should be tested to understand the cracking effect on gel

pressure
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Stress state prediction in structures 
affected by AAR and DEF 

Thank you for your attention 

AAR and DEF structural effects 

(Canmet / Univ Laval illustration ) 

Alain Sellier 

 S.Multon, P. Morenon, M.Salgues, Y Thiebaut (Univ 
Toulouse / EDF / Vinci) 

E.Grimal, E. Bourdarot (EDF-CIH) 

Collaborations  L.Sanchez / B.Fournier (Université 
de Laval)  

 Paulo Regis (Universidade Federal de Pernambuco) 

alain.sellier@insa-toulouse.fr 
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IS2C project in the Netherlands 

Erik Schlangen TU Delft 
http://erikschlangen.wix.com/erikschlangen 
Branko, Mladena, Dong, Jose, Rene, Caner, Rita…. 
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2 

STW Perspectief program 

Key info of the  
IS2C program 

Total budget: 7.4 M€ 
 
STW:  4.9 M€ 
Industry: 2.5 M€ 

 
  

PhD students:   23   
Some Post-Docs and Technicians 

 
Overall PI:  
Prof. Eddy Koenders 
(now at TU-Darmstadt) 
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3 

Towards IS2C program 

Main reason for concern industry: 
 

Change of contracts – DBFM 
 

D = Design 
B = Build 

F = Finance 
M = Maintenance 
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STW Perspectief program 

“IS2C” 
 

Integral Solutions for Sustainable Construction 
 

Bottom up issues: - Driven by company demand 
   - Change of contracts to DBFM / PPP 

   - Life cycle management 
   - Durability perspective 
   - Maintenance control 
   - Asset management 
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STW Perspectief program 

Compose research team 

Universities:  TUD / TUE / UT 
 
 

Industrial partners:  22 x support 
   Covering all areas 

   - Design 
   - Contractors 

   - Owners 
   - Consultants ect. VOBN 

TNO 

STRUKTON 

Shell 

RWS  

ProRail 

Philips applied technologies 

NEBEST 

N.V.D.O. 

MOVARES 

INTRON 

Hurks beton 

G4

ENCI 

CUR Building & Infrastructure 

CUGLA 

CONSENSOR 

Cement en Beton centrum 

Bouwend Nederland 

Royal BAM group 

BALLAST NEDAM 

ABT
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Actual situation 
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High-way roll-out The Netherlands 
[km] 

+ 40 = 2015 
- 40 = 1970 
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Pe
rf

or
m

an
ce

 

Regular maintenance ?? Reconstruction 

Age Performance without  
regular maintenance 

Performance with regular maintenance 

Max. 

Min. 

Degradation of performance 

How to monitor/plan maintenance ???? 

Safety 

Safe 

Unsafe 
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IS2C objective: 
 
 

INTEGRATED APPROACH 
 
 

Bringing together knowledge of various research disciplines: 
Interdisciplinary approach 
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Materials & Structures 
 Structural design / construction 

 
 Materials properties 

 
 Microstructure 

 
 Chemo - mechanics 
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Degradation Mechanisms 
 Degradation processes 

 
 Moisture transport phenomena 

 
 Rate quantification 

 
 Hygral - mechanics 
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Sensing & Monitoring 

 Actual condition of assets 
 

 Sensing of degradation 
 

 Life cycle info 
 

 Nano - mechanics 
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Integrated approach 

Total integration of 3 “separate” research directions 

Multi-scale approach 
(from nano – to – macro) 
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Long term research focus of Program 
A predictive SImulation Model for service-LIFE assessment 

       

With elements:       (SIMLIFE) 

1 - Key Performance Indicators 

2 - Degradation mechanisms 

3 - Monitoring degradation 

4 - Material / Structural performance 

5 - Monitoring structural performance 

6 - Data management 
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Research coherence of projects 

A predictive SImulation Model for service-LIFE assessment 
                (SIMLIFE) 

Key 
Eelements

 
 
Main 
Research 
Directions 

Key 
Performance 
Indicators 

Degradation 
Mechanisms 

Monitoring 
Degradation 

Materials / 
Structural 
Performance

Monitoring 
Structural 
Performance 

Data 
Management 

Sensing & 
Monitoring X X X X X 

Degradation 
Mechanisms X X X X X 

Materials & 
Structures X X X 
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IS2C: Projects granted 
9 Projects are granted on different topics  

Focus: coherence 
 

1. In-situ chloride sensor development 
2. Data management for monitoring infra performance 

3. Chloride  and corrosion in cracked concrete 
4. pat (performance assessment tool) ASR 

5. ASR Mitigation  
6. Durable repair  
7. Post casting 

8. RCM method for cracked concrete 
9. Proof loading 
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1: In-situ chloride sensor 

• TU Delft 
• TU Eindhoven 
• UTwente 
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1: In-situ chloride sensor 

• TU Delft Mircolab 
• TU Eindhoven Pel Group 
• UTwente MESA+ nanotechnology 
 

• Lab on chip technology 
 

• 3PhDs 
 

• Objective: Integral solution for in-situ chloride sensing 
 

• Full scale testing 
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2: Data management for infra  

• TU Delft 
• LIACS Leiden 

NEA/CSNI/R(2016)13/ADD1



20 

15 January 2016 20 

2: Data management for infra  

• TU Delft/LIACS Leiden 
 

• Large data streams 
• Manageable output 
• Objective: Extract relevant information that identifies 
                 degradation and management information 
• Management information system 
 

• 2 PhDs, 1 postdoc,  
  1 programmer 
 

• Full scale testing Hollandse Brug 
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3: Chloride in cracked concrete 

• TU Delft 
• TU Eindhoven 
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3: Chloride in cracked concrete 

• TU Delft/TU Eindhoven 
 

• Non destructive measuring 
• Corrosion initiation and propagation 
• Chloride transport -> NMR  
 

• 3 PhDs 
 

• Objective: Improved corrosion initiation 
                  model 
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4: ASR - Li-based remediation 

• TU Delft 
• TU Eindhoven 
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4: ASR - Li-based remediation 

• TU Delft/TU Eindhoven 
 

• Non destructive testing of ASR 
• Model for initiation and propagation 
• Non destructive method for ASR transport 
• Model for Li transport and remediation 
 

• Objective: From degradation to remediation method of ASR 
 

• 3 PhDs 
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5: ASR – Performance Assessment Tool 
(PAT) 

• TU Delft M&E 
• TU Delft GCC 
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5: ASR – Performance Assessment Tool (PAT) 

• TU Delft M&E and GCC 
 

• Optimization of ASR proof design 
• Modelling environmental scenarios 
• Mixture modifications 
• Monitoring ASR 
• ASR-proof design of service life 
• Objective: PAT-ASR tool development 

 
 
• 3 PhDs: 1: Experimental 

2: Micro/Meso modelling 
3: Structural modelling 
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6: Durable Repair and Radical Protection 

• TU Delft M&E  
• Tongji  

  University China 
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6: Durable Repair and Radical Protection 

• TU Delft M&E and Tongji University China 
 
Objectives: 
• Improve interface properties 
• Develop self healing coating 
• Procedure for incorporation of SH coating 
  in the assessment of concrete structure 
 
• Cooperation with China 
 
• 3 PhDs: 1: Bond properties 

2: Self healing coating 
3: Upscaling application 
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7: Post Casting on Durability  

• TU Delft M&E  
• TU Delft GCC 
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7: Post Casting on Durability  

• TU Delft M&E and GCC 
 
• Long term durability 
• Workmanship and compaction 
• Durability at the site 
• Compaction optimization by internal  
  and external curing 
• Dielectric sensoring of bleeding 
• Objective: Improving vibration ability during execution  
 
• 2 PhDs: 1: Compaction technology 

2: Curing performance 
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8: RCM Method Cl 

• TU Delft GCC 
• TU Delft Eindhoven 
• UTwente 
 

• 3 PhDs 
 

• RCM Lab assessment 
• Apparent surface Cl 
• Cl in cracked concrete 
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9: Smart proof loading 

• TU Delft GCC 
• TU Delft Constr Mech 
 

• 2PhDs 
 

 
Residual capacity of bridges 

 

Proof loading 
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Summary IS2C projects 

Proof loading
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Research coherence of projects 

A predictive SImulation Model for service-LIFE assessment 
                (SIMLIFE) 

Key 
Eelements

 
 
Main 
Research 
Directions 

Key 
Performance 
Indicators 

Degradation 
Mechanisms 

Monitoring 
Degradation 

Materials / 
Structural 
Performance

Monitoring 
Structural 
Performance 

Data 
Management 

Sensing & 
Monitoring X X X X X 

Degradation 
Mechanisms X X X X X 

Materials & 
Structures X X X 

Proof loading
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Time schedule 

• Projects granted per December 2009 
 

• PhD-projects in the Netherlands are 4 years +… 
 

• Projects started in 2010-2011-2012 
 

• Now 3 PhD’s (out of 23) are finished 
 

• PhD-theses can be downloaded from TU-Delft library 
 

• website project:   www.is2c.nl 
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Some examples: 

Pat-ASR 
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About the project 

• National project funded by STW, part of IS2C 
project domain 

• Involves 2 PhD students + 1 Post doc 
• Official Project partners, 

 
 
 
 
 

• Supervision: Oguzhan Copuroglu, Erik Schlangen, Max Hendriks 
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About Phenomenon 

 
What’s already known? 

A Chemical process 
Internal damage  

Reduction in mechanical 
properties 

 
About diagnosis and evaluation 

Alkali – Silica – Water required altogether 
Micro-cracking is key 

Influence on mechanical properties may vary 
Performance is often less impaired than 

appears 
Coupling effects with other mechanisms  

 

s 
e  

s 

Thomas Edison Stanton  
California State Highway Division 

(1940) 

It is SLOW but PROGRESSIVE 
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How to deal with it? 
New Structures 
Avoid one of the major factors  
 Alkali source  – Binders 
 Silica Source  – Aggregates 
 Water  – Environment Exposure 
 
Screening tests for aggregates 
 Chemical, petrography, AMBT, CPT etc. 
 
Existing Structures 
Diagnose 
 Proof of ASR secondary products, damage due to  ASR  
Quantify damage in the system 
 NDT, Crack index, core testing, etc. 
Monitor to further progress of damage 
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What is missing? 
Links between; 
 Chemical phenomenon   Physical Phenomenon 
 Field performance    Lab performance (time) 
 Field    Modeling   Lab 
 
Parameter studies for causes of ASR  
(Partially investigated but no conclusive results) 
 
Evaluation and quantification of micro cracking due to ASR 
 
Quantification of reactivity of aggregates 
 
Sensitivity to structural detailing – macro effects 
  
THESE are required for long term predictions. 
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The plan 

Caner 

 
Development of a engineering 
material performance tool for 

the simulation of the ASR 
effects on concrete structure 

durability. 
 Rita 

Experımental & Meso Modelling 
Experimental  & 
Structural  M. 

An educated guess on ASR damage prediction 
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Structural Modelingng 

Small Scale 
Testing 

 
 

Mechanical 
Tests 

 
 

h

Fracture re Modeldel

Samples / Case Studies 

Accelerated 
Tests  

(AAR3-AAR4) 
 
 

(AARAARARRRR3-RRR333-

ASR damage scheme 

Nano  
indentation 

 
 

AcceleraAcceleraccelera

AR4AR4AAAA 4) 44AAAAAAAAA

Field Performance 

Lab. Experiments 

Modelling 
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Nautesund Bridge 

• Backward compatible performance testing:  
“real” mix from existing structures 

• Oslo, Norway 
• Nautesund bridge, built in 1958 
• Demolished in 2009 
• 7 half-cores, original aggregate source 

 
Original Mix Design* 

• Calculation of concrete composition from volume proportions 

measured by point counting method 

• Fine Agg. …. %33.1 (by volume) 

• Coarse Agg . %33 (by volume) 

• Paste ………  %32.3 (by volume) 

• Air content  .  % 1,6 (by volume) 
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Some examples: 

REPAIR 
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Experimental 
 

Numerical 
 

Flexural performance of the repair system 

Grooved surface 
 
 
 
Smooth surface 
 

 
 
Substrate 
 
Repair 

Lower interface 
properties beneficial? 

Smooth surface 
beneficial? 

Mladena Lukovic & 
Dong Hua 

NEA/CSNI/R(2016)13/ADD1



46 

Repair material without fibres 

Repair material with fibres 
(SHCC) 

Simulation results NEA/CSNI/R(2016)13/ADD1
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Repair Systems 
Mladena Lukovic & 

Dong Hua 
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Simulation of the 3D drying shrinkage 

 
    Concrete                        Mortar                            Clay 

Prepare substrate           Cast repair  Expose to drying        Simulate fracture 
 

   
             Cracks in nature     Simulated cracks 
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Damage development in time 
3D damage pattern after 110 days of drying-Influence of bond strength 

Roughness profile-imitated sand-blasted surface 
Repair material thickness 10mm 
 

 Low bond strength   High bond strength 
 

Thickness 10mm 
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Damage development in time 
After 110 days of drying-Influence of addition of fibers

 Non-reinforced repair material  SHCC as a repair material 
 

Low bond strength 
Thickness 10mm 
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Damage development in time 
Influence of different thickness

Repair material thickness  10mm                6mm  6mm  
 

    Low bond strength               High bond strength
       
 

Experiments on cracking in drying a coffee-water          Drying induced shrinkage and crack formation of a layer of paste made   
Mixture carried to model cracks in nature          of clay, sand (0.15mm) and water deposited on a rigid substrate 
(Grosman, Kaplan 1994)          (Colina, Roux 2000) 
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Repair material thickness  10mm                 6mm 
  
 

Damage development in time 
influence of different thickness
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Damage development in time 
influence of fiber addition

Repair material     10mm      
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Some examples: 

Chloride ingress and   corrosion in cracked  concrete 
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Chloride ingress in cracked concrete (M3C4) 

PhD 1
Cl transport in 

cracked concrete

PhD 3
Corrosion initiation

and propagation
near cracks

PhD 2
Non-destructive, real-time

transport of Cl, H2O, Na

structure

PhD 1
Cl transport in 

cracked concrete

PhD 3
Corrosion initiation

and propagation
near cracks

PhD 2
Non-destructive, real-time

transport of Cl, H2O, Na

structure

B. Šavija 
(Erik Schlangen) 

J. Pacheco 
(Rob Polder) 

J. Han  
(Leo Pel) 
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Why study chloride ingress and reinforcement corrosion in 
cracked concrete? 

• Cracking- inevitable in concrete structures. 
• Cracks- fast route for ingress of  

deleterious species.  
• Might seriously reduce the service life! 

• Not properly taken into account by current 
service life models! 

• Long term effects are unknown! 
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Rapid chloride migration (RCM) 

Marsavina et al (2009) 
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Chloride Ingress in Cracked Concrete and Corrosion of  
Reinforcement 
B. Savija, J. Pacheco, J. Han (TU/e) 

Concrete as heterogeneous material 
(Qian 2012) 

Andrade et al. (1993) Anddrade et al.drade et a
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Pitting Corrosion 

4 8Uniform 

Šavija et al. (2013), Constr Build Mater 44, pp.626-638 
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Šavija et al. (2014),  
Materials and Structures, online 

Cracking due to rebar corrosion  
CT-scan and Nano-indentation 
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  SHCC   Mortar 
Cracking due to rebar corrosion 
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Fracture mechanisms on the scale of the 
concrete cover zone are important 
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Some examples: 

Proof loading 
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Proofloading 
Viaduct Vlijmen, ASR-damage 
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More info: 

www.is2c.nl 
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If this does not work….. 
Check out our self-healing 
materials work. 

Concrete with bacteria 
http://www.cnn.com/2015/05/14/tech/bioconcrete-delft-
jonkers 

Asphalt with steel-wool fibres 
http://edition.cnn.com/videos/business/2014/07/17/spc-make-
create-innovate-asphalt.cnn 

both of them are on CNN 
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Monitoring and 
Nondestructive 
evaluation of ASR 

Patrice Rivard, Ing. Ph.D.

Professor of Civil Engineering 

ASCET Workshop   July 15-18, 2014 
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Outline 

Monitoring of a lock affected by ASR 
 

Nonlinear Acoustics (NLA) 
Why using NLA 
Application in the lab (Slow Dynamics) 
Application in the field (Time shift) 
 
 

Stress measurements  
 

Closing thoughts on ASR 
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Design a program to assess ASR 
damage in an hydraulic structure 

• Determine global condition of concrete 

• Identify damaged zones 

• Allow monitoring ASR progression 

4 

» Select of intervention

Monitoring of a lock affected by ASR 
NEA/CSNI/R(2016)13/ADD1



Built at the end of the 50’s
ASR detected about 30 years ago 
Cracking, recurring operation 
problems
Displacement  1.6 mm/year 

5 

Investigated site 
NEA/CSNI/R(2016)13/ADD1



A) Mechanical and physical   
  properties on drilled cores (80 mm) 

B) Petrography (DRI) on cores 
C) Measurements of in situ stress 

 D)  Structure condition (seismic  
  tomography) 
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Program description 
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P and S velocity (transmission) 

A) Properties of Drilled Cores 
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Dynamic Young 
Modulus 
(Resonance 
frequency) 

ASTM C215-97 

Longitudinal Mode  

A) Properties of Drilled Cores 
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A) Properties of Drilled Cores (examples) 
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Flat jack + pressure   Slot cutting gauge 
12 

C) Stress Measurements 
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Transverse stress       
± 0 MPa 

Vertical stress 
 1,3 MPa 

Longitudinal stress 
3,5 MPa 

13 

C) Stress Measurements 
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D) Seismic Tomography 
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Wave covering 

Example of received signal 

receivers 

Time 
(ms) 

15 

D) Seismic Tomography 

rockfill 
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Seismic 
Tomography 

Velocity (m/s)
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Rockfill side Canal side 
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Regarding damage in structure... 
• Despite evidence of ASR and movement 

in structure, damage remains low, except 
near surface…

• A major crack was located with seismic 
tomography (enabled covering large 
area)…

17 

Conclusions of monitoring 
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Outline 

Monitoring of a lock affected by ASR 
 

Nonlinear Acoustics (NLA) 
Why using NLA 
Application in the lab (Slow Dynamics) 
Application in the field (Time shift) 
 
 

Stress measurements  
 

Closing thoughts on ASR 
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Distance traveled 

time 

Ultrasonic 
Pulser/receiver 

Used for over 50 years to assess 
concrete quality/curing  
 
- Measures the elastic wave speed 
over known propagation distance 
 
- Sensitive to elastic stiffness and 
density 
      
 
 
 
- Wave dispersion/attenuation 
 

Why Nonlinear Acoustics ? 

Conventional ultrasonic velocity (UPV) 

NEA/CSNI/R(2016)13/ADD1



20 

After Sansalone and Street

Resonant technique 
 
Wavelength dependent 
 
 
 
Sensitive to elastic stiffness, density 
and boundary conditions 
 
Ideal for long thin shape (e.g.  slab) 
 
Typically for measuring thickness of 
a slab or for locating debonding 

Why Nonlinear Acoustics ? 

Impact-echo
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21 After Van Den Abeele et al., 2000

• Not wavelength dependent 
• Nonlinear stress-strain relationship 
• Sensitive to microstructural changes 

Why Nonlinear Acoustics ? 
NEA/CSNI/R(2016)13/ADD1



Nonlinear Elasticity in Concrete 

Linear elasticity Classical nonlinear 
elasticity 

Non classical 
nonlinear elasticity 

ε

σ

ε

σ

ε

σ

E = E0 E = f(ε) 
E = f(ε,έ,t,…) 

« Perfect »  
material 

Microscopic 
defects 

Mesoscopic 
defects 

22 
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Outline 

Monitoring of a lock affected by ASR 
 

Nonlinear Acoustics (NLA) 
Why using NLA 
Application in the lab (Slow Dynamics) 
Application in the field (Time shift) 
 
 

Stress measurements  
 

Closing thoughts on ASR 
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Slow Dynamics 

24 

Based on “creep test” 
 
Idea : reaction products are 
viscous   visco-elastic 
behaviour of concrete 
 

Aim : distinguish ASR from other damage mechanisms that 
create cracking 
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Amplitude and 
frequency 
controlled voltage 

Signal  amplification 
and conditioning 

Piezoelectric 
transducer ICP accelerometer 

Slow Dynamics 

Instead of applying stress and looking at strain, we boost the 
driving amplitude and look at resonant frequency  

NEA/CSNI/R(2016)13/ADD1



Slow Dynamics 
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E1 E2 ASR 1 ASR 2 
Strength (MPa) 80 58 27 32

UPV (m/s) 4667 3905 3560 3580

Two types of damage 
Mechanical damage (90 % f’c) 
ASR (cores drilled from a service structure) 
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Slow Dynamics 
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Slow Dynamics 

28 

Kodjo, Rivard, Cohen-Tenoudji and Gallias (2011)  
in Cement & Concrete Research  vol. 41 
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Conclusions 

Slow dynamics procedure allowed distinguishing 
ASR from mechanical damage 
 
Perspectives : conduct additional tests on other 
deterioration mechanisms involving secondary 
products (DEF)  
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Outline 

Monitoring of a lock affected by ASR 
 

Nonlinear Acoustics (NLA) 
Why using NLA 
Application in the lab (Slow Dynamics) 
Application in the field (Time shift) 
 
 

Stress measurements  
 

Closing thoughts on ASR 
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impact

Emission 

Reception 

1 2 3 4 

1 2 3 4 

Boxer 

Ultrasonic 
Generator 

Generator : high frequency and low amplitude signals  
Impact : low frequency and high amplitude signals 

Time Shift 

How it works  

Aim : Develop ND technique suitable for field assessment 
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Schematic signal before and
after impact 

Time Shift 

How to calculate time shift 
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Coda 

Time Shift 
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• Using the present sources of energy 
(like vehicle passing) for generating 
low frequency and high amplitude 
waves.  

High frequency and low 
amplitude signals 

Low frequency and 
high amplitude 

signals 

Future: 
A permanent system for 
continuous evaluation 
of concrete bridges.  

Time Shift 
NEA/CSNI/R(2016)13/ADD1
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Time Shift 

Experimental Set-up

Reinforced slabs 
• 2 reactive mix 
• 1 non-reactive mix 
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Time Shift 

Slab loading between 10 kN and 40 kN by step of 5 kN.  

Time (sec)Time (sec)

Lo
ad

  (
N

)

D
ef

or
m

at
io

n 
(μ

s)

Load 40 kN

Example of loading and corresponding deformation.
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Time Shift 

Time Shift Method for 40 kN loading 
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P-wave in transmission mode 

Time Shift 
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Time Shift 

Next step : Moving to field trials ! 
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Time Shift 

For in situ measurements (time shift) we need to 
know what are the resonant modes of the 
elements to ensure appropriate location for the 
sensors 
 
Finite element analysis should be performed 
prior to testing 
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NLA :Conclusions and Perspectives 

Nonlinear acoustics (NLA) techniques are very 
sensitive to micro-damage 
 
Most NLA doesn’t require original mechanical 
properties for damage evaluation 
 
Physics behind NLA is complex and we don’t 
exactly know what we are measuring 
(quantifying) 
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Stress measurements in rods 
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Welding of vibrating wire 
gauges

Stress measurements in rods 
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Cutting Reconnecting 

Stress measurements in rods 
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Rod Stress (MPa)
1 277
2 254
3 262
5 240

average 258

Rod Stress (MPa)
1 377
2 362
3 359
4 -
5 378
6 -

average 342

Hydraulic load on gate = 20 – 140 MPa

Stress measurements in rods 
NEA/CSNI/R(2016)13/ADD1
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Nonlinear Acoustics (NLA) 
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Application in the lab (Slow Dynamics) 
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Stress measurements  
 

Closing thoughts on ASR 
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Closing thoughts on ASR 

ASR is aggregate dependent 
 
Stress conditions : confinement is very 
important in order to better understand and 
predict ASR in the field 
 
Surface cracking (or damage) ≠ internal 
damage 
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Closing thoughts on ASR 

Lab vs field : very different !
Alkali leaching
Free expansion
Environmental conditions
Other deterioration processes
Scale effect
Ageing effect (gel stiffer with time, cement
hydration)
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Experience of Assessment and Management of large 
non-nuclear ASR- and/or DEF-affected structures: 

Science, practice and questions 

François TOUTLEMONDE 
IFSTTAR, Materials and Structures / French Permanent Group of Experts for Nuclear reactors 

With help and experience of 
B. GODART, J.-F. SEIGNOL, R.-P. MARTIN, J.-M. TORRENTI, L. DIVET,  

B. THAUVIN, C. LARIVE, P. FASSEU, D. GERMAIN, O. OMIKRINE-METALSSI et al. 
IFSTTAR (formerly LCPC) and CEREMA (former « Ponts et Chaussées » Network) 

ASCET Workshop (OECD) – NIST, Gaithersburg MD, June 30, 2015 
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Toutlemonde  
OECD/ASCET Workshop, June 2015 

2 

In France, about 500 concrete bridges and some 5 
dams are known as affected by expansive 
reactions (ASR and/or DEF) 

First major cases for ASR:  
Chambon dam and others (mid ’70s)
A4 Motorway overpasses (1986) 
Térénez suspended bridge 

More than 80 % of ASR-affected bridges in Brittany 
or Northern France 
Other cases anywhere 
Experience of foreign cases (Africa, Switzerland) 
both for bridges and dams 

Context and background NEA/CSNI/R(2016)13/ADD1
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DEF more recently identified (mid ’90s)
In massive cast-in-place parts of structures 
About 100 cases where it is dominant 
May concern strategic bridges / facilities 

More rapidly detected 
But risks persist due to the pressure on reduced 
times for on-site works 

In both cases 
Complex expansive internal reactions 
Amplified by water supply 

Context and background 

Toutlemonde  
OECD/ASCET Workshop, June 2015 
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Successive steps:  
ASR

• preventing ASR 
« comité technique » → recommendations 1991 – 1994 
Now included in French standards for Concrete XP P 18-594 etc. 

• identifying cases, collecting data 
national inquiry, expert investigations, development of diagnosis / 
measurement methods (1986 until now) 

• basic research investigations (understanding mechanisms) 
Works by Dron, Le Roux, Godart 
Ph.D. Theses by C. Larive (1997) S. Multon (2003) 
In parallel of academic contributions : Bournazel, Capra, Poyet (2003) 

• consolidating the methodology for bridge management 
• developing numerical tools for structural reassessment 

         Alka (2003) module of CESAR-LCPC software 
         Based on works by Coussy-Ulm, Li Kefei, Seignol. 

• gaining expertise in bridges, dams and hydraulic facilities monitoring, 
assessment and retrofitting 

Toutlemonde  
OECD/ASCET Workshop, June 2015 4 
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Successive steps: 
DEF

• preventing DEF 
« comité technique » → recommendations 2007 
Now under revision 

• identifying cases, collecting data 
national inquiry, expert investigations, development of diagnosis / 
measurement methods (1997 until now) 

• basic research investigations (understanding mechanisms) 
Ph.D. Theses by Divet (2001), Pavoine (2003), Brunetaud (2006), Martin 
(2010), Al Shamaa (2013), Kchakech (2015) – in parallel with academic 
contributions (Barbarulo, Salgues…) 

• consolidating the methodology for bridge management 
• developing numerical tools for structural reassessment 

RGIB (2008) module of CESAR-LCPC software 
Based on works by Baghdadi, Seignol, Omikrine-Metalssi, V.D. Le, Aitsi 

• gaining expertise in bridges, dams and other facilities monitoring, 
assessment and retrofitting 

Toutlemonde  
OECD/ASCET Workshop, June 2015 5 
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Present situation
• ASR prevention has turned out effective 

No new case of ASR-affected bridge have been identified for bridges 
built since the recommendations for prevention have been issued and 
applied (1991) 

• The stock of affected structures is still growing 
- In France latency times for ASR are typically 15-25 years 
- DEF prevention is much more recent and the trend for massive 
elements / short setting times / high quality cement is still important 

• Experience is gained in bridge management 
- Some bridge stocks have been monitored for more than 15 years 
- Only less than 10 ASR-affected bridges had to be dismantled 
- Non-destructive complementary measurement techniques are still 
under development and under study for less accessible structures 
- Experience has been gained in diagnosis, residual expansion tests, 
structures monitoring and modeling 

Toutlemonde  
OECD/ASCET Workshop, June 2015 6 
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Guide for bridge 
management (2003) 

Handbook for identifying 
reactions of internal degradation 
of concrete in structures (1999) 

Toutlemonde  
OECD/ASCET Workshop, June 2015 7 
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The five steps of the methodology 
1. Prioritisation (classification of structures) 

2. Initial assessment 
•  Characterization of cracking 
•  Sensors installation for monitoring of deformations 
•  Programming of measurements 

3. Monitoring (leading to priorization) 

4. Search for the causes of disorders 
•  Sampling  
•  Laboratory analysis of samples and diagnosis 

5.  Forecast of the evolution 
•  Residual expansion tests 
•  Specific recalculation (chemo-mechanical model) 
•  Optimization of the retrofitting technique 

Present cracks ? 
Evolution ? 

Toutlemonde  
OECD/ASCET Workshop, June 2015 8 
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Survey of cracking and global deformation 

Measure with Invar wire 
distancemeter 

Measure with Infra-red distancemeter
Sensitivity – accuracy but thermal / mechanical 
effects are included 
Relative displacements are directly related with 
outputs of the computation 
Zero is not before occurrence of AAR 

Toutlemonde  
OECD/ASCET Workshop, June 2015 9 

Cracking
index IF 
Average crack 
width in a 1 m² 
zone (4 axes) 

T°, RH ? 
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Stock of structures 

Priority level 2 Priority level 1 

 Survey of cracking IF0  and survey of global deformation Dm0 

IF0 > 1mm/m  and/or 
Single cracks f0 > 0,5 mm 

 IF & Dm at 12 months IF & Dm: 3, 6, 9, 12 months

IF or Dm/Dm > 0,5 mm/m/year 
and/or   fi >0,2 mm/year for single       
  cracks f0 > 0,5 mm 

NO YES

IF0 > 1mm/m 

Suspension 
of measures 

Measures 
in 3 years 

Continue monitoring of IF and Dm with a 
3 months to 12 months frequency 

NO YES

NO

YES

NEA/CSNI/R(2016)13/ADD1



Chemical diagnosis 
Identification of compact (secondary) ettringite ? 
Identification of ASR gels ?  

Fluorescence using 
uranyl acetate 

SEM + chemical 
analysis 

ASR and DEF have been 
observed separately or 
combined 

Toutlemonde  
OECD/ASCET Workshop, June 2015 11 
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Reassessment 
In order to forecast the evolution of the structure 
Numerical reassessment is required due to spatial differences in water 
supply, variations of temperature, applied mechanical stresses, need for 
anticipating the remaining margin vs. SLS and ULS and the evolution, 
comparing repair solutions 

Basic assumptions 
* Prescribed chemical strains (Larive’s law) 

* Coupling with moisture, thermoactivation, anisotropy due to stresses 

* Chemo-elastic, chemo-plastic calculation + ASR/DEF -induced damage 

Toutlemonde  
OECD/ASCET Workshop, June 2015 12 
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Scheme of DEF/ASR-effect mechanical modeling

,  tx

Early age thermal calculation Thermal calculation 

Swelling potential 

Coupling beteen swelling potential and 
thermal and hydric state 

Know the thermal and hydric state in all the 
structure 

Mechanical calculation (creep ?) 

Strains, stresses, displacements 

Increment  volumetric imposed 
chemical strain 

x ,  tx

0 0( , , )x T h

0 0( , , ) ( , ) ( , , )x T h f T h x T h

( , ),  ( , )T x t h x t

Hydric calculation 

Anisotropy calculation 

Increment chemical anisotropic 
strain 

Advancement calculation  

In case of DEF 

Identified by (residual) expansion test 

Toutlemonde  
OECD/ASCET Workshop, June 2015 13 

Loop over time 

Drying shrinkage, 
thermal strains 

NEA/CSNI/R(2016)13/ADD1



Validation
Identification of weak / strong couplings and thresholds (T°, RH, ) 

Data on structural elements

Relevance of the residual expansion test 
Significance of s-induced redistribution 
Strong coupling with moisture in case of 
wide cracks Toutlemonde  

OECD/ASCET Workshop, June 2015 14 
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Drying then 
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Example
Potential expansion variable (T°, water supply) 

Structural effects

Importance for estimating the residual serviceability / safety 
Possibility to check different repair solutions 

Toutlemonde  
OECD/ASCET Workshop, June 2015 15 
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Guidance document for protective 
measures and repair of ASR/DEF 
affected structures

Based on risk analysis concepts 

Interim recommendations, 2010 

The type of treatment is suggested after 
evaluation of damage evolution capability 
and rate, safety and aspects at present 
and future state, in a rationally-based 
approach 

Present experience of methods efficiency 
is given 

Whatever the method, restoration of 
drainage and water runoff is a good idea ! 

Toutlemonde  
OECD/ASCET Workshop, June 2015 16 
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Solutions  of  treatment… 
Injection of cracks: ineffective 
remedies which do not affect the 
reaction – prevent simply water from 
penetrating in the cracks 

Application of painting:
ineffective to fight against 
ASR or DEF – system 
permeable to water vapour 
and relatively permeable to 
water 

Toutlemonde  
OECD/ASCET Workshop, June 2015 17 
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Solutions  of  treatment… 
Application of a watertight coating:

thickness = a few millimeters Provisional 
solution for extending the lifespan of 

structures, the crack evolution is masked 
but global deformation can still be 

measured 

Favorable experience for low damage 
(A26) 

Strengthening with CFRP, reinforcement or 
prestress: has no effect in the untreated direction, 
short-term effectiveness, but long-term effectiveness 
not proved (3D prestress recommended) 

Toutlemonde  
OECD/ASCET Workshop, June 2015 18 
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Solutions  of  treatment… 
Stress release: applicable solution in special 
cases (dams) : short-term effectiveness, but 
may need to be repeated since it does not 
oppose the continuation of the reaction 

Applied in the cases of the 
Chambon or Salanfe dams 

Computational simplified 
estimation of the effects of 
a saw cut in gravity dams 

(Omikrine-Metalssi O., 
Seignol J.-F. et al.) 

Toutlemonde  
OECD/ASCET Workshop, June 2015 19 
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Solutions  of  treatment… 

Replacement of the structures: sometimes an unavoidable solution, 
but expensive ; partial replacement may be possible…

Confinement: long-term 
efficiency to be checked

Toutlemonde  
OECD/ASCET Workshop, June 2015 20 
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Operational conclusions
The « progressive methodology » has proven satisfactory to focus 
funding and efforts on the few most severe cases while maintaining 
appropriate survey on all identified cases (experience at a regional level in 
Brittany) 

(Numerical) reassessment has turned out necessary in severe cases: 
which requires sound and quantitative understanding of mechanisms and 
precise calibration with in-situ measurements / residual expansion tests 

The reassessment / management methodology of ASR-affected structures 
is still under discussion at the international level (RILEM TCs) 

Some severe situations still deserve efforts (in case of DEF+ASR, 
operation difficulties, substitution required…)  

Appropriate non-destructive monitoring would be desirable but 
interpretation is still difficult 
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Some “ethical” conclusions
• In the 1970’s, ASR although recognized in the USA, was supposed not to 
exist in France, and until the 1990’s DEF was not recognized as a possible 
main single cause of structures damage  

We, as civil engineers, have to keep modest ! 

• The concern of concrete expansive reactions exemplifies the necessary 
combined approach of material sciences (chemistry, physics) with 
mechanics and structural analysis 

Only coupled models have succeeded in bringing correct answers 
to the concerns of structures owners : not only petrography, not 
only « equivalent » thermal computations…

• In this case, science has been driven by field evidences and demand 
This shall be reminded in considering major further issues 
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R&D needs  

DEF :  
- Accelerate the mechanism for a quicker performance test 
- Better understand the role of cement chemistry (SO3, alkalis), SCM and aggregate 
- Better understand the role of liquid water vs. average relative humidity 
- Quantify the influence of the thermal treatment on the expansive potential 
- Understand how / whether the reaction(s) can be stopped 
- Implement coupling between saturation & mechanical computations 
- Describe possible interference between DEF and AAR 
- Clarify the reliability of computations, scatter of data / results 

ASR :  
- Clarification of field stabilization of the expansions at long term, or not ? 
- Quantitative assessment of the prediction uncertainty 
- Difficulties in micro-macro relation depending on aggregates reactivity and size 
- Modeling of repair / mitigation techniques and efficiency validation 
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Thank you for your kind attention 
francois.toutlemonde@ifsttar.fr 
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