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Figure 1 - Fracture Energy Bi-Linear approximation 

Table 1 - Mechanical Properties of the Concretes 

SAS20160605 

Details of two walls tested under axial load and lateral cyclic excursion 

Investigators: D. Panesar, S. A. Sheikh and F. J Vecchio 

Wall REG A (made with normal concrete) and ASR A1 (made with concrete containing reactive 
aggregate) were tested in age of 240 days and 260 days respectively. 

Tensile strength, modulus of rapture and modulus of elasticity of the concrete used in REG A 
and ASR A1 walls are as below. These values were taken a day before the actual structural 
testing. Tensile strength and modulus of rupture were not measured before testing ASR B1 wall 
due to limitation with the number of control specimens casted. However, the elastic modulus was 
measured for both Regular concrete and ASR concrete before testing the wall. In addition, the 
expansion of the concretes were measured using expansion prisms. See Table 1 for the summary 
of the mechanical properties requested. Table 2 also shows the expansion values over time for 
both types of the concrete. 

 The fracture energy of the plain concrete was obtained using the bi-linear approximation model 
of the softening curve by Coro-nado and Lopez (2008). It is recommended to use the three point 
bending beam test to obtain the fracture energy, however, since there was no beam testing 
available, fracture energy was calculated from the direct tensile tests we have done on Dog-bone 
specimens. From the results, a graph was produced based on tensile stress vs. crack width (ft vs. 
wcr). A bi-linear approximation was used to measure the area under the entire curve (GF) to 
report the fracture energy. See the figure below.  

. 
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Table 2 - Expansions measured on Expansion Prisms over Time 

Properties of steel reinforcement are provided in 
table 3. Please note that the top and bottom beams were reinforced using 20M longitudinal 
reinforcement bars.  

Table 3- Properties of steel reinforcement 

In term of any indication of pre-damage, ASR cracks were visible on the ASR walls before 
structural testing in the direction of reinforcement however, there was no spalling of the concrete 
before structural testing. No cracks were seen on the Regular walls before testing.  

Specimen Age Compressive 
Strength 
(MPa) 

Tensile 
Strength 
(MPa) 

Fracture 
Energy 
(N/m) 

Modulus 
of Rupture 

(MPa) 

Modulus 
of 

Elasticity 
(MPa) 

Expansion 
(Length 

change in 
%) 

Regular 
concrete before 
Testing REG A 

About 240 days 
after accelerated 

curing 
79.0 4.76 179.3 7.26 47150 0.0332 

ASR concrete 
before Testing 

REG A and 
ASR A1 walls 

About 260 days 
after  

accelerated 
curing 

63.7 3.24 120.2 4.64 35750 0.185 

Days ASR Regular 
0 0 0 
7 0.0099 0.0181 
28 0.0332 0.0249 
90 0.1115 0.0264 
150 0.1399 0.0309 
180 0.1519 0.0329 
250 0.1850 0.0332 
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Wall Dimension 
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Reinforcement Details
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Results: 

WALL REG A 
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WALL ASR A1 
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Addendum to Report SAS20160605 related to sizes of specimens for material properties 

Investigators: D. Panesar, S. A. Sheikh and F. J Vecchio  June 26, 2016 

Table 1 - Mechanical Properties of the Concretes 

Specimen Age Compressive 

Strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Fracture 

Energy 

(N/m) 

Modulus of 

Rupture 

(MPa) 

Modulus 

of 

Elasticity 

(MPa) 

Expansion 

(Length 

change in %) 

Regular 

concrete before 

Testing REG A 

About 240 days 

after accelerated 

curing 

79.0 4.76 179.3 7.26 47150 0.0332 

ASR concrete 

before Testing 

REG A and 

ASR A1 walls 

About 260 days 

after  

accelerated 

curing 

63.7 3.24 120.2 4.64 35750 0.185 

Type of the 

Specimen 
N/A 

100 x 200 

mm 

Cylinder 

Dog-

Bone 

(refer to 

Figure 1) 

Dog-

Bone 

(refer to 

Figure 1) 

MOR 

Specimen 

150mm x 

150mm x 

520mm 

(refer to 

ASTM-C78) 

100 x 

200 mm 

Cylinder 

75mm x 

75mm x 

285mm 

(See ASTM 

C1260) 

Figure 1 - Dog-Bone Specimens 
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SAS20160609 

Mix Design for concrete shear walls 

D. Panesar, S. A. Sheikh and F. J. Vecchio 

Mix design of concrete used in shear walls were based on ASTM C1293 requirement with maximum 

aggregate size of 19 mm. Since, the grading was done by concrete supplier on site (not in the 

laboratory), some degree of variation in grading can be expected. No aggregate curve is available; 

however, Table 1 shows the grading requirements for the mix in both ASR and Regular concrete.  

Table 1 - Grading Requirements 

Sieve Size Mass Fraction 

Passing Retained Coarse 

19.0-mm 12.5-mm 1/3 

12.5-mm 9.5-mm 1/3 

9.5-mm 4.75-mm 1/3 

Table 2 shows the concrete mix design for ASR and Regular concrete. These values are based on the 

concrete supplier information.  As shown, the mix has w/c of 0.44 and 0.46 for ASR and Regular 

concrete respectively. The cement content for both concretes is 420 kg/m3.  

Table 2- Cocnrete Mix Design 
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1 INTRODUCTION 4

Keyword: Shear-Wall, Uncertainty Quantification, Damage, AAR

1 Introduction

Increasingly engineers are confronted with the need to perform predictive structural assessment based on
limited or incomplete data set. This may include damage up to failure assessment (in the context of so-called
performance based engineering), or round robin benchmarks. As such deterministic analyses are of limited
predictive values, and a probabilistic-based methodology is necessary.

This paper focuses on the development of a methodology for such assessment, and is believed to be the first
such contribution in the context of structural failure following alkali silica reaction (ASR) induced expansion.
As a vehicle for such an application, the round-robin benchmark surrounding the shear failure of a reinforced
concrete wall having suffered from ASR expansion is used. However, for reasons explained later, the authors
believe that the reported experimental data may not be of sufficient reliability, and hence the predictive
nature of the analysis is reported but deemphasized.

1.1 Background

Though AAR has been known ot affect numerous structures, dams in particular (ICOLD Bulletin 79, 1991)
(Amberg, 2011), only recently has it been found in one or more nuclear containment structures (Saouma, 2013a).
Despite the lack of publicity, some nuclear power plants reactors are starting to show signs of ASR,
(Saouma, 2013a). In Japan, the (reinforced concrete) turbine generator foundation at Ikata No. 1 NPP
(owned by Shihoku Electric Power) exhibits ASR expansion and has thus been the subject of many studies.
Takatura et al. ( (2005a)) reports on the field investigation work underway: location, extent of cracking,
variation in concrete elastic modulus and compressive strength, expansion in sufficient detail to adequately
understand the extent of damage. The influence of ASR on mechanical properties (in particular, the influ-
ence of rebar) and on structural behavior has been discussed by Murazumi et al. ( (2005a)) and Murazumi
et al. ( (2005b)), respectively. In the latter study, beams made from reactive concrete were tested for shear
and flexure. These beams were cured at 40oC and 100% relative humidity for about six weeks. Some doubt
remains, however, as to how representative such a beam is for those NPP where ASR has been occurring for
over 30 years. A study of the material properties introduced in the structural analysis was first reported by
Shimizu et al. ( (2005b)). An investigation of the safety margin for the turbine generator foundation has also
been conducted (Shimizu et al., 2005a). Moreover, vibration measurements and simulation analyses have
been performed (Takatura et al., 2005b). Takagkura et al. ( (2005)) has recently reported on an update of the
safety assessment at this NPP. In Canada, Gentilly 2 NPP is known to have suffered ASR (Orbovic, 2011).
An early study by Tcherner and Aziz ( (2009)) actually assessed the effects of ASR on a CANDUTM6 NPP
(such as Gentilly 2). In 2012 however, following an early attempt to extend the life of Gentilly 2 until 2040
(with an approx. $1.9B overhaul), Hydro-Quebec announced its decommissioning after 29 years for economic
reasons. Yet, as late as 2007, it was reported that to date, no incidences of ASR-related damage have been
identified in U.S. nuclear power plants (Naus, 2007).

In light of this potential problem which may affect numerous NCS, various research projects were put in
place. The Department of Energy is sponsoring large scale mockup tests to assess the effect of confinment on
ASR expansion (Le Pape, Y. and Ma, Z. and Cabage, J. and Lenarduzzi, R., 2014). The Nuclear regulatory
commission (NRC) has entered into an interagency agreement with the National Institute of Science and
Technology to conduct a multi-million dollars research program on the structural performance of nuclear
power plants affected by ASR ($5.67M) (NRC-NIST Project, 2014). NRC is also funding a grant and
cooperative agreement with the university of Colorado to also assess the effect of ASR on the shear strength
deterioration and for the integrity assessment of a NCS suffering from ASR subjected to seismic loading
($653k) (NRC-CU Grant, 2014). Finally, Nextera has funded a major research program at the University
of Texas to assess again the effect of ASR on the shear strength of concrete (ML121160422, 2012). Similar
effort have been undertaken abroad. Most notably in Canada through funding from the Canadian Nuclear
Safety Commission (CNSC) (Orbovic et al., 2015) where shear wall affected by ASR have been tested (and

NRC Grant No.: NRC-HQ-60-14-G-0010 Anatomy of a Predictive Failure Analysis
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2 TEST DESCRIPTION 5

whose analyses are reported below). Finally, a major project on the same theme was recently initiated in
France (Marquié, 2016) through support from the ISRN.

In terms of related numerical simulations, the authors have investigated the shear response of nuclear con-
tainement panels (Saouma, V. and Hariri-Ardebili, M. and Puatsananon, W. and Le Pape, Y., 2014)
(Saouma, Hariri-Ardebili, and Le Pape, 2015) (Hariri-Ardebili, Saouma, and LePape, 2016) (Saouma et
al., 2016) and thus this work constitutes a natural extension of past analyses combined with the separately
developed methodology for probabilistic assessment (Hariri-Ardebili and Saouma, 2016a) (Hariri-Ardebili
and Saouma, 2016b).

1.2 Objective

Through the auspices of the OECD, a project for the Assessment of Structures subject to Concrete Patholo-
gies (ASCET) was setup with one of its objective the organization of a blind simulation benchmark to predict
the behavior of structural elements with ASR. The selected structure was the shear wall previously tested
at the University of Toronto, (Habibi et al., 2015). Participants were given the opportunity to calibrate
their models through the first phase (I) of the project where experimental data after 8 months was made
available, and asked to submit their numerical prediction for the wall responses (with and without ASR)
after 30 months of swelling.

Though the primary objective of this paper is not to merely “compete” in the benchmark study but to
introduce an innovative paradigm for investigation. Nevertheless, this paper will try to adhere in as much
as possible with the spriti of the benchmark round-robin.

2 Test Description

Based on the provided information, the tested shear wall are shown in Fig. 1 while Fig. 2 shows the
corresponding dimensions. The 10M and 20M reinforcements have cross-sectional areas of 100 and 200 mm2,
yield stresses of 430 and 465 MPa, and elastic moduli of 182,000 and 190,000 MPa respectively.
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Seven LVDTs were used to measure the horizontal displacement along the height of the specimen from 

bottom beam to the top beam on both sides of the specimen. The Force – Displacement plot was obtained 

using the summation of the forces from both actuators against displacement of top of the shear wall 

(bottom of the top beam) with respect to the top of the lower beam.  

 

 
Figure 3: Schematic drawing showing the test setup for shear walls 

 

Figure 4: Test setup of a shear wall showing the top frame and loading beam 

 

The specimens were loaded using the two actuators working simultaneously. The rate of loading began 

with 0.005 mm/sec and was increased to a maximum of 0.15 mm/sec as cycles progressed. The first two 

cycles applied 0.2 mm lateral displacement in the plane of the wall in each direction and the subsequent 

cycles were at maximum displacements of 0.4, 0.6, 0.8, 1, 1.4, 1.8, 2, 2.5, 3, 4, 4.5, 5.5, 6, and 7 mm. For 

each displacement two complete cycles were applied. For the Regular shear wall, after completing 2 

cycles at 7 mm, the load was increased monotonically until the wall could not maintain the axial load of 

800 kN which happened at a displacement of 8.2 mm. In the case of the ASR wall, the specimen was 

pushed in one direction by 7 mm in the first cycle and then in the opposite direction. During this part of 

the cycle, the axial load started to drop as the lateral displacement increased and needed constant increase 

in load. At 7 mm displacement, it was decided to continue load monotonically and at 7.1 mm, the wall 

failed to maintain the axial load. The test was terminated at that point.  
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RESULTS AND OBSERVATIONS 

 

Figure 1: Test setup for the shear wall (Habibi et al., 2015)

In the experiment, a constant vertical force of 800 kN is applied through a 2” spreader beam, and the wall
is subjected to a reverse cyclic pushover displacement.

A total of three walls were cast, one without AAR (SW) and two others with AAR (SW-260 and SW-1000).
The first two were tested about 240 days after casting and the results made available for calibration. The
third wall was tested about 1,000 days after casting and participants in the benchmark round robin were
asked to make predictions. The reported mechanical properties are themselves shown in Table 1 and ASR
expansions in Table 2.

Results of the three tests are summarized in Table 3, and in Fig. 3. It should be noted that the peak loads
with and without ASR expansion are 1,354 and 1,180 (SW-260 and SW) or 14% difference, Fig. 3(c). This
is a relatively small change, and given the uncertainties in measurement that difference may not be entirely
attributed to the effect of expansion.
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Figure 2: Dimensions of the shear wall

Table 1: Reported mechanical properties of concrete
Specimen Age f ′c (MPa) f ′t (MPa) GF (N/m) fr (MPa) E (MPa)
SW ∼ 240 days 79.0 4.76 179.3 7.26 47,150
SW-260 ∼ 260 days 63.7 3.24 120.2 4.64 35,750

Table 2: Reported concrete expansions at 50◦C
Days 0 7 28 90 150 180 250
Reactive 0 0.0099 0.0332 0.1115 0.1399 0.1519 0.1850
Non reactive 0 0.0181 0.0249 0.0264 0.0309 0.0329 0.0332

Table 3: Reported experimental results

Peak +ve Peak -ve Failure
Test Reactive Age [days] Cap. Def. Cap. Def. Axial Cap. Def.
SW No ∼240 990 kN 6.9 mm 1,180 kN 5.6 mm 210 kN 8.2 mm
SW-260 Yes ∼260 1,304.9 kN 5.1 mm 1,354 kN 5.1 mm 225 kN 7.1 mm
SW-1000 Yes ∼ 1,000 To be predicted by simulation

3 Modeling Approach

It is argued that numerical simulations can be of different nature:
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Figure 6: Lateral Load vs. Deflection 

The mechanical properties of the concretes used in both Regular and ASR shear walls were obtained by 

various testing methods such a direct tensile test, simple beam with third-point loading, and standard 

cylinder test. Figure 7 illustrates the results from standard cylinder test of both Regular and ASR 

cylinders over time. The modulus of elasticity of the concrete was also measured based on the stress-

strain curves obtained from the compressive strength test of cylinders. Results from this test is shown in 

Figure 8. 

 

 

 
Figure 7: Compressive strength of Regular and ASR cylinders over time 
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Figure 3: Force displacement results for the first set of walls after 8 months, adapted from (Habibi et al., 2015)

1. An inconsequential analysis where results are simply to meet basic engineering common sense expec-
tations.

2. Post-mortem simulation where one has the luxury to fine-tune/calibrate a model until near exact results
are obtained (which is nearly alway possible, irrespective of the model accuracy).

3. Predictive analysis for the future response of a structure.

4. Blind simulation benchmark of an experimental test.

In the context of this last simulation, the numerical modeling may indeed be the simplest part as the real
complexity stems from two major unknowns:

Experimental How accurately was the test performed, how credible are the results, are the reported results
sufficiently clear and unambiguous? are we checking the model or the test?

Numerical Can one perform a single deterministic and predictive analysis, or should not a probabilistic-
based analysis be more appropriate given the epistemic nature of the uncertainties?

The current benchmark study does allow calibration (level 2 above) and requires prediction of known results
(level 4). As to the two level of uncertainties (experimental and numerical), those are separately addressed
below.

3.1 Experimental Uncertainties

Given the predilection of some to compare experiments and simulations to the third decimal place, and
as many feel unsatisfied if results are not within 10-15% (a perfectly honorable place), it is of paramount
importance that the results reported by a benchmark organizer be well understood.

In this present context, More specifically, An important question is how are the reported measurements
recorded? whereas the load can only be recorded by the (hopefully calibrated) load-cell, how about the
displacements? Is the laterally imposed displacement driven by the actuator stroke? how about the dis-
placement associated with the load displacement hysteresis curve? does it account for some “slack” that
undoubtedly exist in such a setup? is it directly recorded as the differential between the top and lower
beams? how?

Attempts to elucidate these questions with the experimentalist yielded the communication found in Appendix
A. As the senior author has indeed much experience in analogous testing, he felt uncomfortable about the
reliability of the reported displacements, specially that a spreadsheet with all recorded values (for SW and
SW-260) was not provided.

Recalling that Einstein purportedly (and infamously) said
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You make experiments and I make theories. Do you know the difference? A theory is something
nobody believes, except the person who made it. An experiment is something everybody believes,
except the person who made it.

the authors would paraphrase by stating:

You make an experiment, and I make a simulation. I do not fully trust your experiment, neither
do I trust a single deterministic analysis. So let us go to Monte-Carlo!

3.2 Epistemic Uncertainties

Simply put, epistemic uncertainties are those caused by an incomplete knowledge of the exact material
properties (Der Kiureghian and Ditlevsen, 2009). Given that a nonlinear constitutive model for concrete
contains numerous variables, most of which not provided or even measurable, a two prone approach should
be followed:

1. Sensitivity analysis to determine to which of the many variables, the shear wall model is most sensitive.

2. Uncertaintly analysis after selection of the most sensitive parameters, perform a Monte-Carlo simu-
lation to provide a probabilistic estimate of the prediction.

this approach was recently followed by the authors for the analysis of a major bridge suffering from ASR
(Hariri-Ardebili and Saouma, 2016b).

4 Data Preparation

The analysis hinges on two constitutive models: one for the concrete nonlinearity (a fracture-plasticity
“smeared crack” model) (Cervenka and Papanikolaou, 2008), and the other for the ASR (Saouma, 2013b).
Both have been implemented in the authors finite element code (Saouma, Červenka, and Reich, 2010), and
most importantly validated in accordance with the RILEM TC 259 report (Sellier et al., 2016).

4.1 Concrete Smeared Crack Model

The smeared crack model has a total of 12 variables, Table 4. The table not only lists the mean values,
but the authors best estimates for the coefficients of variation as well as the lower and upper bonds for
uncertainty quantification, and minimum-maximum for the sensitiveness analysis. Also shown are the final
outcome as to those retained random variables in each case.

In all analyses, random variables are assumed to have a normal distributional model (leading to maximum
entropy) with mean and COV shown in the table. However, those values were subsequently adjusted since
the distribution was truncated, Fig. 4.

4.2 Reinforcement and Bond-Slip

The material properties for the reinforcement (either in web and columns or in the beams) were shown in
Sec. 2. Though reinforcement properties exhibit little if any epistemic uncertainty, the approach taken was
to reduce the area of the reinforcement crossing the beam-column (or beam-web) intersection to account for
possible bond-slip. As such, the cross sectional area was arbitrarily reduced by 20% and treated as the only
steel variable in the uncertainty quantification analysis.
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Figure 4: Truncation of normal distribution model and bounds

Table 4: Material parameters used in numerical simulations
Characteristics Symbol Unit SA UQ Mean COVUQ [LB, UB]UQ [min, max]SA

Smeared crack model
Mass density ρ Gg/m3 0 0 0.00244 - - -
Thermal expansion coeffi-
cient

α 1/oC 0 0 9.9e-6 - - -

Modulus of elasticity* E MPa 1 1 47,150 0.2 [28,290 66,010] [23,575 70,725]
Poisson’s ratio ν - 0 0 0.2 - - -
Tensile strength* ft MPa 1 1 4.76 0.2 [2.86, 6.66] [2.38, 7.14]
Exponential softening* GF MN/m 1 1 1.79e-4 0.2 [1.08e-4, 2.51e-4] [8.95e-5, 2.68e-4]
Compressive strength* fc MPa 1 1 -79.0 0.2 [-110.6, -47.4] [-118.5, -39.5]
Compressive critical dis-
placement

wd m 1 0 -5e-4 - - [-7.5e-4, -2.5e-4]

Factor for return direction β - 1 0 0.50 - - [0.25, 1.0]
Factor for roundness of
failure surface

e - 1 0 0.55 - - [0.5, 1.0]

Onset of nonlinearity in
compression

fc0 MPa 1 0 -20 - - [-30, -10]

Plastic strain at compres-
sive strength

εcp - 1 0 -1e-3 - - [-2e-3, -5e-4]

Reinforcement

Yield stress of main rebar
(vertical and horizontal)

fRy MPa 1 0 430 - - [215, 645]

Yield stress of main stir-
rups

fSy MPa 1 0 430 - - [215, 645]

Yield stress of crossing re-
bar

fR−Cr
y MPa 1 0 430 - - [215, 645]

Modulus of elasticity of
crossing rebar

ER−Cr MPa 1 0 182,000 - - [91000, 273000]

Cross sectional area of
crossing rebar

AR−Cr
r m2 1 1 8e-5 - [4.8e-5, 1e-4] [6e-5, 1e-4]

* Reported values (Table 3).

4.3 ASR Expansion

4.3.1 Model

Proper modeling of the ASR expansion is of paramount importance to this study, and as such has received
great scrutiny. The adopted AAR model is described in Appendix B, where the kinetics of the expansion is
given by Eq. 1 and 3 while the degradation in Eq. 4. Those two equations define what will be the variables
associated withe the uncertainty quantification (they were not considered in the sensitivity analysis):

τL Latency time, Eq. 1 and 3
τC Characteristic time, Eq. 1 and 3
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ε∞ Maximum AAR expansion, Eq. 1
UL Activation energy of the latency time, Eq. 3
UC Activation energy of the characteristic time, Eq. 3
βE Residual elastic modulus at the end of the reaction, Eq. 4
βft Residual tensile strength at the end of the reaction, Eq. 4

Warning it should be emphasized that whereas in this exercise the entire wall will be assigned the same
expansion as the one observed from laboratory specimens, this is not exactly valid. There is ample evidence
in the literature that actual structural expansions are (in most cases) much lower than those determined
from laboratory prisms. This issue has been partially addressed by Leemann and Merz ( (2013)), Fournier
et al. ( (2009)), Lindg̊ard et al. ( (2010)) Lindg̊ard et al. ( (2012)) and Ideker et al. ( (2012)). Furthermore,
and despite the (relatively) small size of the walls, material heterogeneity would imply that that one can
not strictu sensus apply the same AAR property throughout the wall without an attempt to use some
homogenization techniques in the spirit of (Xu and Graham-Brady, 2005).

4.3.2 Parameter Identification

Data for expansion over the first 260 days was provided, Table 2 as well as the corresponding degraded
tensile strength and elastic modulus, Table 1.

4.3.2.1 t = 260 days In Fig. 5 the reported expansions for SW and SW-260 (longitudinal and trans-
verse) in Orbovic et al. ( (2015)) are shown. The indicated points, while not exactly matching the ones in
Table 2, they are sufficiently close to be retained.

0 100 200 300
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0

1

2

3

ǫ
A
S
R

×10-3

Longitudinal (control)
Longitudinal (reactive)
Transverse (reactive)

Fitted analytical curve

ASTM C1293 - limit (0.04% in 1 year)

Figure 5: Reported expansion from (Orbovic et al., 2015) and corresponding fitted analytical curve

A simple Matlab code was developed to fit a curve (based on equation 2) to the discrete data points. As
a result, the following were obtained: τc = 81 days, τl =61 days, and ε∞= 0.00223 (0.22%). It should be
noted that the concrete expansion at 260 days is relatively small.

4.3.2.2 t = 1000 days Determination of the ASR key parameters at 1,000 days is more problematic
and values will be extrapolated from the current one with a margin of uncertainty. With reference to Fig.
6(a), expansion up to ∼ 250 days is known, and we need to guesstimate the one at time t = 1, 000 days.

Kinetics: It was assumed that the expansion at that time will obey a uniform distributional model ranging
from a minimum 0.25% and a maximum of 0.45%. Then, using a Latin Hypercube sampling (LHS)
technique, 100 curves are fitted between those points. The corresponding 100 values of τl and τc are
shown in Fig. 6(b) where the zero values of τl are associated with those expansion with a quasi linear
early expansion.

Deterioration: E and f ′t at time t0 and t260 are given. Using these values a normal distribution model is
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Figure 6: Optimization-based curve fitting to find the future expansion

assumed with the reported values as mean, and a COV reported in Table 4. Then, based on Eq. 4 and
the set of 100 values of τl and τc, degradation curves are obtained, Fig. 7.
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Figure 7: Estimation of residual coefficients

5 Finite Element Model

The prepared finite element mesh is shown in Fig. 8 with consists of quadrilateral elements. There are three
layers of elements in the web and five layers in the columns. Top and bottom beams are assumed to be linear
elastic while the columns and web have the smeared crack model parameters.

Note that the applied boundary conditions are a reflected idealization of the actual test setup; however, in
most such test there is a “slack” with secondary undesirable parasitic displacements which may or may not
have contaminated reported values by the experimentalists.

The reported cyclic load is identical to the one shown in Fig. 9(a). However, the figure also shows the 10
intermediary load increment adopted in the analysis. This was achieved through the increments shown in
Fig. 9(b).
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Figure 9: Reversed cyclic loading history applied in numerical analysis

6 Results

Results will be presented as follows:

1. Deterministic analysis of SW and SW-260, followed by calibration.

2. Sensitivity analysis of SW.

3. Uncertainty quantification of SW and SW-1000 along with probability of exceedance of a specific shear
wall capacity.

6.1 Deterministic Analysis & Calibration

In this first set of analyses, the meshes shown in Fig. 8 and mean values from Table 4 are used for the SW
and SW-260. In the later case, the kinetic curve used is the one shown in Fig. 5. The preliminary envelope
for SW is shown in Fig. 10(a). It is evident that the numerical response is too stiff, and an adjustment has
to be made. In light of the experimental uncertainties addressed in sect. 3.1, this discrepancy is attributed
to “slack” in the system and an adjustment is to be made. Thus, and in the spirit of this benchmark where
calibration is indeed expected first, the displacements are simply multiplied by 2.3. This resulted in a shift
of the results which indeed closely match the experimental results. On the other hand, there was no need
to adjust forces, as those are not only in good agreement with the experiments but are perceived as more
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reliable than the experimentally reported displacement. From this point onward, all numerical results will
be subjected to this calibration factor.

Then, the results of SW-260 are reported in Fig. 10(b) and again, the two curves are nearly identical.
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Figure 10: Comparison of the experimental and numerical results at 260 days

For illustrative purpose, the load displacement curve is shown in Fig. 11(a). The deformed shape with
maximum principal stresses are shown in Fig. 11(b), and the evolution of the accompanying (smeared)
cracks is finally shown in Fig. 11(c). Visual inspection of these plots provides a graphical confirmation of
the reliability of the analysis.

-10 -5 0 5 10
∆ [mm]

-1500

-1000

-500

0

500

1000

1500

P
[k
N
]

(a) Load-displacement under cyclic load

Applied Displacement Applied Displacement

(b) Deformed shapes; Contour shows the maximum principal strains

(c) Crack propagation in web and columns

Figure 11: Structural response of shear wall under cyclic displacement (without ASR)

6.2 Sensitivity Analyses

The sensitivity analysis procedure is rooted in the Taylor’s Series-Finite Difference Estimation described in
Appendix C.

In the context of this analysis, n = 15 random variables identified in Table 4 are retained, thus a total of
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2n+ 1 = 31 analyses are performed.

First the capacity curves of all the analyses are shown in Fig. 12(a). It is noted that the experimental curve
does indeed fall within the range of results, and that in some cases there is an early failure characterized
by a sudden drop in the post-peak load carrying curve (whereas some softening resulting from induced
displacements would have been expected).

Then the sensitivities are sorted and results shown in the format of a so-called Tornado-Diagram (Lee and
Mosalam, 2006). Fig. 12(b).
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Figure 12: Results of sensitivity analysis on concrete constitutive model

From this figure, it was determined that the steel reinforcement whose crossing the beam-wall interface plays
a prominent role in the response through the yield stress and cross-sectional area). As to the concrete, the
predominant variables affecting the shear wall carrying capacity are: the compressive strength, plastic strain
at compressive failure, modulus of elasticity are amongst the major factors influencing the response. The
least important variables are the yield stress of the stirrups and onset of concrete nonlinearity in compression
and concrete compressive critical displacement. Concrete tensile strength and fracture energy are among the
intermediary sensitive variables.

It should be emphasized that though the Tornado diagram gives an indication of the response sensitivity to
the variables, not all of them are actually random. For instance, the steel properties are well established and
as such it need not be treated as a random variable.

6.3 Uncertainty Quantification

Uncertainty quantification has retained the variables listed in Table 4 as random with a normal PDF.
Selection of those are based on the Tornado diagram and engineering common sense.

6.3.1 Automation of Probabilistic Analysis

Given the complexity in data manipulation from input data definition, random variable selection, generation
of finite element meshes, execution, data mining to extract results, and plotting key diagrams an automated
procedure was set up. This was accomplished through a Matlab based set of sequential programs P1.m,

P2.m, P3.m, P4.m and P5.m whose inter-connectivity is illustrated in Fig. 13.

p1.m reads the user specified variables, probability distribution models, ranges, and correlation coefficients,
and then generates the 121 input files. Those in turn are executed through p2.m which calls the finite element
code Merlin. On average, each analysis required results are then individually extracted from 121 output files
and stored as binary files (p3.m) and consolidated into a single data-base (p4.m). Finally, p5.m extract
the results from the data base and generates the desired results. For each output parameter, results are
plotted along with their mean, 16 and 84 fractiles ranges (which correspond to minus and plus one standard
deviation in a log-normal distributional model).
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Figure 13: File generation and automation algorithm

6.3.2 Prediction

Following completion of the 100 analyses (it should be noted that five analyses did not converge most likely
due to an unfavourable set of ASR material parameters), P5.m generated the capacity curves for SW and
SW-1000, Fig. 14. Then, the 16% and 84% fractile curves are sought. This is simply achieved by sweeping
through the full range of displacements, and for each one identify the points below which 16% and 84% of
the load fall. These correspond to mean plus or minus one standard deviation in a normal distribution Fig.
4.

As with Fig. 12(a) the capacity curves for SW, Fig. 14(a) is in close agreement with the experimental data.
However, contrarily to the first sensitivity analysis, the uncertainty one shows that the experimental tests
fall within the 16th and 84th fractile.

Finally, we reach the objective of this investigation which is to provide a probabilisitc based assessment of
the shear wall capacity when tested 1,000 days after casting. This is shown in Fig. 14(b). It is worthy to
note how tight the 16% and 84% curves are with respect to the mean. It is the expectation of this study
that, assuming that the experiments were perfectly performed, data properly recorded, the experimental
curve would be within those two curves.
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Figure 14: Results of uncertainty quantification on capacity curves
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Results warrant additional examination to fully grasp the structural responses. As such, Figure 15(a) plots
the shear wall capacity for SW and SW-1000 along with the corresponding histograms and fitted log-normal
distribution function. Fig. 15(b) shows the cumulative distribution functions for empirical (dashed lines)
and fitted (continuous lines) for both SW and SW-1000. Mean and logarithmic standard deviation are 1.14
MN and 0.090 MN for SW, and 1.13 MN and 0.11 MN for SW-1000 respectively. It should be noted that
there is wider SD in SW-1000 as there are more RV’s.

It should also be noted that in ∼ 60% of the analysis the shear capacity was reduced by the pre-existence of
ASR, and in ∼ 40% it increased.

This is caused by prepare an excel file, 100 rows, 11 columns, and add P˙maxˆSW P˙maxˆSW-1000, then
we can sort based on the ratios of P˙max
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Figure 15: Comparison of SW and SW-1000 models

Finally, a similar scheme where ASR may increase or reduce the shear strength capacity was observed by the
authors in a separate study, (Saouma et al., 2016) shown in Fig. 16. The monotonic shear strength of a panel
was numerically determined with and without initial AAR expansion. In both cases, the initial stiffness was
reduced by ASR. Regretfully, it was not possible to clearly identify the set of parameters which cause an
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Figure 16: Impact of ASR on shear capacity of concrete panels from a NPP (Saouma et al., 2016)

increase (or decrease) in shear strength capacity due to previous AAR. This remains an open question of the
utmost importance which requires further in depth study.

7 Conclusions

Rather than focusing on the numerical evaluation of the shear wall strength after having undergone a
thousand days of AAR caused expansion, a different approach was taken. It was recognized that there are too
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many experimental and epistemic uncertainties, and as such a Monte-Carlo based uncertainty quantification
was performed. This was preceded by a sensitivity analysis to assess those model variables most likely to
impact the results.

Results are then presented in a probabilistic context.

Finally, the study highlighted the fact in some cases AAR increased the shear wall capacity, while in other it
decreased it. This is a topic that warrants further investigation as it may have abig impact on the assessment
of shear critical structures suffering from AAR.
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Saouma, V., J. Červenka, and R. Reich (2010). Merlin Finite Element User’s Manual. http://civil.

colorado.edu/~saouma/pdf/users.pdf.
Saouma, V.E. et al. (2015). “A Mathematical Model for the Kinetics of the Alkali-Silica Chemical Reaction”.

In: Cement and Concrete Research 68, pp. 184–195.
Saouma, V.E et al. (2016). “Effect of alkali–silica reaction on the shear strength of reinforced concrete

structural members. A numerical and statistical study”. In: Nuclear Engineering and Design 310, pp. 295–
310.

Saouma, V. and Hariri-Ardebili, M. and Puatsananon, W. and Le Pape, Y. (2014). Preliminary Results on
the Structural Significance of Alkali-Silica Reaction in Massive Reinforced Concrete Structures. Tech. rep.
ORNL/TM-2014/489. Oak Ridge, TN 37831: Oak Ridge National Laboratory.

Sellier, A. et al. (2016). Benchmark/Round Robin Analyses. Tech. rep. RILEM, Technical Committee TC 259-
ISR. url: http://rilem.org/global/gene/doc_link.php?doc=2016162145_numerical-benchmark-
update-jan-2016.xlsx.

Sheikh, S. (20017). Personal Communication, March 10, 2017.
Shimizu, H. et al. (2005a). “Investigaiton of Safety Margin for Turbine Generator Foundation Affected by

Alkali-Silica Reaction Based on Non-Linear Structural Analysis”. In: 18th International Conference on
Structural Mechanics in Reactor Technology (SMIRT 18). SMIRT18-H03-4. Beijing, China, pp. 2049–
2059.

Shimizu, H. et al. (2005b). “Study on Material Properties in Order to Apply for Structural Analysis of
Turbine Generator Foundation Affected by Alkali-Silica Reaction”. In: 18th International Conference on
Structural Mechanics in Reactor Technology (SMIRT 18). SMIRT18-H03-5. Beijing, China, pp. 2055–
2060.

Takagkura, T. et al. (2005). “Structural soundness for turbine-generator foundation affected by alkali-silica
reaction and its maintenance plans”. In: 18th International Conference on Structural Mechanics in Re-
actor Technology (SMIRT 18). SMIRT18-H03-5. Beijing, China, pp. 2055–2060.

Takatura, T. et al. (2005a). “Investigation of the expanded value of turbine generator foundation affected by
alkali-silica reaction”. In: 18th International Conference on Structural Mechanics in Reactor Technology
(SMIRT 18). SMIRT18-H03-7. Beijing, China, pp. 2061–2068.

Takatura, T. et al. (2005b). “Vibration measurement and simulation analysis on a reinforced concrete struc-
ture with alkali-silica reaction”. In: 18th International Conference on Structural Mechanics in Reactor
Technology (SMIRT 18). SMIRT18-H03-1. Beijing, China, pp. 2026–2035.

NRC Grant No.: NRC-HQ-60-14-G-0010 Anatomy of a Predictive Failure Analysis

NEA/CSNI/R(2018)4/ADD1

https://www.researchgate.net/profile/Nebojsa_Orbovic2/publication/281064845_Alkali_Aggregate_Reaction_in_Nuclear_Concrete_Structures_Part_1_A_Holistic_Approach/links/55d32fae08ae7fb244f5818b.pdf
https://www.researchgate.net/profile/Nebojsa_Orbovic2/publication/281064845_Alkali_Aggregate_Reaction_in_Nuclear_Concrete_Structures_Part_1_A_Holistic_Approach/links/55d32fae08ae7fb244f5818b.pdf
https://www.researchgate.net/profile/Nebojsa_Orbovic2/publication/281064845_Alkali_Aggregate_Reaction_in_Nuclear_Concrete_Structures_Part_1_A_Holistic_Approach/links/55d32fae08ae7fb244f5818b.pdf
https://doi.org/{10.1007/s11709-012-0141-2}
http://civil.colorado.edu/~saouma/pdf/users.pdf
http://civil.colorado.edu/~saouma/pdf/users.pdf
http://rilem.org/global/gene/doc_link.php?doc=2016162145_numerical-benchmark-update-jan-2016.xlsx
http://rilem.org/global/gene/doc_link.php?doc=2016162145_numerical-benchmark-update-jan-2016.xlsx


A COMMUNICATION WITH U. OTTAWA 20

Tcherner, J. and T. Aziz (2009). “Effects of AAR on Seismic Assessment of Nuclear Power Plants for Life
Extensions”. In: 20th International Conference on Structural Mechanics in Reactor Technology (SMIRT
20). SMIRT20-Division 7 Paper 1789. Espoo, Finland.

Xu, X. and L. Graham-Brady (2005). “A stochastic computational method for evaluation of global and local
behavior of random elastic media”. In: Computer methods in applied mechanics and engineering 194(42),
pp. 4362–4385.

A Communication with U. Ottawa

VS: Victor Saouma; NO: Nebojsa Orbović; SS: Shamim Sheikh (U. of Ottawa).

VES: Can you please (urgently?) send us information on how are the lateral displacements measured in
the tests?

NO: The lateral displacements are not measured they were imposed.

VES: Thanks, and I would like to see a picture of the locations of the LVDT and their measurements. From
my (dare I say extensive) experience, no matter how much you may have tightened/bolted the wall,
there will always be some slack/slip, which is why we measure it separately.

VES: Well I a would like to know if they measured the slack, I.e some rigid body motion which always
occur in such tests and which should be subtracted from the imposed displacement.

SS: The displacement provided is what is measured between the bottom of the upper beam and the top of
the lower beam. A picture (Fig. 17) and a sketch are provided to show this. The actuator displacements
are not provided.

Figure 17: Clarifications regarding displacement measurements (Sheikh, 20017)

VES: Thanks much better but the displacement imposed by the actuator (since you are in stroke and not
strain control) is obviously not the same as the one recorded by the lvdt. May I please ask you to
clarify:

1. you are programming your setup in stroke (actuator) or strain (if so which lvdt) controls?

2. your load-displacement curve that you report, displacement is from which lvdt?
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SS: I will give you my recollection of what my student and I discussed long time ago. I will not bother
my student at 9.30 pm on Friday. We ran the test “almost manually”. The load was applied by
controlling actuator’s LVDT stroke but the feed was from the LVDTs recording the displacement of
the top of the lower beam and the bottom of the upper beam. The displacement shown on the graphs
was determined after carefully comparing all the combinations of LVDT measurements including the
bottom beam LVDTs. Due to slight differences in locations of LVDTs, some geometric corrections had
to be made. We believe that the graph given is the true reflection of the measured response of the wall
panel between the beams.

VES: Hum, my apologies for persisting in seeking the clearest clarifications:

1. You had two actuators, one on each side. Were they both capable of push and pull, or simply push
(i.e. push from the left, relax, push (back) from the right one). In other word, all the positive
slope in the displacement vs time were with one actuator, and the negative one with the other.
Correct?

2. The test was run in displacement control and not load control. That is you imposed a displace-
ment. I you wanted to impose a total displacement of 3 mm from current position, then you
manually turned the knob until the actuator lvdt recorded 3mm. Correct?

3. But then, if you move back and forth with actuator, when you switch you need to unload, record
the inelastic deformation, and then apply a a commensurate displacement from the other one.
Correct?

4. Finally, for the plotted hysteretic reported load displacement, you used the actuator load cell and
some sort of average/corrected LVDT readings. Presumably those two reading were synched in
your data acquisition system. Correct?

5. Same procedure was used in al four batch of tests (early late tests, reactive, non reactive)?

Again, I am sorry to be that pick, but it is important for me to understand the subtelity of this complex
test before I run any finite element analysis.

SS: Here are our answers to your questions:

1. Up to 1000 kN one actuator pushes only and the other one just follows the displacement freely.
Once the pushing actuator limit of 1000 kN is achieved, the other one gets engaged and pulls as
well.

2. Test was done in displacement control. The imposed displacement was controlled using both
A-Frame and the difference between the values obtained from the LVDTs at top of the wall and
the bottom of the wall from both sides.

3. At the end of a cycle, the actuators were kept in place, and opposite loading protocol was applied.
Next the actuator previously pushing will be pulling, and the one that was pulling will push.
Throughout each cycle the displacement rate was kept constant.

4. Your descrition is correct.

5. Your descrition is correct again.

B AAR Constitutive Model

The theoretical underpinning of the AAR model used in this paper has been presented by the authors
separately, Saouma and Perotti (2006) and Saouma (2013b). It will be briefly reviewed.

The AAR expansion is considered to be a volumetric one, which rate is given by the following function

(1)ε̇AARV (t, θ, RH) = Γt(f
′
t |wc, σI |CODmax) Γc(σ, f

′
c)

g(RH) ξ̇(t, θ) ε∞|θ=θ0
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where ε∞ is the final volumetric expansion as determined from laboratory tests at temperature θ0. 0 ≤ Γt ≤ 1
is a parameter which reduces the expansion in the presence of large tensile stresses (macro-cracks absorbing
the gel), f ′t the tensile strength, and σI the major (tensile) principal stress. Similarly, 0 ≤ Γc ≤ 1 is a
parameter which accounts for the absorption of the gel due to compressive induced stresses, σ and f ′c are the
hydrostatic stress, and the compressive strength of the concrete, respectively. 0 ≤ g(RH) ≤ 1 is a function
of the relative humidity (set to zero if the humidity is below 80%), ξ̇(t, θ) the kinetics law given by

ξ(t, θ) =
1− exp(− t

τc(θ)
)

1 + exp (− (t−τl(θ))
τc(θ)

)
(2)

where τl and τc are the latency and characteristic times, respectively. The former corresponds to the inflexion
point, and the latter is defined in terms of the intersection of the tangent at τl with the asymptotic unit
value of ξ, figure 18(a). They are given by

τl(θ) = τl(θ0) exp
[
Ul

(
1
θ −

1
θ0

)]
τc(θ) = τc(θ0) exp

[
Uc

(
1
θ −

1
θ0

)] (3)

expressed in terms of the absolute temperature (θoK = 273+T oC) and the corresponding activation energies.
Ul and Uc are the activation energies, minimum energy required to trigger the reaction for the latency and
characteristic times, respectively. Once the volumetric AAR strain is determined, it is decomposed into a
tensorial strain in accordance to the three weight factors associated with the principal stresses. Finally,
degradation of the tensile strength and elastic modulus is accounted for as follows:

E(t, θ) = E0 [1− (1− βE) ξ(t, θ)]
ft(t, θ) = ft,0 [1− (1− βE) ξ(t, θ)]

(4)

The model is relatively simple to implement in an existing finite element code and has been implemented
in many finite element codes Pian et al. (2012) El Mohandes and Vecchio (2013), Rodriguez et al. (2011)
Mirzabozorg (2013) Pan et al. (2013) Huang and Spencer (2016) Huang, Spencer, and Cai (2015) Ben-Ftima,
Sadouki, and Bruhwiler (2016).

In the context of this study, there are no good estimate for: 1) what would be the ultimate AAR induced
strain as possibly determined from reliable laboratory residual expansion (not a simple task); and 2) what is
the internal relative humidity in the box girder (g(RH) in Eq. 1). Indeed, it has long been recognized that
for AAR to occur, RH must be above a certain threshold Capra and Bournazel (1998).

The effect of temperature and relative humidity on the kinetics of the reaction is illustrated by figure 18(a)
where the decrease in RH, results in a decrease of peak AAR while a in temperature will slow the reaction.
Finally, The engineering significance of the (sigmoid) expansion is illustrated in figure 18(b) Saouma et
al. (2015).

C Taylor’s Series-Finite Difference Estimation

The concept behind the sensitivity analysis is rooted in the so-called Taylor’s series finite difference estimation
of the mean µ in terms of all the random variables individual means µi is the mean for all random variables
Bryant, Brokaw, and Mlakar (1993). Hence, for an independent random variables, the variance is given by

µF = F (µi) (5)
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Figure 18: AAR expansion curve Saouma et al. (2015)

where

V ar(F ) = σ2
F =

∑(
∂F

∂xi
σi

)2

(6)

∂F

∂xi
≈ F+

i − F
−
i

2σi
(7)

F+
i = F (µ1, · · · , µi + σi, · · · , µn) (8)

F−i = F (µ1, · · · , µi − σi, · · · , µn) (9)

where σi are the standard deviations of the variables. Hence,

σF =
∑(

F+
i − F

−
i

2

)
(10)

The procedure can be summarized as follows:

1. Perform an initial analysis in which all variables are set equal to their mean value. This analysis
provides the mean µ.

2. Perform 2n analysis, in which all variables are set equal to their mean values, except variable i, which
assumes a value equal to µi + σi, and then µi − σi.

3. For each pair of analysis in which variable xi is modified, determine the standard deviation component
associated with the specific variable i, which will provide an indication of the sensitivity of the results

to variation of this particular variable.
(
F+

i −F
−
i

2

)
.

4. The standard deviation of the entire structure is then determined by simply adding all the
(
F+

i −F
−
i

2

)
terms.

5. Sort the results in an descending order and form the so-called “Tornado diagram”.

This simplified method has been first reported by Benjamin and Cornell ( (1970)) in the context of structural
engineering, and then used in (Army Corps of Engineers, 1992) (Army Corps of Engineers, 1993) and
(Saouma, 2005).
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1) the bond interaction between concrete and 
reinforcement is taken into account. 2) E, ft 
and fc are reduced with increase of the 
expansive strain though an empirical 
equation. 3) they considered two senario for 
expansion: optimism (nearly no change after 
260 days), pessimism (twice the expansion)
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and shear springs

beam element 
with zero size 
link element

not clear 
(Sellier) -

concentrated 
displ is applied 
at mid-depth of 
top beam on 
both sides.

not clear
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 Fairly match the 

experiment. Crack 
pattern contains multiple 
diadonal crack in 45 and -
45 directions.

No 1- concrete-steel bond stress-slip is modeled. 
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at mid-depth of 
top beam in 
middle

vertical 
constrained on 
the bottom of 
lower beam. 
Horizontal 

constrain only at 
CG.

D
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crakcing is distributed in 
whole web, columns and 
beams. Majority is in the 
form of diagonal

they reported reduction in 
ductility by increasing the 
ASR expansion.

1- they acounted for three levels of ASR 
expasion (as lower, central and upper 
bounds). 2- they accounted for material 
degradation. 3) impact of maximum 
aggregate size is studied. 4) effect of linear 
and bilinear concrete softening is studied. 5) 
parametric analysis performed on material 
properties.
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applied 
displacement is 
distributed to all 
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center of the 
loading of top 
beam

bottom and 
sides of the 

lower beam is 
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et
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Their model 
underestimate the 
experiment by ~20%.

They showed no further 
expansion after 260 until 
1000. No meaningfull 
difference in capacity 
from 260 to 1000 days.

1- shell elements are verified by solid ones. 
2) monotonic and cyclic test were 
performed.
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damage plasticity embeded steel 
bar

No real 
ASR model 
(themal 
expansion)

linear 
elastic - -

Pa
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m
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ric

They underestimate 
results for regular and 
ASR affected concrete in 
260 and 1000 days under 
monotonic loading. For 
Cyclic load the results 
are even worth.

from 260 to 1000 there is 
no meaningfull 
differences.

They performed parametric analyses on the 
impact of different parameters: monotonic 
and cyclic loading, boundary condition, 
element type, concrete fracture energy, 
concrete compression side, concrete elastic 
stiffness, impact of vertical loading, shell 
element, reinforcement modeling, and 
confinment effect
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INTRODUCTION 
A number of structures worldwide are known to (or will) suffer from chemically induced expansion of the concrete. This 

includes not only the traditional alkali aggregate reaction (also known as alkali silica reaction) but increasingly delayed 

ettringite formation (DEF). 

There are three components to the investigation of structures suffering from such an internal deterioration: a) Chemo-

physical characterization focusing primarily on the material; b) Computational modeling of the evolution of damage and 

assessing the structural response of the structure; and c) aging management of the structure. 

Focusing on the second aspect, ultimately an engineer must make prediction for the response of a given structure. In 

particular, he has to provide answers to the following questions: a) Is the structure operational?, b) is it safe?, and c) 

how the serviceability and safety margins will evolve in time. This task is best addressed through a numerical simulation 

(typically finite element analysis), which should account for most of the structure’s inherent complexities. This is 

precisely the subject of this document 

The assessment of finite element codes has been partially assessed within the ICOLD International Benchmark 

Workshops on Numerical Analysis of Dams, and there were only limited discussion of AAR within the European project 

Integrity Assessment of Large Concrete Dams, NW-IALAD, In either cases, there has not yet been a comprehensive, 

rigorous and rational assessment of finite element code prediction capabilities and accuracies. 

Ultimately, practitioners would like to be able to calibrate their model with the limited historical field observation 

(typically inelastic crest displacements for dams, or crack maps for reinforced concrete) and then use the model to 

extrapolate the behavior of the existing or modified structure into the future. In science and engineering, any 

extrapolation should be based on a fundamentally sound model which ideally should be independently assessed for its 

capabilities. Unfortunately, expansive concrete (finite element) models have not yet been assessed within a formal 

framework. The objective of this effort is indeed an attempt to develop such a formal approach for the benefit of the 

profession. 

Though we are aware of the importance of the chemical constituents of a reactive concrete (part a above), and their 

potential impact on the residual swelling, this aspect is not considered in this study. Henceforth, we limit ourselves to 

the interaction of various mechanical aspects: temperature, relative humidity, chemically induced swelling, and 

mechanical load. 

The authors believe that prior to the comparison of analysis of a structure, a battery of basic tests should be undertaken 

first on the material. Each one of the test problems in turn will highlight the strength (or the deficiency) of the model, 

one at a time. Then and only then, we could assess a model predictive capabilities for the analysis of a structure. This 

document will describe such a series of tests, and format in which data should be reported. In order to facilitate 

comparison, the test problems are of increasing complexity. For the most part we assess one parameter at a time, then 

two, and then three. Only after such an exercise could we compare full blown structures (shear wall, reinforced concrete 

beam, and dam for structural analysis. 

Objectives 
This document is submitted by the RILEM Technical Committee 259-ISR, for the assessment of finite element codes 

capabilities in performing a “modern” simulation of reactive concrete expansion.  

The study is composed of two parts, the first addresses material modeling, and the second structure modeling.  

For the material modeling each study is split in two parts: a) parameter identification for the constitutive model 

(through calibration of your model with provided laboratory test results); and b) Prediction. 

It is hoped that there will be sufficient interest and participation in this numerical benchmark study to eventually 

warrant a dedicated workshop. 
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Relationship with Other Groups 
Though spearheaded by RILEM, this round robin is open to all interested participants.  

The organizer do also welcome endorsement (and possibly addition of test problems) from other organizations. 

Important Factors in Reactive Concrete 
Assuming that the final residual swelling of the reactive concrete is known, and based on experimental and field 

observations, there is a broad consensus that the following factors should be considered in the finite element analysis of 

a structure: 

1. Environmental Conditions of the concrete 

a. Temperature 

b. Humidity 

2. Constitutive models 

a. Solid concrete (tension, compression, creep, shrinkage) 

b. Cracks/joints/interfaces. 

3. Load history 

4. Mechanical Boundary Conditions 

a. Structural Arrangement 

b. Reinforcement 

c. Anchorage 

Henceforth, the following proposed test problems will be articulated around those factors. 

Note that only P0 necessitates a written document, and all other test problem results will have to be provided in the 

attached Excel Spreadsheet (Section 0) 

TEST PROBLEMS 

P0: Finite Element Model Description 
Provide up to five pages (bookmarked pdf1) description of the model adopted in this particular order with the relevant 

headers 

Constitutive Model 
1. Basic principles of the model and its implementation. 

2. Nonlinear constitutive model of sound or damaged concrete (clarify) 

a. Instantaneous response (elasticity, damage, plasticity, fracture and others) 

b. Delayed response (creep and shrinkage) 

3. Effect on the chemically induced expansion by 

a. Moisture 

b. Temperature 

c. Stress confinement 

4. Effect on the mechanical properties of concrete by 

a. Expansion 

b. Shrinkage and creep 

Finite Element Code Features 
1. Gap Element 

                                                           

1
 Word users: start with Heading 1, LaTeX users start with \section (for Constitutive Models), an end with Heading3 or \subsubsection for Moisture. 
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2. Coupled hydro-thermo-mechanical 

3. Others 

Materials 
In light of the preceding list of factors influencing AAR, the following test problems are proposed. All results are to be 

entered in the accompanying spreadsheet and formatting instruction strictly complied with (to facilitate model 

comparison). 

P1: Constitutive Models 
At the heart of each code is the constitutive model of concrete. This problem will assess the code capabilities to capture 

the nonlinear response in both tension and compression. 

It should be noted that in some codes the constitutive model is tightly coupled (in parallel) with the AAR expansion one 

(modeled as an internal pressure), in other, it is more loosely coupled (in series) with the AAR (modeled as an additional 

strain). 

Constitutive Model Calibration  
Perform a finite element analysis of a 16 by 32 cm concrete cylinder with fc, ft, Gf and E equal to 38.4 MPa, 3.5 MPa, 

100e-6 MPa/m and 37.3 GPa respectively1. Traction is applied on the top surface, and a frictionless base is assumed. 

Make and state any appropriate assumption necessary. 

Use the following imposed strain histogram: 

0 1.5 0 3 1.5 0 3t t
c c

f f

E E
 

 
       

where εc = −0.002. If needed, the fracture energy GF in tension and compression are equal to 100 Nm/m2 and 10,000 

Nm/m2 respectively. 

 

For the participants using meso-scale models, please use the following additional information and instructions: The 

Young modulus and Poisson ration of the aggregate are equal to 60 GPa and 0.2, respectively. The volume fraction of 

aggregate must be greater than 40% with a maximum of 70%. The maximum aggregate size is 20 mm. The particle size 

distribution is user-discretionary but must be provided as an additional output. It is requested that the constitutive 

parameters of the matrix (cement paste or mortar) are calibrated to obtain the mechanical properties of concrete used 

by the participants using macroscopic homogenous continuum models. Cement paste/mortar parameters must be 

provided as additional outputs. 

 

                                                           

1 These parameters should be used in all subsequent problems 
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c) NR Sealed 

e) R Sealed 

d) NR 100% H 

f) R 100% H 

Time 

εfree 

 b) R 30% H 

 a) NR 30% H 

Prediction  

 
Figure 1  Deterioration of AAR affected concrete (Capra & Sellier, 

2002) 
Repeat the previous analysis following an AAR induced expansion of 0.5%, you may use the experimentally obtained 

degradation curve, by (Anon. 1992) and published by Capra and Sellier (2003), Figure 1 

P2: Drying and Shrinkage for non-reactive concrete 
For some structures not necessarily under water (such as bridges or certain hydraulic structures), drying shrinkage 

strains may be of similar order of magnitude as the AAR induced ones. As shown in Figure 2 one must consider various 

cases of drying and shrinkage, reactive and non-reactive concrete, and at relative humidity ranging from a low 30% to a 

fully saturated environment, and sealed or not. There are a total of 6 potential cases of interest: 

 

Figure 2 Drying and Shrinkage test Cases 

1. Non-reactive concrete at 30% relative humidity (RH) 

2. Reactive concrete at 30% RH 

3. Non-Reactive concrete sealed specimen 

4. Non-Reactive concrete under water. 

5. Reactive Concrete, sealed cylinder. 

6. Reactive concrete under water.  

which will be analyzed in P2 and P5 
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Figure 3 Mass variations for non-reactive concrete under 
various RH conditions; (S Multon, Merliot, Joly, & 
Toutlemonde, 2004) Series1=Sealed under aluminum, 
Series2=In water, Series3=30%RH. 

The concrete porosity was 16%. 

Constitutive Model Calibration  
Fit your parameters using a 16 by 32 cm cylinder by per- forming the following analyses: a, c, and d with respect to the 

temporal variation of mass1 (Figure 3) and longitudinal strain (Figure 4) 

Prediction  
Using the parameter determined from the previous section, repeat the same analysis with the temporal variation of 

external RH for the cylinder shown in Figure 5. 

max min max min16
(week) sin 2

2 52 2

RH RH RH RHt
RH 

  
  

 
 

where RHmax and RHmin are equal to 95% and 60% respectively. 

                                                           

1
 All available experimental results are tabulated in separate Excel files 
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Figure 4: Strain variations for non-reactive concrete under various RH conditions; (S 

Multon & Toutlemonde, 2004) 
 

P3: Basic Creep for non-reactive concrete 
There are strong experimental and field indications that creep plays a dominant role in the irreversible long term 

deformation concrete subjected to constant load. Its effect must be accounted for to properly extract the AAR 

expansion. This may be explained through biaxially or triaxially loaded elements where swelling is restricted in one 

direction while free to occur on the other(s). Therefore, in the AAR constrained direction, creep deformation will be 

predominant. This is more likely to occur in arch dams. 

 

Figure 5: Humidity variation  
. 

Constitutive Model Calibration  
For a 13 by 24 cm cylinder subjected to 10 and 20 MPa uniformly applied axial compression, plot the longitudinal and 

radial displacements. You may calibrate your model on the experimental curve shown in Figure 6. 
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Creep of Non Reactive Concrete with 10 and 20 MPa Axial Stress
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Figure 6: Creep in non-reactive concrete under sealed condition for different axial 
stress; (Stéphane Multon, 2003) 

Prediction    
Using the previously determined parameters, repeat the same analysis for the axial load history shown in Figure 7. 

 

 

 

 

 

 

 

 

 

  

 
Figure 7: Stress variation 
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P4: AAR Expansion; Temperature Effect 
All chemical reactions are thermodynamically driven. Reactive concrete expansion varies widely with temperature 

ranges usually encountered in the field or laboratories. Hence, it is of paramount importance that the kinetics of the 

reaction captures this dependency. 

Calibration 
Perform the finite element analysis of a 13 by 24 cm cylinder under water, free to deform at the base and undergoing a 

free expansion, and for T = 23oC and 38oC. Fit the appropriate parameters of your model with Figure 8 obtained by Larive 

(1998). 

 

 

Figure 8: Free expansion from Larive’s tests, (Canada & Larive, 
2001) 

Prediction 
Repeat the previous analysis using the variable internal temperature 

max min max min16
(week) sin 2

2 52 2

T T T Tt
T 

  
  

 
 

where Tmax and Tmin are equal to 25oC and 0oC respectively, as shown in Figure 9. t is given in weeks. 

 
Figure 9: Temperature variation 
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P5: Free AAR Expansion; Effect of RH 
Relative humidity plays a critical role in the expansion of AAR affected concrete. It is well established, (Poole 1992) that 

expansion will start for a RH at least equal to 80%, and will then increase with RH (Capra and Bournazel 1998). For 

external bridge structures and some dams this can be critical. 

Constitutive Model Calibration     
Using a 16 by 32 cm cylinder, and assuming a temperature of 38oC, fit the appropriate parameters for mass and vertical 

strain variation of reactive concrete as shown in Figure 10 and Figure 11 respectively. 

 

Figure 10: Mass variation for reactive concrete under various RH 
conditions; (Stéphane Multon, 2003) 

 

 

 

Figure 11: Strain variation for reactive concrete under various RH 
conditions; (Stéphane Multon, 2003) 

Prediction    
Repeat previous analysis using the RH variation shown in Figure 5. 
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P6: AAR Expansion; Effect of Confinement 
It has long been recognized that confinement inhibits reactive concrete expansion. This test series seeks to ensure that 

this is properly captured by the numerical model. 

Constitutive Model Calibration     
For a 13 by 24 cm cylinder, and assuming a temperature of 38oC, and a constant internal humidity of 100%, analyze the 

following test cases (all of which consist of sealed specimens): 

 P6-a. No vertical stress, no confinement (Free swelling), Figure 12. 

 
Figure 12: No vertical stress, no confinement (free 

swelling);(Stéphane Multon, 2003) 

 P6-b.  Vertical stress of 10 MPa, no confinement, Figure 13. 

 

Figure 13: 10 MPa vertical stress, no confinement; (Stéphane 
Multon, 2003) 

 P6-c. No vertical stress, concrete cast in a 5 mm thick steel container, Figure 14. shows the histories of axial and 

radial expansions. The Young modulus and Poisson ratio of steel are 200 GPa and 0.2, respectively. 

 P6-d. Vertical stress of 10 MPa and concrete cast in a 5 mm thick steel container, Figure 15.  
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Figure 14: Vertical stress of 10 MPa and concrete cast 
in a 5 mm thick steel container; (Stéphane Multon, 

2003) 

 

Figure 15: Vertical stress of 10 MPa and concrete cast 
in a 5 mm steel container; (Stéphane Multon, 2003) 

In all cases, plot both the axial and radial strains. 

Prediction    
Repeat the analysis with the vertical and radial imposed stress histogram shown in Figure 7. 

Structures 

P7: Effect of Internal Reinforcement 

Description 
Internal reinforcement inhibits expansion and AAR induced cracking would then align themselves with the direction of 

reinforcement as opposed to the traditional “map cracking”. This test problem seeks to determine how the numerical 

model accounts for this, especially when cracking (thus a nonlinear analysis is needed) occurs. 

Analyze the cylinder of P6-a under the same condition (free expansion, 38oC, 100% RH), for the same duration with a 

single internal reinforcing bar of diameter 12mm in the center, and E=200,000 MPa and fy =500MPa. 

Prediction 
Determine longitudinal strain in the rebar and the longitudinal and radial strains on the surface of the concrete cylinder. 

In both cases values are to be determined at mid-height. 
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Figure 16 : Concrete prism with internal reinforcement 

P8: Reinforced Concrete Beams 

Description 
The mechanical behavior of two concrete beams, studied by S.Multon during his Phd works at LCPC, is proposed. One 

beam is damaged by ASR during two years exposure in a 38°C environment and differential water supply, leading to 

differential ASR expansion within the structures.  The other made with non-reactive aggregates was stored in similar 

conditions. Namely, the effects of the ASR development have been quantified in a 4-points bending test of the beams, 

resulting in a lot of data among which the residual stiffness and the flexural strength of both reactive and non-reactive 

beams. The objective is to simulate the evolution of the two beams during the two years of tests, and to finish by a 

simulation of beam failure in four points bending. 

D 13cm, H 24cm 

Rebar Steel 12 mm 
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Figure 17 : Multon’s Beams (Stéphane Multon, 2003) 

Material characteristic are the same then in tests P1 to P6, therefore, the LCPC performed tests at several dates since 

the fabrication (all the results are given in Table 1) 

3m 

250 mm 

2.8m during drying – watering cycles 

NEA/CSNI/R(2018)4/ADD1



V. 1; Jan.2016 RILEM TC 259-ISR; WG 2; Analysis Round Robin 18 

Table 1 : Concrete characteristics for Multon’s beams 

 

The whole experimental plan of LCPC involves several beams as mentioned in table 2. In the present benchmark only 

beams P4 and P6 have to be simulated. 

As AAR depends on humidity, a humidity profile must be fitted, in order to consider effect of saturation on the reaction. 

In order to fit the drying-humidification cycle, the mass evolutions of the beams are given bellow 

 

Figure 18: Mass variation of the beams 

 The temperature is constant and equal to 38°C. The concrete porosity is around 16% (15% at the bottom and 17% at the 

top of the beam). 

Prediction 
 The first objective is to find a realistic humidity profile compatible with the mass variation history given in figure 

17  

 The second objective is to predict the deflection of each beam, at mid span, versus time 

 The third objective is the evolution of stress versus time, in the bottom longitudinal reinforcement #16 , at mid 

span. 

 The last stage consists to simulate, for the two beams, a four point bending test schematized in figure 18,. 

Participants have to provide the Force-deflection curve until failure of each beam. 
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P9: Reinforced Concrete Panel 

Description 
 This panel will soon be tested at the University of Tennessee in Knoxville to assess the effect of confinement on 

the ASR expansion. 

The panel has two layers of reinforcements (top and bottom) in the y- and x-directions. It is confined by an 

outer stiff steel frame. It is constrained in the x-z and y-z planes  

The panel concrete has a compressive strength of 31 MPa. The geometry is shown in the figure below. 

Reinforcements in direction x and y are made with #11 bars (diameter 35.81 mm), spacing 25.4 mm. 

The free volumetric expansion after two years is equal to 0.5%. 

 

Fig. 19. Geometry and reinforcement layout. 

The objective is to predict the panel expansions under different boundary conditions, with and without AAR. 

As indicated in Table 2 first AAR expansion occurs under different boundary conditions, then an incremental shear is 

applied in or out-of-plane, Figure 19. 

 

Table 2 Analysis Models 

 
Part 1: AAR 
Expansion 

BC on X-Y: Z=0 
Part 2: Incremental Shear 

Shear model ID AAR BC on XZ BC on YZ 
BC on YZ 
(@ X=0) 

BC on YZ (@ 
X=L) 

In-plane 
P1 No Unrestrained X=Y=Z=0 X=Z=0 Y=Δi 
P2 Yes X=Y=Z=0 X=Y=Z=0 X=Y=Z=0 X=Z=0, Y=Δi 
P3 Yes X=Y=0 X=Y=0 X=Y=Z=0 X=Z=0, Y=Δi 

Out-of-plane 

P4 No Unrestrained X=Y=Z=0 X=Y=0, Z=Δi 

P5 Yes X=Y=Z=0 X=Y=Z=0 X=Y=Z=0 X=Y=0, Z=Δi 

P6 Yes X=Y=0 X=Y=0 X=Y=Z=0 X=Y=0, Z=Δi 
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In all models, the reinforcement are considered and the material is assumed to be nonlinear (smeared crack model). The 

displacement is applied in very small increments. The models are expected to expand only in z direction. Except the 

boundary conditions shown in this table, the other faces are assumed to be free.  

 

 

Figure 19 In and Out of Plane Shear Load  

Prediction 
For each of the 6 cases, provide: 

1. Out of plane expansion (in the z direction) for the middle point. 

2. The shear load-displacement curve (Py-Δy for the in plane, and Pz-Δz for the out of plane). 

3. Stress history for the central rebar 

a. Along the X axis 

b. Along the Y axis 

P10: Large Reinforced Concrete Beam 

Description 
Two beams tested  by Kreitman and Giannini at the university of Texas are submitted to aging at constant temperature 

(23°C) and high humidity (watered periodically and covered by a tarp to retain humidity #100%RH). The two beams were 

tested at the end of the aging period.  

The material characteristics are the following: 

Table 3 : Concrete characteristics for the university of Texas beams 

 

The ASR was characterized by an ASTM C1293 test performed at 38°C, 100%RH, and dynamic measures were 

periodically performed and correlated to the free swelling. 
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Figure 20: ASTM Swelling test for the reactive and non reactive concretes of University of Texas beams 

The Beam geometry is described below. The reinforcement frame was design for a four points bending test in order to 

highlight the shear behavior of the reactive beam. 

 

Figure 21 Longitudinal Geometry 
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Figure 22 : Beam section 

Until 565 days an applied load of 256Kn (including beam’s weight) was maintained, and next the applied loads were 

increased until failure. The loading chronology is specified beloow: 

 

Figure 23 : Curing and mechanical conditions for the two beams 

The exact dates corresponding to these different periods were not exactly the same for the two beams as specified in 

next table: 
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Table 4 : Duration of the successive conditions applied to the beams (in days) 

 

Prediction 
For the regular and the ASR concrete beams: 

1. Predict longitudinal and vertical strain in reinforcements corresponding to the following configurations (A,B,C,D) 

during the aging period 

2. Predict the longitudinal and vertical expansion of concrete at the surface of concrete in zone A, B, C, D. 

3. Give the force deflection curve corresponding to the failure test (deflection reset to zero for the initial force of 

356KN corresponding to the end of the aging period) , the  deflection corresponds to the vertical displacement 

of the applied force. 

 

Figure 24 : Zone instrumented for longitudinal vertical and transversal strains 

  

A 
B 

C D 
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P11: Reinforced Concrete Shear Wall 

Description 
This shear wall belongs to a test series carried out at the University of Toronto, in collaboration with the Canadian 

Nuclear Safety Commission (CSNC). Additional information can be found in: (Gautam et al., 2015; Habibi, Sheikh, 

Orbovic, Panesar, & Vecchio, 2015). 

Note that the loading scenario adopted for this benchmark is purely monotonic while the actual experiment was 

performed under a cyclic loading. Permission to model the cyclic loading is given though at the modeler’s discretion. 

The geometry of the shear wall is illustrated in Fig. 27 & 28 hereafter (dimensions are provided in millimeters). The 

reinforcement layout and ratios in the different portions and directions of the wall are provided Fig. 29.

 

Figure 25 : Shear wall geometry (1) 

 

Figure 26 : Shear wall geometry (2) 
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Figure 27 : Shear wall geometry (3) 

The results of the concrete free expansion tests, performed at 95%RH and 50°C, are provided in Fig. 30.  

 
Figure 28 : Free swelling of concrete used for the shear wall 

The mechanical properties of the steel reinforcement bars are given in Tab. 4. Note that Canadian size notation is used 

in this table: 10M and 20M bars correspond to 11.3 mm and 19.5 mm nominal diameters, respectively, i.e., 100 mm2 

and 200 mm2 cross-sectional area. 
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Table 5: steel bar used for the shear wall 

 
 

Concrete compressive strength and Young modulus have been measured at different ages of aging as illustrated in Fig. 
31. 

 
Figure 29 : Compressive strength and Young modulus versus time for ASR and regular concrete 
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Figure 30 : Steel bar behavior for the shear wall 

According to the authors: “ after six months of being in the chamber, the maximum strain measured from the horizontal 
steel in the regular concrete walls is about 0.0049 while it is over 0.0072 in walls with ASR concrete. Similarly, the 
maximum strain in the vertical bars was measured to be 0.0036 and 0.0066 in the regular and ASR walls, respectively. 
Results from physical observations and monitoring of the specimens indicated that the first phase of structural testing 
could initiate in about 6 months after conditioning of the specimens in the curing chamber. To apply the axial force on 
the walls, a third frame was installed around the specimen holding another hydraulic jack as shown in figure bellow. This 
jack was used to maintain a constant vertical load of 800 kN throughout the test. The shear wall specimen was anchored 
to the floor, and restrained from both side to prevent any slippage. The Force – Displacement plot was obtained using 
the summation of the forces from both actuators against displacement of top of the shear wall (bottom of the top 
beam) with respect to the top of the lower beam”. The displacement was applied simultaneously by the two horizontal 
jacks. 

 
Figure 31 : Setup for the shear wall test until failure 

Prediction 
The simulations must be conducted in two successive stages: 

The first stage consists in studying the effect of AAR expansion in accelerated conditions during the first six months 
following the 28-day curing. The curing conditions are assumed at 20oC and 100% RH. At the age of 28 days, the walls were 

stored in an environmental chamber. The temperature in the environmental chamber is maintained at 50
o
C and the relative 

humidity was greater than 95%. 
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The second stage corresponds to the in-plane shear test. A vertical compression of 800k N is applied to the upper beam. 

The horizontal displacement is imposed to the upper beam until failure. 

 

The expected output results for the simulations are: 

 The expansion at the center of the wall in the three direction from 0 to 6 months, along the directions x, y  and z, 

as specified in Figure 27. 

 The horizontal force versus horizontal displacement during the shear test, assuming a monotonic loading. It is 

permitted to simulate the actual cyclic test, i.e., considering a following sequence: +/-0.4, +/-0.8, +/-1.0, +/-1.4, 

+/-1.8, +/-2.0, +/-2.5, +/-3.0, +/-3.5, +/-4.0, +/-4.5, +/-5, +/-5.5, +/-6, +/-6.5, +/-7 mm… (Until failure), at the 

imposed displacement rate of 0.15mm/s. In that case, only the envelop-curve is to be provided in the output 

excel file. 

P12: AAR Expansion; Idealized Dam 

Description 
This last test problem assesses the various coupling amongst various parameters as well as the finite element code and 

its ability to simulate closure of joint. A common remedy for AAR induced damage in dams is to cut a slot in the structure 

as in Mactaquac, (Gilks and Curtis 2003). This will relieve the state of stress, and allow the concrete to expand freely. 

However, at some point concrete swelling will result in a contact between the two sides of the slot. Hence, this problem 

will test the model ability to capture this important simulation aspect as well. 

Consider the reduced dam model shown in Figure 32 with the following conditions: a) lateral and bottom faces are all 

fully restrained; b) front back and top faces are free; c) slot cut at time zero, total thickness 10 cm; d) concrete on the 

right is reactive, and concrete block on the left is not reactive; e) hydrostatic pressure is applied only on the right block. 

 
Figure 32: Idealized dam 

Prediction 
Using the fitting data of P6, and an friction angle of 50o for concrete against concrete, and zero cohesion, consider two 

cases: 

x

y

z

15 m

50
m

20
 m

80
 m

h

10
 m

15 m

10 mm

R

A

NEA/CSNI/R(2018)4/ADD1



V. 1; Jan.2016 RILEM TC 259-ISR; WG 2; Analysis Round Robin 29 

60.0

70.0

80.0

90.0

100.0

0 20 40E
le

v
a

ti
o

n
 [

m
] 

Time [Weeks] 

Yearly Variation of the Pool Elevation 

1. Homogeneous field of internal temperature (20oC), relative humidity (100%), and an empty reservoir. 

2. Transient field of external temperature (Figure 9), relative external humidity (Figure 5), and pool elevation 

variation (Figure 33) given by where ELmax and ELmin are equal to 95 and 60 respectively. 

 

 
Figure 33: Yearly variation of pool elevation 

For both analysis, the specified temperature and relative humidity is the one of the concrete surface. Zero flux condition 

between dam and foundation. Reference base temperature of the dam is 20oC. 

1. x, y, z displacements of point A. 

2. Fx, Fy  and Fz  resultant forces on the fixed lateral face versus time (25 years).  Assume the typical yearly 

variations of external air temperature and pool elevation shown in Figure 9 and Figure 33 respectively. 

This model seeks to capture: a) general finite element program capabilities in modeling the joint response; b) ease (or 

difficulty in preparing the input data file for a realistic problem; and c) coupling of the various parameters. 

 max min max min(week) sin 2
2 52 2

EL EL EL ELt
EL 

  
  

 
 

PRESENTATION OF RESULTS 
All results should be entered in the accompanying spreadsheet, Figure 34. Note that the spreadsheet contains all 

available experimental data to facilitate fits, and participants must enter their prediction within the predefined cells and 

for the specified time increments. All cells are protected except those which can be overwritten by participant data. 

This will greatly facilitate comparison of results, as a separate Matlab program could extract results from all submissions 

and results compared. 
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Figure 34:Example of  Presentation of Results (extract from excel joined file) 

 

RESULTS SUBMISSION AND WORKSHOP 
A workshop will be organized in 2017 to analyze and interpret results. The objectives being: 

1. What would be the simplest model (irrespective of the code) which can reliably predict the long term behavior 

and expansion of concrete suffering from chemically induced expansion? 

2. Determine which codes can model some/all aspects of the concrete expansion. 

3. What are the important factors which should be accounted for in a numerical prediction?  

 

An intermediate RILEM workshop will allow to have an overview of the different contributions in June 2016, the 

objective is to finish the material test for this intermediate workshop, and discuss about structural test asked for June 

2017. 

  

Test P8 Non reactive Reactive

Mass variation of 

Non reactive beam

Deflection at mid 

span (mm)

Mass variation of 
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680 680 70
690 690
700 700
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#16 Steel 
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(Mpa) at mid 
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Test Case P8:   Non reactive beam (Multon's PhD) Test Case P8:   Reactive beam (Multon's PhD)
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 Methodology Review  

Two distinct but not independent mechanisms were considered in order to model the effects of 

ASR on reinforced concrete: the magnitude of the chemically-induced expansion, and the changes 

in the mechanical properties of the concrete. Models available in the literature, as well as those 

developed in this project, were successfully implemented into two in-house nonlinear finite 

element programs: VecTor2 and VecTor3. The programs employ a smeared rotating crack model 

for concrete suitable for a macro-modelling approach; the first is applicable to concrete membrane 

structures, while the other is appropriate for the analysis of three-dimensional structures. The 

Modified Compression Field Theory (MCFT) (Vecchio and Collins, 1986) and the Disturbed 

Stress Field Model (DSFM) (Vecchio, 2000) form the theoretical basis for both programs. The 

solution procedure utilized is an incremental total-load, iterative secant stiffness formulation with 

the constitutive, compatibility, and equilibrium relationships formulated in terms of average 

stresses and average strains (Vecchio, 1989; Vecchio 1990). Details of the methodology employed 

may be found in the Progress Reports #5 and #6, and in the Thesis "Modelling of Alkali-Aggregate 

Reaction Effects in Reinforced Concrete Structures" (Jurcut, 2015). 

 ASR-Induced Strain Calculation 

ASR expansion is treated as an offset strain, evaluated in an iterative manner in the first load stage 

of the analysis (i.e., representing average long-term in-situ loading conditions) according to a 

procedure previously developed for elastic and plastic offset strains (Vecchio, 1992). Six different 

models for the evaluation of ASR-induced expansion were implemented: uniform in all directions, 

Charlwood model, Curtis model (personal communication, August 19, 2014), Saouma and Perotti 

model (2006), Sellier model (2009), and Gautam model (2016). Apart from the model which 

distributes ASR strains uniformly in all directions, the others calculate anisotropic expansion along 

the principal directions as a function of the stress state. The level of expansion developed under 

stress-free conditions is a required parameter for the ASR analysis. It may be directly input by the 

user, or it may be evaluated using the Saouma and Perotti or Sellier models, which include a 

NEA/CSNI/R(2018)4/ADD1

http://www.civ.utoronto.ca/vector/theses/Jurcut-MASc(2015).pdf


 

2 

 

kinetics component. Thus, provided that experimental data describing the reaction, specific to each 

model, is available from laboratory tests, the free expansion may be determined.  

 Degradation of Mechanical Properties 

Experimental data available in the literature show a reduction in strength and stiffness for ASR-

affected concrete as compared to non-reactive concrete. Two options are available for considering 

the changes in mechanical properties, reported to be influenced by the type of reactive aggregates, 

the environmental conditions, and the stress state. One alternative consists of directly using, in the 

analysis, the values of the material properties obtained from tests on cores sampled from the 

structure. The other option evaluates the compressive and tensile strengths, and the modulus of 

elasticity, as a function of the free expansion based on the ISE (1992) prescriptions. With the latter, 

lower bounds to the mechanical properties have been defined using values from tests performed 

on cubes, prisms and cylinders, and on cores extracted from structures. Both options disregard the 

directional nature of the degradation in mechanical properties caused by the stress level. Both 

approaches were implemented in the analysis programs. 

 Verification Studies 

The constitutive models implemented, and the analytical procedure itself, were verified by 

modelling ASR-affected specimens. The verification studies were carried out at two levels: 

material-level behaviour and structural-level behaviour. The material-level investigation consisted 

of modelling the behaviour of cylinders tested under uniaxial compression, and middle-notched 

prisms subjected to the three-point bending flexural loading. A considerable number of 

experimental studies have been carried out on ASR-affected structural elements including 

reinforced concrete beams, prestressed beams, and reinforced concrete shear walls. Details and 

results are presented in Progress Reports #5 and #6, and in Jurcut (2015). In what follows, a 
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summary focused on the analyses performed for the shear walls tested by Farhad Habibi, under 

the supervision of Dr. Shamim Sheikh, is presented.  

 Behavioural Models and Analysis Parameters 

The analyses were performed with the version of VecTor2 dated January, 2017, and were 

constructed with the pre-processor software, FormWorks 3.9. The post-processor Augustus was 

used to process the results. 

The FE studies were carried out with the default models designated in VecTor2, with the exception 

of the compression models. Due to the high concrete compressive strength, it was decided that the 

Hoshikuma model is more representative for the uniaxial compression response. The motive of 

this strategy was to demonstrate that reasonable results may be achieved with no subjective use of 

the advanced constitutive models or calibration. The material and behavioural models are 

presented in Table 1.  

The following material types were used for the analyses: reinforced concrete with and without 

smeared reinforcement, ductile steel reinforcement, and structural steel. The default properties for 

the concrete material are shown in Table 4.2. For all the analyses, the cylinder compressive 

strength, f`c (Table 4.3) was specified as an input parameter; the remaining concrete properties 

were left as VecTor2 default values. However, the user has the option of specifying some or all of 

the other properties (e.g. Ec,) if known. The reason behind using only the cylinder compressive 

strength was to demonstrated that even with basic characterization of the  material properties, 

reasonable results may be achieved.  

The ductile steel reinforcement material requires the following properties to be input: 

reinforcement ratio (for smeared reinforcement only), reinforcement diameter, yield strength, 

ultimate strength, elastic modulus, strain hardening strain, ultimate strain, prestrain, and 

unsupported length. The thermal expansion coefficient, Cs, was left unchanged from the default 

value (10×10-6/℃). Additional details on VecTor2 may be found in “VecTor2 and FormWorks 

User’s Manual” (Wong et al. 2013). 
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Table 1: Constitutive models used for the FE studies 

Concrete Models 

Compression Pre-

Peak 
Hoshikuma Dilation Variable-Kupfer 

Compression Post-

Peak 
Hoshikuma 

Cracking 

Criterion 

Mohr-Coulomb 

(Stress) 

Compression 

Softening  
Vecchio 1992-A 

Crack Stress 

Calculation 
Basic (DSFM/MCFT) 

Tension Stiffening Modified Bentz 2003 
Crack Width 

Check 

Agg/2.5 Max Crack 

Width 

Tension Softening Bilinear 
Crack Slip 

Calculation 
Walraven 

FRC Tension SDEM-Monotonic 
Creep and 

Relaxation 
Not Considered 

Confined Strength Kupfer / Richart 
Hysteretic 

Response 

Nonlinear w/ Plastic 

offsets 

Reinforcement Models 

Hysteretic Response 
Bauschinger Effect 

(Seckin) 
Buckling Akkaya 2012 

Dowel Effect 
Tassios                 (Crack 

Slip) 
Concrete Bond Eligehausen 

 

Table 4.2: Material properties 

Concrete Properties 

Thickness (mm) required input Cc (/ºC) 10 × 10−6 

f’c (MPa) required input Max. agg. size (mm) 20 

f’t (MPa) 0.33√f’𝑐 Density (kg/m3) 2400 

Ec (MPa) 3320√f’𝑐  + 6900 Kc (mm2/s) 1.2 

εo (mm/m) 1.8 + 0.0075 ∙ f’𝑐 Sx (mm) 1000 

νo 0.15 Sy (mm) 1000 
Note: The program limits to 1000 mm the spacing of cracks parallel to the y-axis, Sx and parallel to the x-axis, Sy. 

If the calculated crack spacing is larger than 1000 mm, 1000 mm is used for the crack width evaluation. The crack 

spacing is calculated based on the CEB-FIP (1978) model.  
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 Finite Element Models 

 Two-Dimensional Models 

The typical mesh used for the two-dimensional analyses is shown in Figure 1. A total of 2260 

plane stress rectangular elements were used for modelling the shear wall specimens. The mesh was 

divided into a flange zone, a web zone, and top and bottom beam zones, according to the geometry 

of the wall. The thicknesses of the elements were similar to those of the specimen’s sections 

(Figure 2). As such, the elements in the flanges had a thickness of 200 mm, the elements in the 

web had a thickness of 100 mm, while the elements in the top and bottom beams were 550 mm 

thick. All reinforcement was included in the concrete elements as smeared reinforcement. 

The concrete properties used for the FE analyses, as determined from 4 in. diameter cylinders on 

the day of test, are shown in Table 3. For the reactive specimens, the free expansions, determined 

from the expansion prisms, were used as an input for the ASR analyses (Table 3).  

The horizontal reinforcement of the web consisted of 10M reinforcement bars spaced at 140 mm, 

with a corresponding ratio of 0.80%. The vertical reinforcement consisted of 10M reinforcement 

placed at 140 mm giving a reinforcement ratio of 0.77%. The boundary elements were 

longitudinally reinforced with five 10M reinforcement bars, and 6 mm diameter stirrups were 

spaced at 100 mm, with corresponding reinforcement ratios of 2.10% and 0.67% respectively. The 

top and bottom beams were designed with high reinforcement ratios to ensure adequate stiffness 

and prevent failure in these regions. The out-of-plane confinement due to the stirrups in the flanges 

was accounted for by defining the corresponding out-of-plane reinforcement ratio. The 

reinforcement ratios for each member, as considered in the FE analysis, are shown in Table 4. The 

reinforcement properties, as determined from the coupon tests, are presented in Table 5. 

The support condition was chosen such that it would be representative of the test set-up 

arrangement and not restrain the ASR expansion. Roller supports in the horizontal direction were 

defined at the bottom surface of the base. At the mid-depth of the bottom beam a roller support 

was defined with the degree of freedom restrained in the horizontal direction. 
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Figure 1 – Two-dimensional FE model of the shear wall specimens 

 

                                                                                               all dimensions in mm 

Figure 2 – Geometry of the shear wall specimens  
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Table 3 – Concrete properties  

Specimen f’c (MPa) Ec (MPa) εASR (x10-3) Age (days) 

REG A 79.0 47150 --- 240 

ASR A1 63.7 35750 1.90 260 

ASR B1 67.1 32600 2.15 610 

ASR B2 63.0 28100 2.23 995 

REG B 80.1 46652 --- 975 

Table 4 – Reinforcement ratios 

ρh,web (%) ρv,web (%) ρh,flange (%) ρv,flange (%) ρz,flange (%) 
0.80 0.77 0.67 2.10 0.44 

Table 5 – Reinforcement properties  

Property As (mm2) fy (MPa) fu (MPa) εsh (x10-3) εu (x10-3) Es (MPa) 

10M 100 430 638 8.0 150 182,000 

20M 300 465 550 15.0 200 190,000 

Three load cases were defined for the numerical analysis of the shear walls. Load Case I constituted 

the self-weight of the specimen applied as gravity loads to all the concrete elements, which were 

assigned a density of 2400 kg/m3.  Load Case II represented the lateral load applied at the mid-

depth of the top beam as a nodal displacement. To account for the axial load of 800 kN, nodal 

forces of 13.33 kN were applied to each node of the upper face of the top beam as Load Case III.  

For the ASR-affected shear walls, the ASR-induced strains were analysed with an iterative 

procedure in the first load stage of the analysis. For this initial load stage only, Load Case I, 

representing the wall self-weight, was activated in order to simulate the loading conditions. Upon 

the completion of the first load stage, the lateral and axial loads were activated. The ASR strains 

calculated in the first load stage were carried forward, unchanged, for all subsequent load stages.  

 Three-Dimensional Models 

Three-dimensional models (Figure 3) were created to match the two-dimensional models in terms 

of mesh size, load increment, material properties, analysis parameters, and support conditions. The 

pre-processor Formworks-Plus was used to create the models and the post-processor Janus was 

used to process the results. 
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 The web was modelled as two elements through the half-thickness, 50 mm long (44 elements) and 

29.55 mm wide. The boundary elements were modelled as four elements through the half-

thickness, 30 mm wide, and four elements though length, 50 mm long. The wall was discretized 

into 25 elements along the height. The top and bottom beam discretization followed the ones in 

the web and flanges. 

 

Figure 3 – Three-dimensional FE model of the shear wall specimens 

 Discussion of Results  

 Three-Dimensional Effects 

An investigation of the three-dimensional effects was performed by comparing the load-deflection 

responses between VecTor2 and VecTor3 for shear wall specimens REG A and ASR A1 (Figure 

4 and Figure 5). The results were similar in terms of ultimate capacity, crack pattern, and failure 

mechanism. The two-dimensional and the three-dimensional models predict similar initial 

stiffnesses for both shear walls. As the behaviour of the specimens becomes nonlinear, slight 

differences may be observed in the results obtained from VecTor2 and VecTor3, both for the 

regular and reactive specimens. For the REG A shear wall, the percentage difference in the 

calculated maximum load is 2.8%; for the ASR A1 shear wall, the percentage difference is 2.3%. 

The percentage difference in the calculated displacements at maximum load are 9.5%, and 28.5% 

for the REG A wall and ASR A1 wall, respectively. The two-dimensional response tends to be 
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somewhat stiffer and less ductile as the total stiffness of the boundary elements is concentrated in 

the plane of the web. However, in the case of these wall specimens, the behaviour is predominantly 

two-dimensional in nature and thus, a two-dimensional finite element representation provides a 

good approximation. 

 

Figure 4 – VecTor2 versus VecTor3 responses for REG A wall 
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Figure 5 – VecTor2 versus VecTor3 responses for ASR A1 wall 

Given the results of the three-dimensional effects investigation, it was decided to conduct the 

remaining analyses using the two-dimensional models. This was done because the difference in 

results is not considered to be significant, and the two-dimensional analyses are more efficient 

from the computation time perspective.  

 Reversed Cyclic Loading Effects 

Regarding the loading condition, two types of analyses were performed for shear wall specimens 

REG A and ASR A1: a monotonic pushover analysis, and a reversed cyclic analysis with the 

loading history similar to the experimental one (Figure 6).  
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Figure 6 – Reversed cyclic loading history 

Figure 7 and Figure 8 show comparisons between the calculated cyclic and monotonic responses. 

The monotonic analysis follows the envelope of the cyclic analysis, with no significant stiffness 

and strength degradation due to reversed cyclic loading. The behavioural models designated in 

VecTor2 previously presented in Table 1 were used for the analyses and the Gautam expansion 

model was used for ASR expansion. Similar results were obtained using the Palermo model for 

modelling the hysteretic response of concrete.  

 

Figure 7 – Monotonic vs. cyclic analytical behaviour of REG A specimen 
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Figure 8 – Monotonic vs. cyclic analytical behaviour of ASR A1 specimen  

 Influence of Advanced Mechanisms 

The influence on the predicted behaviour of several parameters has been investigated, and 

presented in previous progress reports. The parameters and mechanisms investigated were: the 

value of the modulus of elasticity of concrete, reinforcement buckling in the boundary elements, 

and cover spalling and element erosion. The analyses showed no significant difference in the 

calculated behaviour due to the consideration of either of the mechanisms.  

 Influence of ASR Expansion Strains on the Computed Behaviour 

To investigate the influence of expansion strains on the computed behaviour of shear walls, two 

specimens were selected: ASR A1, with the lowest free ASR expansion, and ASR B2, with the 

highest free ASR expansion. For each specimen two analyses were performed: one considering 

the ASR expansion, and a second one which did not include the ASR mechanisms.  

The results are presented in Figure 9 and Figure 10. Similar effects may be observed in both cases. 

The increase in strength due to ASR strains is accompanied with a reduction in ductility. Also, the 

cracking load is higher in the case when ASR prestrains are considered, and the post-cracking pre-

-1400

-1200

-1000

-800

-600

-400

-200

0

200

400

600

800

1000

1200

1400

-6.0 -4.0 -2.0 0.0 2.0 4.0 6.0

L
o
ad

 (
k
N

)

Displacement (mm)

ASR A1 VecTor2 Cyclic

ASR A1 VecTor2 Monotonic

NEA/CSNI/R(2018)4/ADD1



 

13 

 

yielding stage has a stiffer response. These mechanisms may be attributed to the confinement effect 

caused by ASR. 

 

Figure 9 – Calculated behaviour for ASR A1 specimen with and without ASR expansion  
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Figure 10 – Calculated behaviour for ASR B2 specimen with and without ASR expansion  

 

 Analytical versus Experimental Results 

In what follows, comparisons between the analytical and the experimental behaviours of the shear 

walls are presented. The analytical results were obtained using VecTor2; the experimental 

behaviour is presented as the positive and negative envelopes of the reversed cyclic curves.  

The calculated responses for the non-reactive shear walls follow similar trends with an 

overestimation of the initial stiffness and of the capacity. The ultimate displacement is captured 

relatively well. Although the FEA simulations produced fairly good results for the control 

specimens, significantly better results were obtained for the shear walls tested by Sittipunt and 

Wood (1995) and Palermo and Vecchio (2004), which had comparable aspect and reinforcement 

ratios.  

The calculated responses for the reactive walls ASR A1, ASR B1, and ASR B2 are similar to one 

another. Given that the input parameters, the cylinder compressive strength and the ASR 

expansion, are not markedly different, this result was expected. However, when compared with 

the experimental measured responses, notable differences may be observed. The reactive shear 

walls ASR B1 and ASR B2 exhibited a notably less ductile response compared to the FEA response 

and to the ASR A1 specimen. This may be attributed to the post-peak response in compression for 

ASR-affected concrete, which has not been addressed yet, and which may have significant 

influence on the behaviour of shear wall specimens.  
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Figure 9 – Analytical versus experimental behaviour of REG A wall 

 

Figure 10 – Analytical versus experimental behaviour of ASR A1 wall 
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Figure 11 – Analytical versus experimental behaviour of ASR B1 wall 

 

Figure 12 – Analytical versus experimental behaviour of ASR B2 wall 
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Figure 13 – Analytical versus experimental behaviour of REG B wall 

 Conclusions 

The goal of this work was to develop an analytical tool with the capability of accurately modelling 

the response of ASR-affected reinforced concrete structures. The following objectives were 

achieved: 

1. Implementation of numerical models, within the algorithms of the NLFEA VecTor 

programs, which define the expansion strains and the deterioration in mechanical 

properties that occur as a result of ASR. 

2. Verification of the models implemented, and of the analytical procedure, by modelling 

ASR-affected specimens of interest for nuclear structures: reinforced concrete beams, 

prestressed concrete beams, and shear walls.  

3. Examination of assessment recommendations pertaining to the analysis and modelling of 

ASR-affected structures.  
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Based on the results of the analyses performed, a number of conclusions and observations can be 

made: 

1. A total-load, secant-stiffness, macro-modelling approach is a viable NLFEA strategy for 

modelling ASR effects on reinforced concrete structures.  

2. The Disturbed Stress Field Model provides a workable platform on which ASR constitutive 

models can be implemented.  

3. The magnitude and direction of the induced strains depend on internal and external 

restraints as well as long-term loading conditions, all of which must be appropriately 

considered for the ASR analysis. 

4. Strength and stiffness degradation can be taken into account by either employing reduction 

factors, as recommended by ISE (1992), or using the measured properties. Neither 

approach performs consistently better than the other when analyzing ASR-affected 

specimens.  

5. The material-level investigation revealed that the ISE reduction factors tend to 

underestimate the value of the compressive strength for ASR-affected specimens, while 

the modulus of elasticity is predicted more accurately. 

6. Confinement conditions exert a significant influence on the results. Special care should be 

taken in modelling confinement related mechanisms, such as Poison’s effect and strength 

and stiffness enhancement, in a realistic fashion. 

7. The flexural-critical specimens analyzed did not exhibit a significant reduction of either 

capacity or ductility due to ASR. 

8. Some shear-critical specimens, such as shear walls and reinforced concrete beams provided 

with transverse reinforcement, showed an increase in strength caused by ASR, while an 

opposite effect was observed in beams with no stirrups. 

9. The VecTor programs currently show reasonably good accuracy in the analysis of ASR-

affected specimens which are either shear or flexural critical. For the 17 specimens 
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modelled affected by ASR, the ratio of calculated to measured strength had a mean of 1.10 

and a coefficient of variation of 8.0%. For the 13 non-ASR control specimens modelled, 

the mean was 1.05 with a coefficient of variation of 11.0%. 

10. At the material level, with the exception of the model which does not take into account the 

influence of stresses on expansion, all ASR-expansion models implemented yielded similar 

results. As well, no significant difference in results was observed between the expansion 

models at the structural level. 

11. To achieve improved accuracy and reliability in the analysis capabilities, additional work 

is required in better describing the constitutive response of ASR-affected concrete. 

12. The FE results for the shear wall specimens tested as part of this project show relatively 

good agreement with the experimentally measured capacities and failure modes.  However, 

further development of constitutive models in the post-peak regime is required for more 

accurate predictions of ductility. 
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Abstract 
 
Large civil engineering structures are affected by concrete pathologies (alkali aggregate reaction, 
delayed ettringite formation) and degradation mechanisms have been observed. For the management 
and monitoring of aging hydro and nuclear facilities, laboratory testing and modeling are necessary. 
There is a need for reliable simulations of concrete structures with concrete degradation up to the load 
level leading to their failure. These simulations can determine the impact of concrete degradation on 
serviceability and ultimate limit state capacity of hydro and nuclear facilities taking into account long 
term operation. To confirm the reliability of the results, the OECD Nuclear Energy Agency has launched a 
blind simulation benchmark on a wall affected by alkali aggregate reaction (AAR). 
This paper presents first the model FLUA_PORO_BETON and ENDO_PORO_BETON (Code Aster) which is 
developed by Electricité de France (EDF) and LMDC-Toulouse. This model is able to consider different 
pathologies (AAR, RSI…). Modeling the behavior of alkali aggregate reaction (AAR) damaged concrete is 
made complex by the large number of elementary physical phenomena to be taken into account 
(concrete reactivity, thermal activation, moisture dependence, concrete creep and shrinkage, and 
damage interaction). The model is based on elementary physical principles that lead to the formulation 
of a visco-elasto-plastic orthotropic damage model including chemical pressure induced by AAR due to a 
poro-mechanics framework. The anisotropic plasticity and damage allow the realistic modelling of the 
strong cracking and swelling anisotropy observed on affected structures. It also considers the 
anisotropic stiffness recovery due to oriented crack reclosing during cyclic loading. 
Using this model, different simulations of a reinforced wall (1.8m x 1.44 x 0.55m) are run. After the 
calibration of the parameters and different improvements of the boundary conditions, simulations of 
the wall aging and the load test are done on different models: 

- an unaffected wall, 
- a wall with 260 days of accelerating aging, 
- a wall with 930 days of accelerating aging. 

The first two simulations have been compared to the experimental results and used to calibrate the 
parameters and determine the boundary conditions. 

                                                                 
1
 Eléctricité de France (EDF), Hydro Engineering Centre, Civil Engineering Department, 73373 Le Bourget 

du Lac, France 
2
 Eléctricité de France (EDF), SEPTEN, Civil Engineering Department, 69100 Villeurbanne, France 
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Introduction  

The objective of this CSNI Proposal Sheet (CAPS) is to make recommendations for the management of 
aging concrete hydro and nuclear facilities. There is a need to establish recommendations for reliable 
simulations. The testing campaign currently underway at the University of Toronto is an opportunity to 
compare simulations and experimental results of walls suffering from AAR and under cyclic and static 
loading. 

The wall used for the test is 1.8 m x 1.44 m x 0.55 m and is reinforced by steel bars. It is divided into 5 
parts: the shear wall with a reinforcement ratio of 0.77% and 0.8% in vertical and horizontal directions, 
2 columns and 2 beams with high reinforcement ratio (Figure 1). 

 

Figure 1 : Shear wall geometry 
 

 
Figure 2 : Test Set Up 

 
6 different walls are constructed with the same geometry: 4 with ASR (alcali-silica reaction) concrete 
and 2 with regular concrete. They are tested at different aging times (260 days, 610 days and 930 days) 
and simultaneously under axial load and cyclic lateral load. 
The aging is accelerated by storing the walls in a chamber maintained at 50°C and a relative humidity 
greater than 95%. 
The axial load is 800kN. The lateral load is cyclic, driven by displacements from 0 to 8.2 mm. The 
experimental result is a plot of the lateral load versus lateral displacement. This result is given for the 
ASR and the regular wall at 240 days.  
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Simulations of the loading test are done for the different aging times. Thanks to the expansion values of 
prisms, the ASR parameters are calibrated. The given characteristics of the material are entered in the 
model. The creep and the visco-elasto-plastic parameters are set according to the state of use of the 
model. The experimental results of the walls at 240 days permit the validation of the different 
parameters and the refinement of the boundary conditions. Predictions after 930 days of aging are then 
presented. 

1. Model description 
The following models are used in Code_Aster, under the names FLUA_PORO_BETON and 
ENDO_PORO_BETON. 
These models are also explained in [7]. 
       

1.1 Rheological model 

The concrete behaviour is modelled in the poro-mechanical framework. The model contains a damage 
model (inspired from Grimal and al., 2008, [8]), and a rheological model (Sellier and al., 2016, [9]), in 
order to consider realistic interactions between ASR, creep, shrinkage and damage. In figure 3 Pg is the 
pressure induced by AAR and Pw the capillary pressure causing shrinkage in non-saturated conditions. 

 
Figure 3 : Rheological scheme of the model 

1.2 ASR modelling 

The gel pressure Pg depends on the ASR advancement      which varies according to equation (1) from 
0 (before the start of the reaction) to 1 (when the reaction ends). Its evolution principally depends on 

the temperature and the humidity of the material (equation 1). 
asr

ref  is a characteristic time which gives 

a mean representation of the different mechanisms of ASR-gel production (diffusive phenomenon and 
silica reactivity). It can be obtained by calibration against measured expansion.      ∞ is the maximal 
advancement value reachable according to environmental conditions. It can’t exceed the saturation 
degree because only wet reactive sites can interact in ASR-gel development [2]. 
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(1) 

Temperature effect (
asrTC ,

) is managed by an Arrhenius’ law (equation 2), where 
asrE  is the chemical 

activation energy (≈ 40,000 J/Mol [1]) and      the reference temperature for which 
asr

ref  has been set. 

 

(2) 

When the material is not saturated, reaction kinetics is slowed down. The parameter Cw,asr
 manages this 

phenomenon (equation 3).    represents the saturation degree and 
asrth

rS
,

 the saturation degree 

threshold below which the reaction stops. 

 

(3) 

 
The fraction of gel produced by the reaction is   . It is the product between the advancement and the 
maximum gel potential   ∞ (equation 4).  

 
(4) 

1.3 ASR mechanical effects  

The gel produced applies a pressure    (equation 5) on aggregate and concrete (Figure 3). It mainly 
depends on the accessible porosity (   ), the initial value and the value created by strains (elastic or 
plastic). 

 

(5) 

b tr() is the variation of the porosity due to concrete strain. tr(
p, ) is the variation of the porosity due 

to plastic ASR-strains.    is the gel-matrix modulus.     is the fraction of gel which does not participate 
to expansion under the characteristic pressure      .       is the pressure necessary to micro-crack the 
solid skeleton (equation 6) in a specimen free of stresses. It usually depends on the traction strength 

t

IR
~

 of concrete and on    which represents the stress concentration factor (which depends on 

aggregate shape). This parameter relates the local strength to the intra-porous gel pressure. 

 

(6) 

The expression for    (equation 5) is managed in two main parts. When   >     , the gel spreads in the 
connected pores under pressure. The second part of the expression represents the pore volume created 
by strains, which also absorbs part of the gel. The entire volume created by strains (except the ASR 
plastic volume) is affected by the Biot coefficient    which comes from poromechanical considerations 
[3,4]. Grimal’s model gives the calibration of    lying between 0.1 and 0.4. For plastic strains induced by 
the ASR (  , ),    = 1 because cracks created by the gel are considered to be always accessible for the gel 
and therefore totally filled by it (Figure 4). 
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Figure 4 : Effect of strain on gel pressure 

 
The concrete behaviour is modelled in the poro-mechanical framework. The model contains a damage 
model [5], and a creep model which considers a realistic interaction between ASR and structural 
behaviour. The creep model (Burger chain) is explained in Grimal and al [8] and by recent improvements 
in [9]. Concrete shrinkage during the same period can also be taken into account as illustrated in Figure 
3.  
 
The non-linear mechanical behaviour is described by using an anisotropic plastic criterion. Damage 
depends on plastic strains. In order to calculate plastic strains, there are two criteria groups: one to 
manage shear cracking (Drucker-Prager criteria) which is isotropic, and one to operate traction 
behaviour (Rankine criteria) which is orthotropic. The Rankine criteria distinguish between structural 
macro-cracks, reclosing macro-cracks and intra-porous pressure micro-cracks (ASR).  
 
   (equation 7) is used to determinate micro-cracking due to ASR : criterion     combines the stress 
state      and the gel pressure in each principal tensile stress direction (I). 

 

(7) 

2. Mesh, parameters and boundary conditions 
 
The wall mesh is constituted by 6680 3D elements (hexahedron) and 13003 1D elements (Figure 5). The 
concrete elements (hexahedron) are driven by the ENDO_PORO_BETON and FLUA_PORO_BETON laws. 
The combination of these two models allows the modelling of the complete behavior of the material. 
The steel reinforcement bars are modeled by 1D elements (POU_D_TGM) which support axial and shear 
loads and have a plastic behavior law. 
To reduce the number of elements, only one half of the wall is modeled. 
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Figure 5 : Concrete Mesh and Reinforcement bars 

 

2.1 Material characteristics 

Concrete:  

E 47150 MPa Young’s modulus 

Nu 0.2 Poisson’s ratio 

Rt 4.76 MPa Tensile strength 

EPT 1.346 E
-4

 
The strain at the tension peak is determined so that the damage value at the peak is 
0.25. 

Rc 79 MPa Uniaxial Compressive Strength 

EPC 2.094 E
-3

 
The strain at compressive peak is determined so that the damage value at the peak is 
0.25 

REF 5 MPa Reclosure characteristic stress 

EKDC 1.3 E
-3

 The characteristic plastic strain for Drucker-Prager associated damage 

DELTA 1 Drucker-Prager coefficient (sensitivity to confinement) 

BETA 0.1 Drucker-Prager dilatancy leading do shear and compression damage 

GFT  0.4 MJ/m² 
The fracture energy entered in the model integrates the pre-peak and post-peak energy. 
Given the post peak energy (0.1793 MJ/m²), the overall fracture energy in tension 

GFR 0.4 MJ/m² The same energy is used for tensile crack reclosure 

 
The weight of the wall is neglected and the thermal dilation coefficient is set to 0 as the thermal dilation 
can be considered in this campaign as reversible. 
 
Steel reinforcement bars: 
Eelastic =182 GPa 
Rt=430 MPa 
Eplastic=2.6 GPa 
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2.2 Boundary conditions 

The simulations have emphasised the great importance of the boundary conditions on the results. A 
sensitivity analysis has shown that the boundary conditions allowing the best representation of the 
experimental results are the following: 
 

- The vertical face on which the lateral load is applied is free to rotate. To simplify the model of 
this condition, the load is applied on one element of the face. 

 
- The upper face is not forced to remain horizontal. This means that the frame holding the 

vertical jack is not stiff enough to maintain the horizontality of the upper beam. The vertical 
load is uniform and applied on 75% of the upper surface. 

 
- The lateral displacement is blocked halfway up the lateral face of the bottom beam. 

 
- The lower face of the wall is subjected to a unilateral contact condition; it is free to move up 

but cannot have negative displacement in the vertical direction. 
 

- A bar is used to model the center screw (diameter 60 mm). The top point of the bar is linked to 
a horizontal steel plate (225 x 600 x 40 mm). The bottom end of the bar is set to 0 
displacement. The plate and the bar are made with the same steel (class 4.6): 
Rt= 240 MPa 
Eelastic=120 GPa 
Eplastic=0.725 GPa 
A sensitivity analysis of the elastic modulus has also been undertaken. Even dividing by two the 
elastic modulus (the material remains in the elastic domain) has a small influence on the 
results. 

 
 

 
 
 

Figure 6 : Boundary conditions sketch 
 

Y 

Center screw with anchorage 

NEA/CSNI/R(2018)4/ADD1



8/20 
 

 

2.3 Displacements applied 

The displacements are imposed alternatively on the right face and on the left face of the upper beam. 
Starting from 1 mm up to 10 mm, the displacement is increased in steps of 1 mm. For each cycle, after 
reaching the maximum displacement, the lateral load is then set to 0 before starting the new cycle. The 
response of the model is better with this load reduction than with only a displacement control. 
 

2.4 Other parameters 

As the relative humidity is greater than 95%, the shrinkage is neglected (quasi-saturated concrete). The 
following parameters are set according to the state of use of the model. 
 
Creep parameters: 

TREF 20 °C Reference Temperature for Creep model parameters 

TAUK 0.7 day Characteristic time for Kelvin’s Modulus 

YKSY 3.75 Kelvin stiffness/Young’s Modulus Ratio 

TAUM 2 days Characteristic time for Maxwell’s modulus 

EKFL 3.8 E
-4

 Creep potential characteristic strain 

XFLU 2 Non linear creep potential multiplier at 66% RC 

NRJM 20 000 J/mol.K Activation energy for creep potential amplification  

 
Internal Swelling Reaction: 

BRGI 0.3 Biot coefficient for volumetric strain and ISR pressure coupling 

VVRG 1 E
-4

 m
3
/m

3
 Void Volume connected to ISR sites 

MRGI 20 000 MPa ISR Biot Modulus 

KRGI 1.0 Stress concentration factor for ISR pressure effects 

HRGI 0.1 Plastic hardening/Young’s modulus ratio for plastic ISR criteria 

EKRG 0.3 E
-2

 Characteristic Strain for ISR induced damage 

SRSG 0.5 Water saturation threshold to activate ASR 

NRJG 40 000 J/mol Activation energy for ASR kinetic 

 

3. Calibration of ASR parameters 
 
The values of expansion for the prisms are entry data necessary for the calibration of two main 
parameters of the internal swelling reaction: 

- the maximum ISR product volume ratio (VRGI, 


g ), 

- the characteristic time for AAR Reaction (TAUG,  
asr

ref  ) 
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The parameters are set to 


g =0.0051 m
3
/m

3
 and 

asr

ref = 130 days at a reference temperature of 50°C. 

The Figure 7 compares the results of the simulation to the experimental results of the free swelling test. 
The correlation is good between experimental and simulated results using these parameters. 
 

 
Figure 7 : Expansion volume over time for the prisms (experimental and simulation) 

4. Results for the wall REG A (normal concrete) at 240 days  
 
This chapter shows the results of the simulation of the normal concrete wall. The lateral load obtained 
for the imposed displacement, the visualisation of the displacement field and the visualisation of the 
cracking pattern obtained by the model are presented. 
The plot of lateral load versus displacement given by the simulation is similar to the experimental results 
(Figure 9). The maximum lateral load that the wall can support is very well predicted by the simulation: 
Experimental: Fmax=1180 kN 
Code_Aster: Fmax=1200 kN 
 
The model behavior is stiffer for the lower displacements (less than 5 mm) than in reality. The maximum 
applied load is reached for the model at about a 3 mm applied displacement instead of 5 mm. This could 
be explained by the fact that the model doesn’t consider any sliding between concrete and 
reinforcement bars. 
The experimental failure rate is well predicted by code_aster. It is important to note that there is no 
complete collapse of the wall at 8 mm displacement because of the reinforcement in the columns which 
maintain a residual strength in the wall. The strength of the wall is reduced at each cycle. 
The appearance of the displacement helps understand the deformation and the failure of the wall. The 
whole wall rotates and bends for the low displacements applied (less than 5 mm). The bottom beam is 
lifted on one side and bends up. Then cracking becomes more important. Instead of bending, the wall 
starts shearing. This can be visualised by the distortion of the mesh shown in Figure 10. It is the 
consequence of cracking and shows the direction of the cracks (direction of extension of the mesh).  
 
The model indicates an initial crack opening for an applied displacement in between 2 and 3 mm. At 2 
mm, the maximum crack opening is 0.04 mm and at 3 mm, it is 0.3 mm. The experimental results show 
the first visible crack for a displacement of 1.4 mm and the crack is 0.4 mm wide.  This is coherent with 
the previous conclusion that the model is stiffer than the reality for low displacements. Nevertheless, 
the first crack apparition is reasonably well predicted. 
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The cracking pattern is shown inFigure 11. The first cracks appear at the bottom of the column and have 
a diagonal propagation. At 7 mm displacement, the crack crosses the whole wall. At 8 mm, the cracks 
are more widely spread with a minimum opening of 1 mm all over the width of the wall, and a maximum 
opening reaching 1.8 mm. These evolutions of the cracks are coherent with the final pictures of the wall 
failure. Nevertheless, the model doesn’t represent completely the pattern of the cracks at the bottom 
part of the wall which results certainly from the junction of the cracks originating from the 
displacements to the left and the ones originating from the displacements to the right. In the model, the 
bottom part of the column has limited damage due to the amount of reinforcements in it and the lack of 
slippage between concrete and reinforcement bars. 
 
The simulation manages to reproduce the loading cycles with cracking opening, reclosure and failure. 
The model has been able to reproduce the concrete behavior. 
 

 
Figure 8 : Regular Wall (240 days), experimental results 

 

 
 

Figure 9 : Simulation of Regular Wall (240 days) 
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Figure 10 : Regular Wall (240 days), Displacement in mm 

Displacement applied: 5 mm Displacement applied: 6 mm 

Displacement applied: 7 mm Displacement applied: 8 mm 
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Figure 11 : Regular Wall (240 days), Crack Opening in mm (major principal direction) 

Displacement applied: 5 mm 

Displacement applied: 8 mm Displacement applied: 7 mm 

Displacement applied: 6 mm 
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5. Results for the ASR Wall A1 at 260 days  
This chapter shows the results of the simulation of the reactive concrete wall at the age of 260 days. 

5.1 Expansion of the wall due to ASR 

The swelling due to ASR is not uniform. It varies according to the zone of the wall, its confinement and 
the presence of reinforcement. The longitudinal displacement of the wall reaches 0.82 mm and the 
maximum transversal one is 1.27 mm. The overall longitudinal and transversal expansion of the wall is 
respectively 0.0013 and 0.0017. 
In the wall (excluding columns and beams), the simulation gives a maximum longitudinal strain of 0.0020 
(0.0023 measured) and a maximum transversal strain of 0.0035 (0.0030 measured). The strain given by 
the simulation is only due to the ASR (no temperature dilation). The experimental strain which is used to 
compare the results is the subtraction of the strain of the ASR wall and the strain of the regular one. 
The major principal stresses show compressions in the concrete. They are the consequences of the 
confinement of the concrete due to the high reinforcement ratio of the beams and the reinforcements 
in the wall. The main part of the wall is pre-stressed at around 1.9 to 2.2 MPa. The top and the bottom 
part of the wall (excluding columns and beams) reach a compression of 7 MPa. The compressions in the 
beams go up to 22.5 MPa. 
 

 
Figure 12 : ASR Wall A1 (260 days), displacement before the load test in mm 

 
Figure 13 : ASR Wall (260 days), Major Principal Stress (MPa), before the load test 

Horizontal displacement Vertical displacement 
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5.2 Load Test 

The simulation plot of lateral load versus displacement fits well with the experimental results. The 
maximum load given by the Code_Aster model is 1350 kN (1354.5 kN for the experimental test) and the 
failure of the model starts at 6 mm. The experimental failure of the wall can be seen during the second 
cycle at 6 mm. 
The model reproduces well the fact that the wall with ASR has a higher resistance (higher maximum load 
applied). The problem of initial stiffness seen with the regular wall model is not visible with the ASR one.  
The first crack appears later than for the regular wall (between 3 and 4 mm instead of 2 to 3 mm). For a 
3 mm applied displacement, the maximum crack opening is 0.019 mm and for a 4 mm displacement, it is 
0.11 mm. This does not fit the experimental results which show a first crack of 0.1 to 0.3 mm at a 
displacement of about 1 mm.  
In the same way as for the regular wall, cracks start from the bottom part of the column and propagate 
diagonally. The crack openings are less important and less spread for the ASR wall than for the regular 
one for a given displacement. The maximum opening at an 8 mm displacement is 1.37 mm (as opposed 
to 1.8 mm for the regular wall). This is coherent with the final picture of the ASR wall failure showing a 
narrower diagonal crack. 
The strengthening of the wall is due to the pre-compression of the concrete. The presence of the beams 
with a high reinforcement ratio creates a confinement of the wall. The confinement, the presence of its 
own reinforcement and the swelling of the concrete due to AAR lead to the prestress of the wall and 
strengthens it, despite the damage of concrete due to AAR. 
 

 
Figure 14 : ASR Wall A1 (260 days), experimental results 

 

 
Figure 15 : Simulation of ASR Wall A1 (260 days), applied load versus displacement 
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Figure 16 : ASR Wall A1 (260 days), Cracks Opening in mm (major principal direction) 

Displacement applied: 5 mm 

Displacement applied: 7 mm 
Displacement applied: 8 mm 

Displacement applied: 6 mm 
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6. Results for the ASR Wall at 930 days 
 

6.1 Expansion of the wall due to ASR 

The wall swelling has continued since the age of 260 days but the rate has slowed down. The maximum 
longitudinal displacement is 0.98 mm and the transversal one is 1.5 mm. The overall longitudinal 
expansion is 0.0015 and the transversal one is 0.0020. They are respectively 13.3% more and 15% more 
than after 260 days of aging. The compressions in the main part of the wall are between 2.3 and 2.8 
MPa (as opposed to of 1.9 to 2.2 MPa for the ASR 260 wall). The compressions reach the same level at 
the top and at the bottom of the wall as after 260 days: 7 MPa. The compressions in the beams are 
similar to the wall at 260 days and the maximum stress is 23.6 MPa. 
 

 
Figure 17 : ASR Wall (930 days), displacement before the load test in mm 

 
Figure 18 : ASR Wall (930 days), Major Principal Stress (MPa), before the load test 

Horizontal Displacement Vertical Displacement 
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6.2 Load Test 

 
The simulation shows a behaviour for the load test after 930 days of aging similar to that at 260 days. 
The maximum lateral load that the wall can support is the same as at 260 days. The peak is at the same 
applied displacement.  
 
The appearance of the cracks is also similar at 260 days as at 930 days. Nevertheless, at 6 mm 
displacement, it is possible to see a difference. The cracked region is wider at 930 days than at 260 days 
but the openings of the cracks are reduced. At 8 mm displacement (930 days), cracks are visible at the 
interface with the bottom beam. These small changes could be due to the little rise of compression in 
the main part of the wall. 
 
The behavior of the wall is completely similar at 260 days as at 930 days. Small differences in the 
cracking pattern, due to a little rise of prestress in the main part of the wall, can be seen. As the 
confinement of the wall remains the same (compression in the beams), there is no gain in the 
strengthening of the wall. 
 
 

 
 

Figure 19 : Simulation of ASR Wall (260 and 930 days), applied load versus displacement 
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Figure 20 : ASR Wall (930 days), Cracks Opening in mm (major principal direction) 

Displacement applied: 5 mm 

Displacement applied: 8 mm Displacement applied: 7 mm 

Displacement applied: 6 mm 
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Conclusion 
 
The ENDO_PORO-BETON and FLUA_PORO_BETON laws have shown to be very efficient in modelling the 
ASR pathology and the failure mode with 2 directional loading (static and cyclic respectively). 
 
Values of prism expansion have allowed the calibration of the ASR parameters. The experimental plots 
of lateral load versus applied displacement (regular wall and wall at 260 days) have been used to 
confirm the ASR parameters and to identify the correct model boundary conditions. The simulations 
have illustrated the importance of the boundary conditions on the results obtained. 
 
The plots of the results given by the simulations fit the experimental plots well. The maximum load 
supported by the wall is predicted with a precision of 1.7% and 0.3%. The response of the regular wall 
model is stiffer than the reality for low applied displacements (less than 5 mm). This is not the case for 
the ASR walls. The general shape of failure is similar to the experimental results. The differences 
between the simulation and the experiment could be explained by the fact that the model does not 
consider slippage between the concrete and the reinforcement bars. This is a potential improvement of 
the model in order to have a better prediction of crack opening during the cracking stage.  
 
The principal stresses after aging and before the load test confirm that the ASR pathology in a wall with 
reinforcement bars and confinement leads to its prestress. The consequence is a greater shear 
resistance of the wall. The simulation has confirmed that the ASR wall, despite the damage of the 
concrete due to AAR, can support a greater shear load than the unaffected one (1350 kN instead of 
1200 kN). 
 
The shapes of the cracks predicted by the model are coherent with the pictures of the walls after failure. 
The model clearly shows the diagonal crack pattern. The appearance of the crack opening gives also the 
reduction of the crack opening and spreading for the ASR wall compared to the regular one. However, 
for the regular wall, the model does not clearly show the cracks in the bottom part of the wall. 
 
The prediction for the wall at 930 days is that the failure mode and the maximum load supported will be 
similar to the wall at 260 days. The plot of lateral load versus displacement is almost identical. The 
compressions in the main part of the wall at 930 days have raised a little bite but the confinement due 
to the beams remain equal (compressions in the beams are similar at 260 days and 930 days). The 
simulation of the loading test shows that the amount of cracks is similar for the same displacement 
applied at 260 days and at 930 days. Only the cracking pattern illustrates small differences. The final 
resistance of the wall is identical for both ages. 
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Executive summary 
This report summarizes the work carried out by the independent consultancy 

company Scanscot Technology within the framework of Phase 2 of the 

OECD/NEA/CSNI CAPS called ASCET. 

The ASCET (Assessment of Nuclear Structures Subject to Concrete 

Pathologies) initiative aims to create a basis for general recommendations 

regarding management of ageing related issues in nuclear facilities exposed 

to concrete pathologies (material degradation mechanisms). This subject is 

of great interest for the nuclear industry internationally, as concrete 

degradation mechanisms (e.g. alkali-aggregate reaction, delayed ettringite 

formation, irradiated concrete, sulfate attack, rebar steel corrosion, freezing 

and thawing cycles) have been detected in nuclear facilities in several OECD 

member states [1], and might very likely affect structural performance and 

residual lifetime in the future. The content of the ASCET Phase 2 benchmark 

is a blind numerical simulation benchmark of an shear wall structure affected 

by alkali-silica reactions (ASR), tested under cyclic loading, up to structural 

failure [2]. Several specimens with different levels of advanced ASR, as well 

as reference specimens with sound aggregate, were experimentally tested to 

compare the ultimate capacity, displacements and failure modes. 

The final purpose of the work documented in this report aim at ensuring safe 

Long Term Operation of Nuclear Power Plants. The focus area is primarily 

safety-related issues regarding nuclear reactor containments, and the work is 

based on national research needs in Sweden [3]. The main incentive to 

involve in projects like this is in the end for the purpose of structural 

assessments. The objective being to maintain stipulated safety criteria, taking 

eventual ageing effects, and actual conditions into account. In practice, this 

transfers to a need to evaluate the structural capacity compared to safety 

criteria for accidental design, and beyond design, loading conditions. The 

question of how margins change when ageing effects are considered, or if 

some sort of anomaly or defect is found, is therefore pursued. 

The general-purpose finite element program ABAQUS [4] was used for the 

numerical simulations summarized in this report. Simulation results were 

compared against available experimental results from shear wall specimens 

loaded primarily in shear. In summary, numerical results from the blind 

phase of the benchmark revealed that: 

1. The concrete damaged plasticity material model in ABAQUS 

proved reasonably appropriate for numerical simulation of the 

studied squat reinforced concrete wall loaded in shear, for 

monotonic loads, as experimentally determined shear capacity 

compare well to simulation results. 

2. Numerical simulation results confirm the experimental observation 

that the ASR affected specimen, although having nominally weaker 

material properties, may possess a higher ultimate capacity than a 

regular structure, due to confining effects resulting from the concrete 

material expansion. 
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3. For the studied reinforced concrete wall, it is concluded that shear 

friction code equation capacity, calculated per section 6.2.5 in EC2, 

exceeds the experimentally derived capacity of the studied wall. 
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Sammanfattning 
Allt fler kärnkraftverk runt om i världen närmar sig just nu skedet 

långtidsdrift av sin operativa fas. Som ett resultat har hantering av 

åldersrelaterade fenomen blivit en viktig fråga i kärnkraftsindustrin. 

Programmet ASCET (Assessment of Nuclear Structures Subject to Concrete 

Pathologies) initierades av WGIAGE OECD/NEA/CSNI under 2013 och är 

ett internationellt forskningsprogram inriktat på nedbrytningsmekanismer av 

kompositen armerad betong i kärntekniska anläggningar. Programmet syftar 

till att skapa en grund för allmänna råd för hantering av åldrandefrågor för 

betongkonstruktioner i kärntekniska anläggningar som utsätts för 

nedbrytningsmekanismer av materialet. Forskningsprogrammet fokuserar 

speciellt på frågeställningar kring alkali-silika reaktioner (ASR). Målet är att 

på sikt kunna ge rekommendationer för degraderingarnas 

kapacitetsförändring av materialet. Den typ av utredningar som krävs för att 

förstå och utvärdera betongens förhållanden bestäms av varje medlemsland 

baserad på forskningsbehov och identifierad känslighet för skador. 

Denna rapport sammanfattar det oberoende konsultföretaget Scanscots 

bidrag till ASCET-programmets fas 2, vilken utgörs av ett internationellt 

benchmarkprojekt som innefattar numeriska simuleringar av en 

skjuvväggskonstruktion belastad med cyklisk last. 

Det officiella syftet med programmet är att studera degraderade (ASR/AAR) 

betongkonstruktioners beteende under starkt olinjär och cyklisk last 

(jordbävning). Detta område bedöms mindre intressant för svenska 

förhållanden, eftersom svenska kärnkraftverk inte rapporterats skadade av 

ASR [5]. Vinklingen undersöks, men tonvikten inom projektet ligger på att 

undersöka förmåga att simulera oskadade (normala) betongkonstruktioner 

som utsätts för cyklisk skjuvande belastning och svarar med olinjär respons i 

materialet. Detta för att kunna tillgodose de behov svensk myndighet och 

anläggningsägare kan komma att ha. 

Sammanfattningsvis visade numeriska resultat att: 

1. Använd materialmodell (Concrete Damage Plasticity) i programmet 

ABAQUS visade sig vara relativt väl lämpad för simulering av de 

studerade skjuvbelastade betongväggarna, för monotoniska 

belastningar. 

2. Numeriska simuleringsresultat bekräftar experimentella 

observationer som visar att struktur påverkad av ASR kan, trots 

nominellt svagare materialegenskaper, kan ha en högre kapacitet än 

en normal struktur. Detta tillskrivs de omslutningseffekter på grund 

av materialets expansion som uppstår då expansionen förhindras 

(här genom armeringen). 

3. För den studerade betongväggen överskattas skjuvkapaciteten, 

beräknad enligt avsnitt 6.2.5 i Eurocode 2, jämfört med resultat från 

experimentella tester. 

  

NEA/CSNI/R(2018)4/ADD1



v 
 

Content 
1. INTRODUCTION .................................................................................. 1 

1.1. BACKGROUND OF THE ASCET CAPS ............................................................ 1 

1.2. AIM AND SCOPE OF ASCET PHASE 2 ............................................................ 2 

1.3. AIM AND SCOPE OF THIS REPORT ................................................................. 3 

1.4. NUMERICAL MODELLING OF SQUAT CONCRETE WALLS ..................................... 3 

1.5. AAR FROM A SWEDISH NUCLEAR SAFETY PERSPECTIVE .................................... 4 

2. LABORATORY SHEAR WALL EXPERIMENTS ........................................... 5 

2.1. INTRODUCTION ......................................................................................... 5 

2.2. SHEAR WALL SPECIMENS............................................................................. 5 

2.3. CONCRETE MATERIAL PROPERTIES ................................................................ 7 

2.4. REINFORCEMENT STEEL PROPERTIES ........................................................... 10 

2.5. EXPERIMENTAL SHEAR WALL TEST SETUP ..................................................... 12 

2.6. EXPERIMENTAL RESULTS ........................................................................... 13 

2.7. ASPECTS OF THE EXPERIMENTAL TESTS COMPARED TO ACTUAL STRUCTURES ...... 18 

3. NUMERICAL MODEL ...........................................................................20 

3.1. GENERAL ............................................................................................... 20 

3.2. INTRODUCTION, CONTEXT AND PREVIOUS WORK .......................................... 20 

3.3. USED NUMERICAL SIMULATION SOFTWARE .................................................. 21 

3.4. CONSTITUTIVE CONCRETE MODEL .............................................................. 21 

3.5. USED MATERIAL MODEL INPUT .................................................................. 29 

3.6. BASE NUMERICAL MODEL OVERVIEW .......................................................... 33 

3.7. MODEL OF STEEL REINFORCEMENT BARS ..................................................... 34 

3.8. BOUNDARY CONDITIONS .......................................................................... 35 

3.9. EXTERNAL LOADS APPLIED ......................................................................... 36 

3.10. SIMULATION TYPES AND PROCEDURES ...................................................... 37 

3.11. MODELLING OF ASR EFFECTS .................................................................. 37 

4. RESULTS AND COMPARISONS ............................................................40 

4.1. COMPARISONS FOR REGULAR CONCRETE SPECIMEN REG A ............................ 42 

4.2. BLIND PREDICTIONS FOR REGULAR CONCRETE SPECIMEN REG B ...................... 49 

4.3. COMPARISONS FOR SPECIMEN ASR A1 ....................................................... 51 

4.4. BLIND PREDICTIONS FOR SPECIMEN ASR B2 ................................................ 58 

4.5. SENSITIVITY ANALYSES .............................................................................. 59 

4.6. COMPARISONS TO CONVENTIONAL DESIGN .................................................. 76 

5. DISCUSSIONS .....................................................................................81 

5.1. OVERVIEW COMPARISONS BETWEEN EXPERIMENTAL AND NUMERICAL RESULTS . 81 

5.2. RELEVANCE FOR ASSESSMENTS OF AN ACTUAL NPP STRUCTURE ...................... 82 

5.3. COMPARISONS TO DESIGN CODE CAPACITY .................................................. 82 

5.4. COMPARISONS BETWEEN REGULAR AND ASR AFFECTED STRUCTURE ................ 82 

NEA/CSNI/R(2018)4/ADD1



vi 
 

5.5. NUMERICAL SHEAR WALL RESULT VARIABILITY .............................................. 83 

5.6. EXPERIMENTAL RESULT VARIABILITY ............................................................ 83 

5.7. WALL ULTIMATE DUCTILITY CAPACITY ......................................................... 83 

5.8. BOUNDARY CONDITIONS .......................................................................... 83 

5.9. SENSITIVITY ANALYSIS .............................................................................. 83 

5.10. CDP MATERIAL MODEL USED .................................................................. 84 

5.11. REQUIREMENTS ON MATERIAL MODEL INPUT DATA ..................................... 84 

5.12. REINFORCEMENT STEEL MODELLING ......................................................... 84 

6. CONCLUSIONS ...................................................................................85 
7. ACKNOWLEDGEMENT ........................................................................88 
8. REFERENCES ......................................................................................89 

  

NEA/CSNI/R(2018)4/ADD1



vii 
 

Nomenclature 

 

𝑑𝑡 concrete tension damage [-] 

E modulus of elasticity [MPa] 

𝐸0 initial modulus of elasticity used in ABAQUS [MPa] 

𝑓𝑐 compressive cylinder strength of concrete [MPa] 

𝑓𝑐𝑘 characteristic compressive cylinder strength of concrete [MPa] 

𝑓𝑐𝑚 mean value of concrete cylinder compressive strength [MPa] 

𝑓𝑐,𝑐𝑢𝑏𝑒 compressive cube strength of concrete [MPa] 

𝑓𝑐𝑘,𝑐𝑢𝑏𝑒 characteristic compressive cube strength of concrete [MPa] 

𝑓𝑐𝑚,𝑐𝑢𝑏𝑒 mean value of concrete cube compressive strength [MPa] 

𝑓𝑐𝑡 tensile strength of concrete [MPa] 

𝑓𝑐𝑡𝑘 characteristic tensile strength of concrete [MPa] 

𝑓𝑐𝑡𝑚 mean value of tensile strength of concrete [MPa] 

𝐺𝐹 fracture energy [N/m] 

𝑢𝑡
𝑐𝑘 cracking displacement [m] 

𝑢𝑡0
𝑐𝑘 cracking displacement at which complete loss of strength takes place [m] 

𝜖 flow potential eccentricity used in ABAQUS  

𝜀𝑐 total strain [-] 

𝜀0𝑐
𝑒𝑙  elastic strain corresponding to undamaged material [-] 

𝜀𝑐
𝑖𝑛 inelastic strain [-] 

𝜀𝑚𝑎𝑥 maximum strain [-] 

 viscosity parameter or coefficient of friction [-] 

 Poisson’s ratio [-] 

 dilation angle [deg] 

 density [kg/m3] 

𝜎𝑐𝑢 ultimate compressive stress used in ABAQUS [MPa] 
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𝜎𝑐0 uniaxial initial compressive yield stress used in ABAQUS [MPa] 

𝜎𝑏0 initial equibiaxial compressive yield stress used in ABAQUS [MPa] 

𝜎𝑡0 failure stress in tension used in ABAQUS [MPa] 
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1. Introduction 

1.1. Background of the ASCET CAPS 

Many Nuclear Power Plants (NPP) around the world are at the moment 

approaching, or in, their Long-Term Operation (LTO) stage of their 

operational life time. 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. 

For concrete structures, material degradation due to Alkali Aggregate 

Reactions (AAR) is one focus area. Concrete swelling is a consequence of 

several concrete degradation mechanisms of concrete structures (alkali 

aggregate reaction, delayed ettringite formation, irradiated concrete) and it is 

important to asses and to quantify the ultimate and serviceability limit states 

of structures built with such a concrete. The chemical reactions are 

concluded to be reasonably well understood [2], however the changes in 

structural mechanical properties, and implications for structural assessments, 

are yet to be established. At present time, neither established industry 

standards, nor regulatory requirements, address this type of material 

degradation. In particular, in the case of concrete with degradation 

mechanisms, current design code equations, using material properties based 

on concrete samples, are not in accordance with structural element testing 

[1]. 

In addition, there is a need for reliable numerical tools to predict the 

structural behavior of structures with concrete degradation mechanisms. 

There is also a need to establish recommendations for reliable numerical 

simulations of concrete structures, with and without concrete material 

degradations, up to the load level leading to structural failure [1]. This 

information is essential in order to get high level of confidence in simulation 

for load levels lower than failure level. Developing guidelines on numerical 

modelling of reinforced concrete structures loaded in shear, for the purpose 

of structural verification, is consequently of interest. Therefore, validation of 

numerical models should be performed using structural testing. In many 

cases reduced scale test structures cannot provide correct information related 

to the full-scale structures in normal conditions, therefore it is necessary to 

continue with both reduced and full scale testing. In addition, there is a need 

for model validation and quantification of uncertainties in input data and the 

results. 

The ASCET (Assessment of Nuclear Structures Subject to Concrete 

Pathologies) CAPS were proposed by the OECD/NEA/CSNI in 2013, and is 

an international research initiative targeted at degradation of the concrete 

material in nuclear facilities.  The ASCET initiative 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 
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evaluate relevant concrete degradations are determined by each member 

country, based on research needs and damage sensitivity. To survey member 

status and needs in the area of concrete pathologies, an initial phase of the 

ASCET initiative were dedicated to summarize current situation [1]. The 

safety significance of the CAPS is described as: “Determination of the 

impact of concrete degradation on serviceability and ultimate limit state of 

nuclear facilities taking into account long term operation, especially 

containment structures and interim storage buildings.” The ASCET lead and 

coordination organizations are the Canadian Nuclear Safety Commission 

(CNSC) and the United States Nuclear Regulatory Commission (US NRC). 

The CSNI technical goals covered are; to promote the safe operation of 

current nuclear installations; to understand and quantify the mechanisms of 

ageing of components and structures; to assess and predict their impact on 

the safety of nuclear installations and; to identify the corresponding means of 

detection and control. 

1.2. Aim and scope of ASCET Phase 2 

Following the initial phase of ASCET, a second phase was proposed to serve 

as a blind simulation benchmark for validation of numerical models to be 

used in assessments of AAR affected structures. 

An experimental campaign, including several nominally identical shear wall 

specimens with various stages of advanced AAR, were manufactured and 

tested at the University of Toronto. The aim was assessing effects of Alkali-

Silica Reactions on in-plane shear resistance of reinforced concrete walls. 

The experimental campaign was carried out as a part of a CNSC financed 

research program. The same transverse cyclic loading (simulating horizontal 

seismic loading), up to the wall failure, were applied to all of the structures. 

Reference wall specimens with regular concrete were tested as well, in order 

to compare the ultimate capacity, displacements and failure modes. 

The goal of the ASCET Phase 2 benchmark is to predict the behavior, in 

terms of force versus displacement curve and ultimate capacity, of the walls 

tested after 30 months of accelerating curing. The blind predictions will be 

based on the experimental data from the wall specimens tested at age 8 

months. 

Programme goals of the Phase 2 benchmark is to study; 

1) ability to predict the behavior of concrete elements with ASR, 

2) the difference in failure modes between ASR and sound specimen, 

3) the difference in ultimate capacity, 

4) the difference in ultimate displacements. 

The expected results and deliverables of the ASCET Phase 2, from 

participating teams in the simulation benchmark, is a series of simulations 

using a range of approaches and software. The ASCET initiative will 

summarize the results, and provide recommendation for numerical 

simulation of concrete pathologies/degradation mechanisms, which result in 

concrete swelling as a function of time, based on the deliverables of the 

benchmark teams. ASCET Phase 2 participants (individuals and 
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organizations) include IAGE member/organizations including CNSC, US 

NRC, IRSN, EDF, CEA, STUK, VTT, ORNL, and Scanscot Technology. 

1.3. Aim and scope of this report 

The primary aim of the work summarized in this report is to, from a Swedish 

nuclear industry need perspective, study the behavior of a reinforced 

concrete squat wall affected by shear load. The term squat is here used as the 

studied walls has low height to width ratio. A secondary aim is to do this for 

concrete having degraded mechanical material properties, which here means 

ASR reactive concrete. The motivation for decreased interest of the official 

ASCET aim, given in section 1.2,  is given in section 1.5. A third aim of this 

work is to increase the understanding of how structural assessment of the 

ultimate capacity of squat reinforced concrete walls can be performed, using 

the chosen example structure. Issues of particular interest are major 

contributing circumstances to the structural capacity. An additional outcome 

of this work is comparisons of experimental results to selected relevant 

design codes. 

Main activities within the participation of the ASCET Phase 2 benchmark 

have included; 

1. Material issues concerning degraded concrete, including 

relationships of structural capacity compared to regular concrete. 

2. Structural issues including evaluation of structural performance 

compared to regular concrete. 

3. Summarize the experimental data given to the benchmark 

participants, and estimate of actual conditions at the experimental 

tests. 

4. Numerical simulations of the experiments carried out. 

The main purpose of the simulations performed is to study how well the used 

numerical method may simulate and predict the example shear wall problem 

chosen for the University of Toronto experiments. Comparisons and 

sensitivity studies related to existing design codes, for regular concrete, are 

also considered important. 

The scope of the numerical simulations in this report are limited to macro 

scale finite element analyses. The term macro scale is used here to describe 

that concrete material properties are set as static input, and not derived in the 

simulations through an evolution of chemical changes over time, due to the 

environmental conditions. The reason for this approach is due to the fact that 

treating material properties as more or less predefined values is the standard 

procedure used by engineers in a design or requalification process. The 

numerical tool used within this work is the explicit ABAQUS solver [4]. 

1.4. Numerical modelling of squat concrete walls 

For safety related concrete structures, ultimate capacity predictions of shear 

loaded walls may be of interest in assessments of severe earthquakes with 

low probability of occurrence. The structural response of squat reinforced 

concrete walls is complex, and numerical modelling of such structures 
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subjected to primary shear loading is still an open research area. 

Experimental research in this area have been active for several decades, 

often in combination with cyclic (seismic) loading. Numerical simulations of 

nonlinear responses of shear wall structures are still partly without 

established consensus, mainly due to a combination of very little structural 

ductility, in combination with nonlinear concrete material modeling 

challenges, and important and complex interactions between the concrete 

and the reinforcement. 

A large part of this report is dedicated to sensitivity studies, and comparisons 

between numerical simulations and experimental data, with the final purpose 

to aid in developing guidelines for use of the numerical engineering tools in 

structural assessments. 

1.5. AAR from a Swedish nuclear safety perspective 

The effects of AAR on the concrete material, as well as structural capacity 

effects, are currently active research areas, and have been so for many years 

for large scale structures as roads, bridges and dams. Very few documented 

applications on safety significant nuclear type of structures [6], experimental 

structures [7], numerical studies [8], and summary reports [9] on the effects 

from this material degradation are however publicly available. The focus 

area of the work presented within this report is ultimate structural capacity, 

however in real structures effects on durability may be very important. 

For Swedish conditions, compiled operational experiences [5] for nuclear 

reactor containments include only one instance of confirmed ASR, which 

was found at the decommissioned Barsebäck NPP. As a consequence, with 

current knowledge, AAR related problems are likely of no practical concern 

for nuclear reactor containments in Sweden. However, LTO programs 

aiming at concrete material assessments are currently being implemented, 

and historically reported instances of degraded concrete material to the 

regulator are few. In addition, concrete material property changes over time 

are natural processes, and degradation processes may exist or develop. The 

studies carried out on degradations of the concrete material, and the 

reinforced concrete composite, within the ASCET program are therefore 

interesting from a Swedish nuclear industry safety perspective. A continued 

observation of international activity and development within this field is 

therefore relevant for nuclear safety.
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2. Laboratory shear wall experiments 

2.1. Introduction 

In this chapter information given to the ASCET Phase 2 benchmark 

participants concerning the experimental tests, carried out at the University 

of Toronto, are compiled. The official ASCET documents describing the 

tests were originally limited to [10], [11], and [12]. In addition, 

complementary information, from other referenced sources, and SMiRT-23 

Transactions [2], [13], [14] and [15], are also included. 

The laboratory test program conducted at the University of Toronto, aiming 

at assessing ASR effects on in-plane shear resistance of squat reinforced 

concrete (RC) walls, were financed by the Canadian Nuclear Safety 

Commission (CNSC), according to [7]. The test program included three 

main components; The material aspect of ASR, the structural aspect, and 

non-destructive testing possibilities. Squat RC shear walls are a typical 

structural element in nuclear facilities. Focus areas for the test program 

included destructive and non-destructive testing. The wall design, with 

barbells as boundary elements, were chosen based on previously performed 

tests in order to obtain a known failure mechanism. The walls are designed 

using code equations for shear-friction to obtain the failure through the wall, 

and to avoid failure on the wall and beam interface. The aim of the 

destructive testing was to determine mechanical characteristics such as; 

1) ultimate resistance, 

2) ultimate displacement, 

3) ductility, 

4) residual strength of walls with AAR (compared to sound walls), and 

5) to correlate the level of damage in terms of crack spacing and crack 

width with the structural drift. 

2.2. Shear wall specimens 

Within the test program conducted at the University of Toronto, six 

nominally identical concrete walls were constructed [2]. The wall was 

designed using the French BAEL design code, and the experimental test 

specimens used are in reduced geometric scale. Two walls were originally to 

be tested at each of the three different points in time selected. Three of the 

walls were made from normal concrete, in order to be reference walls, and 

three were designed to study the effects of ASR, to be tested at three 

different reaction stages, see Table 2-1. The information in the table is 

compiled from the available sources of information, and may be different 

from the actual chain of events. For 5 specimens only have test time 

specifications been found. 

The initial tests, named A-tests, were carried out after approximately 8 

months after casting. The last two tests, named B-tests, were performed at 
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the expected time of the ASR reaction to be exhausted, after approximately 

31 months of accelerated ageing. The damaged walls with exhausted 

reaction were then planned to be retrofitted using carbon fibers, and tested 

again using destructive and non-destructive examinations to assess the 

effectiveness of the retrofit measures. Retrofit measures are outside the 

scope of the ASCET Phase 2 benchmark. 

Table 2-1 Test series and age of 5 of the 6 test specimens according 

to [2], and informal information. Testing times mentioned 

in [2] seem to have been revised. 

Test Description Time (after casting) 

tested 

A REG A; Control specimen 240 days (in 2014) 

 ASR A1; ASR reactive concrete specimen 

(Initial damage) 

260 days (in 2014) 

B ASR B1; ASR reactive concrete specimen 

(Moderate damage) 

615 days (in 2016) 

 ASR B2; ASR reactive concrete specimen 

(Severe damage, exhausted reaction) 

985 days (in 2017) 

 REG B; Control specimen 985 days (in 2017) 

 

Test specimens consist of the central wall of primary interest, stabilizing end 

columns, and bottom and top massive beams for anchoring of floor support 

and jack equipment. The central wall is 100 mm thick. Geometric 

dimensions of the test specimen are visualized in Figure 2-1. Construction 

sequence, if any, and division into casting parts, is unknown. 

 

Figure 2-1 Shear wall test specimen geometry [10]. 
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2.3. Concrete material properties 

According to [10] and [7], small size concrete test specimens cast at the 

same time as the larger test wall specimens included; concrete cylinders 

(42), bending prisms (6), dog bone specimens (12), and expansion prisms 

(6). Mechanical properties of the concrete are shown in Table 2-2. The 

regular concrete material is concluded to, in all measured aspects (stiffness, 

and compressive and tensile strength), have superior mechanical properties 

to the ASR reactive concrete in these material tests. Figure 2-2 show 

concrete properties evolution of time. 

Mix design for concrete walls are described in [12]. Concrete mix design 

was required to be based at ASTM C1293, with maximum aggregate size 19 

mm. However, no actual aggregate curves are available from the concrete 

supplier [12]. Cement content for all concretes were 420 kg/m3, with a w/c 

ratio of 0.44 and 0.46 for the ASR and regular concrete. 

In using the material properties of the ASR concrete from the small test 

specimens listed here for the purpose of numerical simulations, it must be 

remembered that properties of the concrete are affected by the level of 

confinement, which is not included in Table 2-2 nor Figure 2-2. 

Table 2-2 Measured mechanical properties of small size concrete 

specimens [11], casted simultaneously as the REG A and 

ASR A1 shear wall specimens1). 

Specimen /  

Type of test 

Type of test specimen REG A ASR A1 

Age 

(Days) 

- 240 260 

Compressive strength 

(MPa) 

100 x 200 mm cylinder 79.0 63.7 

Tensile strength 

(MPa) 

Dog bone 4.76 3.24 

Fracture energy 

(N/m) 

Dog bone 179.3 120.2 

Modulus of rupture 

(MPa) 

150 x 150 x 520 mm 

According to ASTM-C78 

7.26 4.64 

Modulus of elasticity 

(GPa) 

100 x 200 mm cylinder 47.15 35.75 

Expansion  

(Length change in %) 

75 x 75 x 285 mm 

According to ASTM-C1260 

0.0332 0.185 

1) Information obtained after the final benchmark workshop via [16] include the 

measured compressive strength for the REG B specimen (80.1 MPa), the ASR B1 

specimen (67.1 MPa), and the ASR B2 specimen (63.0 MPa). 
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Figure 2-2 Concrete properties evolution over time [17]. 

2.3.1. Environmental curing conditions 

Up to 28 days after casting the walls were assumed to be exposed to 

temperature 20 °C and relative humidity 100 % [17]. After that ASR walls 

were subjected to accelerated conditions in a specially built environmental 

chamber with temperature 50 °C and 95 % - 100 % relative humidity, see 

Figure 2-3. Figure 2-4 and Table 2-3 show delivered data of measured free 

swelling for small, unconfined, concrete samples. Table 2-1 list testing 

times, after casting, for the different specimens. 
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Figure 2-3 ASR test specimens in the acceleration chamber with 

increased temperature and humidity [16]. 

Table 2-3 Measured free swelling of small concrete samples [10]. 

Days Free swelling of reactive 

(ASR) concrete  

(%) 

Free swelling of regular 

(control) concrete  

(%) 

0 0 0 

7 0.0099 0.0181 

28 0.0332 0.0249 

90 0.1115 0.0264 

150 0.1399 0.0309 

180 0.1519 0.0329 

250 (Day of testing for 

REG A and ASR A1) 

0.1850 0.0332 

610 (Day of testing for 

ASR B1 specimen) 

0.2151) N/A 

995 (Day of testing for 

REG B and ASR B2) 

0.2231) 0.03311) 

1) Information obtained after final benchmark workshop [16]. 
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Figure 2-4 Measured free swelling of small concrete samples [17]. 

Reactive in the figure legend refer to ASR samples, and 

control to regular concrete samples. 

2.4. Reinforcement steel properties 

Steel reinforcement in the shear wall test specimen central wall include one, 

centered, layer of M10 grid reinforcement [10], spaced at 140 mm both 

vertically and horizontally. No type of additional shear reinforcement is 

present in the structure. Table 2-4 list nominal Canadian standard 

reinforcement bar cross section properties, and Table 2-5 list measured 

reinforcement steel mechanical properties. 

The massive top and bottom beam elements were designed with high 

reinforcement ratios to ensure primarily elastic behavior in these regions. 

Figure 2-5 show the derived steel reinforcement work curve for 10M bars. 

Specimen steel reinforcement layout, and reinforcement ratios, are shown in 

Figure 2-6. 

Table 2-4 Nominal Canadian standard reinforcement bar cross 

section properties. 

Rebar type 10M 20M 

Area (mm2) 100 300 

Diameter (mm) 11.3 19.5 
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Table 2-5 Measured reinforcement steel mechanical properties [10]. 

Rebar type 10M 20M 

Yield strength (MPa) 430 465 

Ultimate strength (MPa) 638 550 

Strain hardening (%) 0.8 1.5 

Ultimate strain (%) 15 20 

Elastic modulus (GPa) 182 190 

 

 

Figure 2-5 Steel reinforcement stress-strain relationship for 10M bars 

[17]. 

 

Figure 2-6 Steel reinforcement layout [10]. 
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2.5. Experimental shear wall test setup 

The experimental program was initiated to investigate the structural effects 

of ASR [7]. The test experimental setup information is visualized in Figure 

2-7, showing horizontal and vertical hydraulic jacks used for the tests. The 

two horizontal actuators had a nominal capacity of 1000 kN each, as a shear 

capacity of 1200 kN were predicted prior to testing. A constant vertical force 

of 800 kN were aimed at during testing, using a hydraulic jack. The bottom 

beams of the test specimens were fixed by two large bolts to the “strong 

floor”, and in addition restrained on both ends to prevent slippage. 

Displacement measurements during the testing were limited to horizontal 

displacements at 7 positions, see Figure 2-8. 

The intended lateral loading scheme, used for all the tests, is expressed in 

displacements, rather than force, and visualized in Figure 2-9. According to 

[7], the loading rate applied were initially 0.005 mm/second, and at some 

point increased to 0.15 mm/second. The intended loading scheme, according 

to [17] were; +/- 0.4, +/- 0.8, +/- 1.0, +/-1.4, +/- 1.8, +/- 2.0, +/- 2.5, etc., in 

steps of 0.5 mm increase until structural failure. The loading schemes 

described in the two references above are however not entirely identical. The 

failure point was defined as failure to maintain 40 % of the vertical load 

applied. 

Additional information concerning the test setup, actual loading scheme, 

eventual rotations of top beam during tests, etc., are not available at present 

time. 

 

Figure 2-7 Overview visualization of the experimental shear wall test 

setup [17]. 
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Figure 2-8 Experimental lateral displacement measurements [16]. 

 

Figure 2-9 Experimental lateral loading scheme, according to [7]. 

2.6. Experimental results 

The ASCET Phase 2 consist of blind numerical simulations of the 

experimental B-tests, in the form of a benchmark. The initial intentions were 

that benchmark participants should get access to the results from the 

experimental A-tests, in order to make informed decisions for the required 

numerical model input. However, in the end only a very limited amount of 

experimental results was released prior to the final workshop. The full set of 

results released to benchmark participants at this stage are presented in the 

two sub sections 2.6.1 and 2.6.2. 

Crack patterns and progress during the tests were not documented, and is 

consequently not available for comparisons between experimental and 

numerical results. The second item of the ASCET Phase 2 goals, difference 

in failure modes as listed in section 1.2, is therefore not possible to, in detail, 

compare between experimental and numerical results. 

From the test data presented below, and the tested mechanical material 

properties shown in section 2.3, it can be concluded that even though the 

material properties of the ASR reactive concrete seem negatively affected by 
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the reactions, the ASR A1 wall test specimen showed a higher structural 

capacity (approximately 15 %) than the control specimen with regular 

concrete, REG A. This observation is discussed later in this report. 

In addition, the initial whole structure elastic stiffness of the ASR reactive 

concrete specimen, were also higher than the specimen with regular 

concrete. This is contradictory to the material properties specified shown in 

Table 2-2. The reason for this is without explanation at present time. 

2.6.1. REG A specimen – Regular concrete after 240 days 

The control specimen REG A (regular concrete) were tested 240 days after 

casting [10]. The lateral force as function of displacement during testing of 

wall specimen REG A is shown in Figure 2-10. Visual observations from the 

figure include a strong non-symmetrical behavior of the REG A specimen 

Figure 2-10. The reason for this behavior is however not known at present 

time. That this single test is truly representative of an ensemble of similar 

shear walls must be regarded as highly questionable, until further 

information is available. 

A picture of wall specimen REG A at post failure, partly showing crack 

patterns, is shown in Figure 2-11. This information origin from [7], and is 

not part of the officially released ASCET Phase 2 experimental data. 

 

Figure 2-10 Lateral force as function of displacement during testing of 

wall specimen REG A (control specimen with normal 

concrete) [10]. 
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Figure 2-11 Picture of wall specimen REG A (control specimen with 

normal concrete) at failure [7]. 

2.6.2. ASR A1 specimen – ASR reactive concrete after 260 
days 

The concrete specimen ASR A1 were tested 260 days after casting [10]. The 

lateral force as function of displacement during testing of wall specimen 

ASR A1 is shown in Figure 2-12. 

A picture of wall specimen ASR A1 at failure, partly showing crack patterns 

in the wall, is shown in Figure 2-13. This information origin from [7], and is 

not part of the officially released ASCET Phase 2 experimental data. 
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Figure 2-12 Lateral force as function of displacement during testing of 

wall specimen ASR A1 (specimen with ASR reactive 

concrete) [10]. 

 

Figure 2-13 Picture of wall specimen ASR A1 (specimen with ASR 

reactive concrete) at failure [7]. 
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2.6.3. Additional information 

Additional information released after the ASCET Phase 2 final benchmark 

workshop is here included in Table 2-6. It is noted that the final failure 

modes defined in [16] for regular concrete specimens are not visually 

confirmed in (for instance) Figure 2-11, and this require further 

investigation. It was also observed that the failures in the ASR specimen 

seemed more sudden than that of the regular concrete walls. 

It was concluded in [16] that the ultimate shear capacity did not vary much 

between the walls.  

Table 2-6 Experimental results released after the benchmark final 

workshop [16]. It is noted that the final failure modes 

defined in [16] are not visually confirmed in (for instance) 

Figure 2-11, and this require further investigation. 

Test 

specimen 

Peak force 

(kN) 

Max. displ. 

(mm) 

Final failure mode 

REG A 1180 8.2 Sliding between wall panel and 

bottom beam 

REG B 1187 7.3 Sliding between wall panel and 

bottom beam 

ASR A1 1355 7.1 Diagonal 

ASR B1 1240 4.9 Diagonal 

ASR B2 1243 2.6 Diagonal 

2.6.4. Experimental result discussion 

To clarify differences in the experimental data between the different 

concrete configurations, in Figure 2-14 a comparison of enveloped 

experimental results for lateral load versus displacement relationship of both 

the Regular A and ASR A1 shear wall specimen are made. The experimental 

data in the figure is envelope force-displacement relations graphically 

interpreted from [7]. 

According to [18], it is common for ASR-affected reinforced concrete 

structures to have un-affected load bearing capacity, despite large 

expansions, extensive cracking, and decreased stiffness and strength. The 

effect is accredited the confinement effect of the structure as the concrete 

material expands, and the steel reinforcement act as a post tensioning 

system. However, the fact that the ASR affected wall in these particular 

experiments otherwise nominally identical to the wall with regular concrete, 

had stiffer structural behavior for the initial primarily elastic responses, 

despite the lower elastic material stiffness as shown in Table 2-2, raise the 

question of statistically determined results; Would this relation persist in 

case an ensemble of specimens of each type had been tested? Variations in 

de facto construction, as a result of workmanship and methods used, type of 

aggregates, material variability, and actual experimental conditions, are 

outside the scope of this experiment, as only one specimen of each kind 
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(regular concrete, ASR concrete, and three different points in time) were 

fabricated and tested. Such variations may however be important and are not 

captured in idealized numerical models created using nominal data. Testing 

of concrete specimens, particularly when loaded in shear, may result in a 

large result scatter, and statistical experimental aspects should not be 

neglected. In addition, the unexpected strong non-symmetrical behavior of 

the REG A specimen shown in Figure 2-10 may indicate experimental 

problems. This may possibly be the result of some form of boundary 

condition problem, or data acquisition, issue. No additional information 

concerning this is however available at present time, and further 

investigation of this is therefore not possible. 

 

Figure 2-14 Comparison of experimental results for lateral load versus 

displacement relationship of Regular A and ASR A1 shear 

wall specimen. Envelope data from [7]. 

2.7. Aspects of the experimental tests compared to 
actual structures 

The aim of the experimental campaign is, in the end, to study the structural 

effect of ASR with respect to actual structures in the nuclear industry. In this 

perspective, it should be mentioned that the studied scale models, 100 mm 

thick shear walls, used in the experiments include only a single layer of 

orthogonal web reinforcement, located at the wall center surface. No shear 

reinforcement, stirrups, are included in the test specimen structure due to this 

thin (scaled) wall thickness. For the ASR affected concrete walls in the 

experiments this may mean no, or very little, confining pressure in the wall 

thickness direction. This may differ from conventional concrete shear wall 

design in nuclear power plants. 

It should also be noted that the laboratory experiments conducted do not 

include any environment or combined effects related to durability issues, as 

for example ASR in combination with repeated cycles of freeze-thaw. The 

experimental results may consequently be valid as indicators on the 

structural capacity due to material degradation due to ASR only, which is 

indeed already complex. However, this note is included to draw attention to 

the fact that concrete structures residing outside (PWR containments) may 
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experience important combined effects, and conclusions based on the 

experimental results, directly applied and valid to actual structures, may not 

be possible.
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3. Numerical model 

3.1. General 

This chapter describe the numerical models used in the simulations of the 

reinforced concrete shear wall experiments presented in the previous 

chapter. The intentions are to present reasonable transparent modelling 

assumptions. 

Numerical simulations within this work are performed using the Finite 

Element (FE) solver ABAQUS/Explicit, which is a well-known and, for 

many types of problems, thoroughly tested general purpose finite element 

program [4]. The concrete material model used in the numerical simulations 

is called Concrete Damaged Plasticity (CDP). A brief presentation of this 

constitutive model is given in section 3.4. Section 3.5 discuss general 

implementation of values necessary for defining the CDP material model. 

Both concrete (specimen central wall) and reinforcement are modelled using 

non-linear behavior. 

Unfortunately, too little experimental results from the laboratory tests 

described in the previous chapter have been released to, in any way, assure 

that the numerical models simulate the actual experimental structures and 

setup in a satisfactory way. As a result, the numerical models used in this 

work are based on delivered nominal data only. This is an identified 

uncertainty which naturally, to an unknown extent, will affect the results and 

conclusions. 

3.2. Introduction, context and previous work 

Non-linear response of reinforced concrete shear walls subjected to cyclic 

loads is currently still an open and active research area internationally. 

However, despite much effort, no universally applicable constitutive model 

has been developed for numerical simulation of reinforced concrete. Instead, 

many different material models exist, and an appropriate model are to be 

chosen for each type of load scenario. 

The type of numerical models normally developed and used for numerical 

assessments of laboratory experiment tests, often differ in level of details 

compared to the models used in assessments of actual nuclear structures. 

Depending on simulation purpose, and for practical reasons, models of 

actual nuclear structures often have less structural details included. Figure 

3-1 show two such examples of numerical models of nuclear safety related 

concrete structures used in the post Fukushima structural stress test 

assessments. The aspect of numerical model refinement levels required to 

capture the studied shear failure mechanism, and ultimate load, is therefore 

also included as a separate study, presented in section 4.5.7 of this report. 
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Figure 3-1 Visualization examples of numerical models of safety 

related concrete structures used in the post Fukushima 

structural stress test assessments. 

3.3. Used numerical simulation software 

The Finite Element software used for the numerical simulations are limited 

to the explicit wave front solver ABAQUS/Explicit [4]. The software is 

widely used, and well proven and validated, for a wide range of problems in 

many different industries. 

The explicit solver is here favored, instead of the implicit solver, due to the 

large deformations, and non-linear material response. The implicit solver is 

concluded to give similar results for low level deformations, up to a certain 

limit where numerical convergence difficulties interrupt calculations. 

3.4. Constitutive concrete model 

Numerical simulations presented in this report has been carried out using the 

Concrete Damaged Plasticity (CDP) material model implementation in 

ABAQUS. The CDP model provides a general capability for modelling 

concrete (quasi-brittle) materials in all types of structure elements, e.g. 

beams, trusses, shells, and solids. The material model is described in detail 

in the software documentation [4]. The basic properties of the model are 

briefly discussed here, for the purpose of the simulations carried out. 

The CDP material model is based on work carried out by [19] and [20], and 

is available in both the implicit and the explicit integration solver 
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(ABAQUS/Standard and ABAQUS/Explicit). The material model uses the 

concept of isotropic damaged elasticity in combination with isotropic tensile 

and compressive plasticity to represent the inelastic behavior of concrete. 

The model consists of the combination of non-associated multi-hardening 

plasticity and scalar (isotropic) damaged elasticity to describe the 

irreversible damage that occurs during the fracturing process. The model 

allows the definition of strain hardening in compression and can be defined 

to be sensitive to the straining rate, which resembles the behavior of concrete 

somewhat realistically. 

3.4.1. Intended application area 

According to [4]; “The model is a continuum, plasticity-based, damage 

model for concrete”. The basic assumptions of the material model are that 

the main two failure mechanisms are tensile cracking and compressive 

crushing of the concrete material. The material model provides a general 

capability for modelling concrete and other quasi-brittle materials; 

• uses concepts of isotropic damaged elasticity in combination with 

isotropic tensile and compressive plasticity to represent the inelastic 

behavior of concrete;  

• is intended primarily for the analysis of reinforced concrete 

structures;  

• is designed for applications in which concrete is subjected to 

monotonic, cyclic, and/or dynamic loading under low confining 

pressures;  

• consists of the combination of non-associated multi-hardening 

plasticity and scalar (isotropic) damaged elasticity to describe the 

irreversible damage that occurs during the fracturing process;  

• allows user control of stiffness recovery effects during cyclic load 

reversals. 

3.4.2. Parameters to define concrete damaged plasticity 

The basic parameters that need to be specified to define flow potential, yield 

surface, and viscosity parameters for the concrete damaged plasticity model, 

are listed in Table 3-1. 
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Table 3-1 Concrete damaged plasticity material model input 

parameters. 

Parameter Description Default value 

ψ Dilation angle (in degrees) User defined 

𝜖 Flow potential eccentricity (defines the rate at 

which the hyperbolic flow potential approaches 

its asymptote) 

0.1 

σb0/σc0 Ratio of initial equibiaxial compressive yield 

stress to initial uniaxial compressive yield stress 

1.16 

Kc Ratio of the second stress invariant on the 

tensile meridian to that on the compressive 

meridian at initial yield for any given value of the 

pressure invariant such that the maximum 

principal stress is negative 

0.6667 

μ Viscosity parameter 0.0 in Standard 

N/A in Explicit 

 

The CDP material model assumes non-associated potential plastic flow in 

which the Drucker-Prager hyperbolic function describes the flow potential G 

[4]. 

𝐺 = √(∈∙ 𝜎𝑡0 ∙ 𝑡𝑎𝑛𝜓)
2 + �̅�2 − �̅� ∙ 𝑡𝑎𝑛𝜓 (Eq. 3-1) 

In equation 3-1, �̅� denotes effective von Mises stress, and �̅� the effective 

stress caused by hydrostatic pressure. The dilation angle ψ is measured in the 

p-q plane at high confining pressure and indicates the ratio between the 

volume change and the shear strain. The dilation angle value for concrete is 

commonly specified in the range of 30° to 40° [4]. The flow potential 

eccentricity 𝜖 defines the rate at which the function approaches the 

asymptote. With the default value of 𝜖 = 0.1 the dilation angle is almost the 

same over a wide range of confining pressure stress values. The uniaxial 

failure tensile stress σt0 is via the tension stiffening definition specified by 

the user [4]. The model provides the possibility to specify a non-circular 

yield surface in the deviatoric plane, see Figure 3-2. 
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Figure 3-2 Yield surfaces in the deviatoric plane, corresponding to 

different values of Kc [4]. 

 

Figure 3-3 Yield surface in plane stress [4]. 

The third and fourth parameter stated in Table 3-1 is included in the yield 

function used in the CDP model, which in terms of effective stresses has the 

form: 

𝐹 =
1

1 − 𝛼
(�̅� − 3𝛼�̅� + 𝛽(𝜀̃𝑝𝑙)〈�̂�𝑚𝑎𝑥〉 − 𝛾〈−�̂�𝑚𝑎𝑥〉) − 𝜎𝑐(𝜀�̃�

𝑝𝑙
) = 0 (Eq. 3-2) 

with 
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𝛼 =
(𝜎𝑏0 𝜎𝑐0⁄ ) − 1

2(𝜎𝑏0 𝜎𝑐0⁄ ) − 1
 (Eq. 3-3) 

𝛽 =
𝜎𝑐(𝜀�̃�

𝑝𝑙
)

𝜎𝑡(𝜀�̃�
𝑝𝑙
)
(1 − 𝛼) − (1 + 𝛼) (Eq. 3-4) 

𝛾 =
3(1 − 𝐾𝑐)

2𝐾𝑐 − 1
 (Eq. 3-5) 

3.4.3. Model behavior in compression 

The concrete material behavior in compression outside of the elastic regime 

is defined by the relation of yield stress 𝜎𝑐0 and inelastic strain, 𝜀�̃�
𝑖𝑛. The 

inelastic strain is defined as the total strain minus the elastic strain 

corresponding to the undamaged material, see equation 3-6 and [4]. 

𝜀�̃�
𝑖𝑛 = 𝜀𝑐 − 𝜀0𝑐

𝑒𝑙  (Eq. 3-6) 

 

Figure 3-4 Model material response in uniaxial compressive loading 

[4]. 

The uniaxial initial yield stress value σc0 is according to Eurocode 2 [21] 

defined as 40 % of the mean value of the cylinder ultimate compressive 

stress (fcm), denoted σcu in the figure above. Corresponding strain is then 

calculated according to Hooke’s law, i.e. 𝜀0𝑐
𝑒𝑙 =

𝜎𝑐0

𝐸0
 and the maximum strain 

is taken as 𝜀𝑚𝑎𝑥 = 𝜀0𝑐
𝑒𝑙 ∙ 20. The inelastic stress curve is defined according to 

[20] in the following manner: 

𝜎𝑐 = 𝜎𝑐0 [(1 + 𝑎) ∙ 𝑒−𝑏∙�̃�𝑐
𝑝𝑙

− 𝑎 ∙ 𝑒−2∙𝑏∙�̃�𝑐
𝑝𝑙

] (Eq. 3-7) 

with 
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𝑎 = 2 ∙
𝑓𝑐𝑚
𝜎𝑐0

− 1 + 2√(
𝑓𝑐𝑚
𝜎𝑐0

)
2

−
𝑓𝑐𝑚
𝜎𝑐0

 (Eq. 3-8) 

𝑏 =

(
𝑑𝜎

𝑑𝜀�̃�
𝑝𝑙)

𝜎𝑐0(𝑎 − 1)
 

(Eq. 3-9) 

The numerator in equation 3-9 describe the inclination of the curve at the 

initial yield stress value. 

3.4.4. Model behavior in tension 

In general, when using the CDP material model, the concrete behavior in 

uniaxial tension is defined as the relation between post failure stress and 

either of cracking strain, 𝜀�̃�
𝑐𝑘, crack displacement, 𝑢𝑡

𝑐𝑘, or fracture energy, Gf. 

In the work carried out within current project the uniaxial tension behavior is 

given as the relation between post failure stress and cracking displacement as 

seen in Figure 3-5. This is due to the fact that models of non-reinforced 

structures are mesh sensitive when using the cracking strain definition. This 

mesh sensitivity is for most practical applications eliminated through the 

implementation of a characteristic element length associated with each 

integration point, when using cracking displacement input definition 

methods (*CONCRETE TENSION DAMAGE, TYPE=GFI and 

TYPE=DISPLACEMENT) [4]. 

 

Figure 3-5 Model material response in uniaxial tension [4]. 

The relation between post failure stress and cracking displacement is 

calculated according to equation 3-10. 
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𝜎𝑡

𝑓𝑐𝑡𝑚
= 𝑓(𝑢𝑡

𝑐𝑘) −
𝑢𝑡
𝑐𝑘

𝑢𝑡0
𝑐𝑘 ∙ 𝑓(𝑢𝑡

𝑐𝑘 = 𝑢𝑡0
𝑐𝑘)  (Eq. 3-10) 

where 

𝑓(𝑢𝑡
𝑐𝑘) = (1 + (

𝐶1 ∙ 𝑢𝑡
𝑐𝑘

𝑢𝑡0
𝑐𝑘

)

3

) ∙ 𝑒−𝐶2∙𝑢𝑡
𝑐𝑘 𝑢𝑡0

𝑐𝑘⁄  (Eq. 3-11) 

For a normal weight concrete the constants C1 and C2 given in equation 3-

11 are 3 and 6.93 respectively. The concrete fracture energy is defined as the 

area underneath the graph seen in Figure 3-6. The cracking displacement at 

which complete loss of strength takes place 𝑢𝑡0
𝑐𝑘, may be determined by first 

establish a reasonable concrete fracture energy GF and then integrate the 

combined expression of equation 3-10 and 3-11. For a normal weight 

concrete this gives following relation: 

𝑢𝑡0
𝑐𝑘 =

𝐺𝐹
0.195 ∙ 𝑓𝑐𝑡𝑚

 (Eq. 3-12) 

When using the CDP material model, the damage caused by strains is 

measured with a damage tension parameter denoted “concrete tension 

damage” dt. The parameter may be visualized during post processing and 

indicates the status of the concrete after cracking has occurred, i.e. grade of 

impaired stiffness. In the work carried out within current project the concrete 

tension damage is linearly defined with a maximum of 0.9. This means that 

an element gets inactive when the cracking displacement 𝑢𝑡0
𝑐𝑘 is reached and 

at this point the damage tension parameter has the value of 0.9. 

 

Figure 3-6 Defining material model behavior in concrete tension 

stiffening, using definition type GFI, [4]. 

3.4.5. Material damage 

The material point damage in tension and compression, dt or dc, are defined 

in tabular form. If damage relations are not defined, the model behaves as a 

plasticity model with 𝜀�̃�
𝑝𝑙
= 𝜀�̃�

𝑐𝑘 and 𝜀�̃�
𝑝𝑙
= 𝜀�̃�

𝑖𝑛. Damage variables are each 

treated as non-repairable, always increasing, quantities. 
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3.4.6. Uniaxial cyclic loading model behavior 

A user control of stiffness recovery effects during load reversals are 

available in the model. Stiffness recovery on crack closure is an important 

feature of the material model under cyclic loading conditions. This is 

implemented as a compressive stiffness recovery possibility as a crack is 

closed, as material response changes from tension to compression. The 

tensile stiffness is however not recovered as compression change to tension, 

after crushing cracking has occurred. The implementation is facilitated using 

the stiffness recovery factors, wt and wc. The behavior described above 

correspond to wt=0 and wc=1, which are the default stiffness recovery factor 

values. See Figure 3-7 for an illustration at uniaxial cyclic conditions. 

 

Figure 3-7 Uniaxial load cycle of the concrete damaged plasticity 

model when material response shifts signs [4]. 

3.4.7. Comparisons to actual concrete material behavior 

The CDP material model has successfully been used in several application 

areas. It can be concluded that the material model has some features 

sometimes not entirely replicating, in some broad sense of the expression, 

“characteristic concrete behavior”. For one, the model is a modified 

plasticity model, meaning that once inelastic in one material direction, all 

other material directions are also inelastic. This differ from that of a crack 

region in concrete and should, possibly more so for complex shear 

dominated response situations, result in a softer behavior than real concrete 

has. 

The CDP material model differs from conventional von Mises plasticity by 

having, among other features, dis-similar definitions for tension and 

compression behavior. As tension behavior is much weaker than the 

compressional behavior, the cyclic response will in practice induce an 
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unphysical and artificial swelling of damaged material at load reversals. This 

effect is noticeable even for some monotonic loading conditions, and fairly 

pronounced for some cyclic loading conditions. One-element shear load tests 

performed has confirmed this unwanted feature. 

3.5. Used material model input 

Measured material strength values and properties derived within the 

experimental campaign are presented in sections 2.3 and 2.4. The following 

two sections present and discuss used input material parameters for the 

numerical models. 

3.5.1. Concrete 

Concrete material parameters for the base model used in simulations of the 

normal concrete test specimen, REG A (see Table 2-1), are summarized in 

Table 3-2. Some input parameters listed in the table are more or less to be 

considered as standard concrete material parameters, here either taken from 

the Eurocode 2 design standard [21], or experimentally measured values 

(presented in sections 2.3), whereas some of the input parameters are related 

to the specific implementation of the constitutive model. General 

motivations for each parameter are therefore included in the table. Since the 

analyses are performed with the ABAQUS/Explicit solver, the viscosity 

parameter μ is not in effect. 

As a best estimate response is targeted in the numerical simulations carried 

out, the experimentally derived concrete material properties presented in 

section 2.3 are used as model input. Although it should be noted, for best 

estimate response, compression strength material model input from tests 

using cylinder specimens should not be used. Instead, compression strength 

measured from cube tests should preferably be used as input to the concrete 

material model in numerical simulations, because of their inherent 

characteristics coming to a higher degree from primarily material 

compression failure [22]. For compression tests of cylinder specimens, 

combined effects of both the material characteristics, and type of structure 

tested (and boundary conditions, friction), dictate the type of failure and the 

ultimate compression strength. Typically, the compression strength of a 

standard cylinder compression test is approximately 80 % of the value 

obtained using a standard cube test. See illustration of plausible cylinder 

compression test failure mode, for an idealized cylinder specimen 

numerically simulated, in Figure 3-8. It has not been possible, within the 

work presented in this report, to in detail investigate requirements on test 

data and relevant test methods for all the material input parameters needed. 

However, it is concluded that well informed decisions need to be made and 

justified for all material model input parameters. Using experimentally 

derived material parameters, it is important to be aware of what is an actual 

material parameter, appropriate as material model input, and what is merely 

considered to be a material property by force of conventional practice. 
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Figure 3-8 Cylinder compression test simulation, showing crack 

formation and failure mode, as a mean to study the type of 

concrete material data to be used as input for numerical 

simulations. Isosurfaces of compressive damage 

visualized in the figure at different displacements. 

The concrete uniaxial behavior is specified in compression and tension 

according to Figure 3-9 and Figure 3-11. For tension behavior two options 

are pursued; the Two-parameter option, and tabular definition. Both options 

respect the same material parameters, ultimate tensional strength and (mode 

I) fracture energy. Figure 3-6 visualize the two-parameter option. This 

option is often used for problems where the shape of the function play a 

minor role, and the ultimate uniaxial tensional stress or the fracture energy is 

more important, as usually in pure tension or bending problems. For shear 

type of problems, the tabular definition may also need to be studied. 

Properties for closed tensional cracks include the ability to transfer 

compressive stress on load reversal and crack closure. However, cracks due 

to compression load will not transfer the full original tensional stress on load 

reversal, once cracking due to compression have occurred. 
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Table 3-2 Concrete material model input used in simulations of the 

intended normal (regular) concrete test specimen, REG A. 

Parameter Description Value (@ T=20°C) 

E Initial, undamaged, modulus of elasticity (experimentally 

measured) 

47.15 GPa 

ʋ Poisson’s ratio (standard value) 0.2 

ρ Density (standard value without reinforcement steel) 2250 kg/m3 

ψ Dilation angle, in degrees (chosen based on previous 

studies and [4]) 

38 

𝜖 Flow potential eccentricity (default program value) 0.1 

σb0/σc0 Ratio of initial equibiaxial compressive yield stress to 

initial uniaxial compressive yield stress (default program 

value) 

1.16 

Kc Ratio of the second stress invariant on the tensile 

meridian to that on the compressive meridian at initial 

yield for any given value of the pressure invariant such 

that the maximum principal stress is negative (default 

program value) 

0.667 

σcu Ultimate compressive stress, here set to stress at 

concrete crushing strain, 3.5‰ (experimentally 

measured) 

79.0 MPa 

σt0 Failure tensile stress (experimentally measured) 4.76 MPa 

GF Fracture energy (experimentally measured) 179.3 N/m 

dc Concrete compression damage Figure 3-10 

wt Recovery of tension after concrete compression damage 

(0 mean that after compressive failure, no matter the 

size, no tensional forces are transmitted through the 

crack)  

0.0 

- Maximum value of concrete tension damage (default 

program value) 

0.9 (linear 

variation from 0) 

𝑢𝑡0
𝑐𝑘

 Crack displacement at maximum value of concrete 

tension damage 

0.18 mm 

wc Recovery of compression capability after concrete 

tension damage (1 mean that after failure initiation in 

tension, compressive forces are still transmitted through 

the crack) 

1.0 
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Figure 3-9 Concrete model behavior in uniaxial compression. The 

function is defined linear up to 40 % of the ultimate 

compression value, according to EC2 [21]. 

 

Figure 3-10 Concrete model compression damage definition (dc). 
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Figure 3-11 Concrete model behavior in uniaxial tension for the two 

different options; Two parameter (TYPE=GFI) definition, 

and Tabular definition. Ultimate tension stress and 

fracture energy are here identical for the two definition 

options shown in the figure. 

3.5.2. Reinforcement steel 

The steel constituting reinforcement is modelled using material values 

according to Table 3-3. For the plastic region, a simple ideal plastic material 

is assumed, in order to be able to obtain a rough estimate of the ultimate 

capacity of the shear wall. 

Table 3-3 Reinforcement steel nominal material parameters used. 

Parameter Description Value (20°C) 

E Modulus of elasticity 182 GPa 

ʋ Poisson’s ratio 0.3 

ρ Density 7800 kg/m3 

σy Yield stress 430 MPa 

σu Ultimate stress 638 MPa 

εu Ultimate elongation 14 % 

3.6. Base numerical model overview 

The base model used in the majority of the simulations presented in this 

report is visualized in Figure 3-12 below. The upper and lower beams are 

modeled using 8-node hexagonal reduced integration elements, C3D8R [4], 

with default hourglass stiffness. These elements have linear only material 

properties. The wall part, and stabilizing vertical end columns, are modeled 

using 10-node modified tetrahedron elements, type C3D10M [4]. The model 

of the wall is tied to the model of the lower and upper beams, to couple not 

only the end nodes of the C3D10M elements, but also the mid-point nodes. 
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The characteristic element side length is 25 mm for all elements in the base 

model. 

The actual specimen construction sequence, and whether a division into 

different casting parts were made during construction, is unknown. It is 

therefore assumed that the specimens each were casted at one time, and no 

casting joints are present in the specimens. In the numerical model, no weak 

sections are included between the lower and upper beam and the wall 

section, and the concrete model is considered homogenous without 

considering differential casting effects. 

Additional masses from equipment are assumed to weigh half a metric ton 

(500 kg). This mass is applied and evenly distributed at the top surface of the 

upper beam. 

 

Figure 3-12 Visualization of concrete solid element model, created 

using the nominal measures in [10]. 

3.7. Model of steel reinforcement bars 

The steel reinforcement described in [10] is implemented into the numerical 

models as discrete elements, separate from the elements representing the 

concrete material. The reinforcement bars are modeled using beam elements 

of type B31 [4], see section 4.5.8 for motivation of this choice. Element 

length are coordinated with the characteristic element side length of the solid 

elements used to model the concrete. The reinforcement is visualized in 

Figure 3-13. 

The coupling between concrete and reinforcement elements are modeled as 

direct connections, using the embedded element option in ABAQUS, 

without any coupling interface describing non-linear effects between 

reinforcement and concrete in areas experiencing concrete cracking. This is 

an identified limitation of the used numerical model. 
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Figure 3-13 Steel reinforcement visualization, Left; reinforcement only, 

from 3 different orthogonal directions. Right; On place in 

the concrete model. 

3.8. Boundary conditions 

To allow for the simulation of expansion of the ASR affected concrete 

specimen, contact surfaces representing the floor, and hold-down system 

(bolt and steel plate) of the lower beam, are used. Identical models are used 

for the simulations of both regular and ASR affected concrete, apart from 

material properties and prescribed expansions discussed in section 3.11. 

Surface friction are kept at a zero level for the initial analysis step to allow 

for a stress-free expansion, see section 3.10, and ramped up to a large value 

in the very beginning of the second analysis step to obtain a slip-free surface 

contact. This possibly differ from the actual experimental setup, and is 

assumed to create a stiffer model than what was the case for the actual 

experimental test specimens. No information concerning the actual 

conditions during experimental tests are available at present time. 

In the simulations of the ASR affected specimen the first analysis step 

includes the simulation of the ASR expansion, which is then free (not 

constrained). Contact surface definitions allow for separation after contact. 

The effective boundary conditions of the numerical model of the lower beam 

are then constrained in all directions, including rotations. The model, 

including visualization of contact surfaces, is illustrated in Figure 3-14. The 

top beam is left without constrains. In the vertical direction both gravity 

loads and the prescribed additional vertical load from hydraulic jacks will be 

applied. The horizontal directions of the top beam are left free to allow for 

horizontal jack imposed displacements. The wall in-plane rotation of the top 

beam is left without constrains. This to allow for free rotations, which 

appears to likely have been the case in the physical experiments. A small 

study of this is included in section 4.5.1. 

It should be noted that the applied restraints of the lower beam are 

considered overly rigid compared to actual experimentally conditions, but 
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still used, as no experimental data, nor other information from the specimen 

interactions to its surroundings during the tests are available. 

   

Figure 3-14 Visualization of model. Contact surfaces used for the 

bottom beam are marked light red. Nodes used for 

application of prescribed horizontal displacement are 

highlighted in dark red color. 

3.8.1. Prescribed in-plane movements 

The horizontal movements of the top beam, by the two horizontal jacks, 

having each a nominal capacity of 1000 kN [7], are modeled using 

displacement controlled boundary conditions of the top beam geometric 

center position in the x-y plane. See Figure 3-14 for model orientation with 

coordinate system, and the row of nodes used for application of prescribed 

horizontal displacement (highlighted in dark red color). 

3.9. External loads applied 

External loads applied are limited to the vertical actuator load, and gravity 

loads. These external loads are applied at an initial analysis step. 

In the vertical direction, experimental force data from actuators has not been 

applied, as it was not available. Instead, a constant total vertical force of 800 

kN [10], in the model negative Y-direction according to Figure 3-14, has 

been applied at the top beam, as a distributed surface load over the entire top 

beam surface. 

In addition, gravity loading in this direction has also been applied on all 

elements, including an assumed additional equivalent equipment mass of 

500 kg to account for steel equipment at the top beam. The actual mass of 

equipment on top of the top beam is not known. 
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3.10. Simulation types and procedures 

The actual physical experiments did not include dynamic effects (inertia), 

but were very slow processes. See section 2.5 for load rates applied. The 

numerical simulations of the actual experimental events are consequently 

simulated using the explicit wave front ABAQUS/Explicit solver [4], as 

quasi-static events, including only a minimal amount of kinetic energy. 

The simulations were divided into two subsequent simulation steps. An 

initial step, which include application of gravity load and the vertical force, 

and a subsequent step of the actual event of interest (monotonic push-over or 

cyclic event). For the ASR simulations, the expansion was also included in 

the first simulation step. 

As complements to simulating the actual experimental events, in order to 

save time and evaluation efforts, monotonic static nonlinear pushover 

simulations have been used for the bulk of the simulations. Typical wall 

clock simulation times for such a monotonic pushover event is 

approximately 10 hours, when parallelized on 20 cores on a Linux server. 

The total number of variables in the numerical model is almost 500 000. 

3.11. Modelling of ASR effects 

Chemical processes in concrete due to alkali-aggregate reactions lead to a 

change of the material properties (at a macro level), which in turn cause 

progressive material expansion (swelling) and cracking [9]. The process is 

slow, and may take many years to cause substantial material and structural 

changes, if ever. Typically affected structures exposed to outdoor climate 

may experience durability issues, and combined effects from, for instance, 

concrete freeze-thaw [23] or reinforcement corrosion may occur. Only very 

few studies on the impact of ASR on safety related functions for safety 

significant nuclear structures are available [8]. The effects of ASR on a 

structural level are complex, as the changed (nominally decreased) material 

properties in some configurations may, on a structural level, be 

counterbalanced by positive confinement effects from material swelling. 

This may lead to non-intuitive structural shear capacity changes due to ASR, 

both increase and decrease, according to [8]. Most studies of ASR-affected 

reinforced concrete structures have indicated that the load-bearing capacity 

of the structures are not compromised [18]. 

In Sweden, no instances of ASR have been reported to the nuclear regulatory 

body, for NPP reactors still in production (see section 1.5). In addition, the 

structural effects of the ASR chemical process seem complex, and yet not 

fully understood. There are currently no engineering guidelines in design 

codes for capacity changes of structures affected, and different structural 

configurations may result in large, non-intuitive, variations in structural 

effects [8]. As a consequence, also taking into consideration the open 

questions regarding experimental results discussed in section 2.6.4, this 

phenomenon is treated using a simplistic macro-scale method in this current 

study. 

Using numerical tools to simulate, understand and predict the structural 

effects of ASR may be an important part in structural verifications of 
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affected structures. The macro-scale modelling technique used in this study 

prioritize simplicity before accuracy, and results are used as conceptual 

indicators on the structural phenomenon of concrete material swelling. The 

material expansion, as well as material property degradations, are considered 

in this simplified approach. The method is justified based on both the 

uncertainty in the degradations, in terms of spatial distribution and reaction 

progress, for an actual nuclear structure. In the assessment of actual 

structures, both engineering judgement, and simplified conservative 

modelling approaches, are believed to be important parts, although they may 

not be entirely correct in a scientific perspective. For further information on 

some selected refined methods of modelling ASR effects, see for instance 

references [7] and [8]. 

3.11.1. Material expansion 

Material expansion in the concrete is modelled using an equivalent isotropic 

thermal expansion. The expansion is modelled uniform in the entire test 

specimen, as a simplification and in absence of other information, which 

likely is not the case for any real structure. Conceptual explanations of 

material expansion due to ASR are described further in [7]. 

Experimentally measured free swelling of small concrete samples related to 

the shear wall studied here are presented in [10], and accounted for in Table 

2-3. Based on this the free expansion at the ASR A1 test 250 days after 

casting is assumed to be 0.185 %, and a graphically roughly estimated value 

of 0.30 % (from Figure 2-4) is used for the ASR B2 test simulations. See 

Table 2-1 for information concerning the different experimental tests to be 

numerically simulated. 

Although not explicitly stated in any of the ASCET reference documents, the 

entire test specimen, including upper and lower beam elements, are assumed 

to be of the same reactive concrete type in the numerical models. 

3.11.2. Material property changes 

According to [6] and [7], the tensile strength and stiffness of the concrete is 

more affected by AAR than the compressive material strength, which is 

consistent with the conclusions in the literature study [9], and in [18]. 

Material property changes due to ASR include stiffness and strength 

parameter reductions, which in the numerical simulations of the ASR A1 test 

specimen are selected according to the given values, specified in Table 2-2. 

For the numerical simulations of the ASR B2 test specimen (tested after 

approximately 1000 days at exhausted chemical reactions), material property 

changes are intended to be estimated by benchmark participants. However, 

as regular code equations for estimation of material parameters do not apply 

to ASR affected material, the same values as used for the numerical 

simulations of the ASR A1 tests are used. This mean that expansion effects 

only will be evaluated. 
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3.11.3. Concrete and steel reinforcement interface 

The effect of ASR on the concrete and reinforcement steel interface (bond) 

is not considered in this work, although this is likely an important issue for 

the ductile behavior, and shear capacity, in some situations. 
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4. Results and comparisons 
In this chapter, some selected results from the numerical work performed 

within the benchmark participation are presented. For test specimens REG A 

and ASR A1, numerical simulation output is compared to experimental 

results available, and result comparisons are discussed based on the official 

ASCET program goals. The official ASCET program goals of the numerical 

simulation benchmark is to study; 

1) The ability to predict the behavior of concrete elements with ASR,  

2) the difference in failure modes between ASR and sound specimen,  

3) the difference in ultimate capacity,  

4) the difference in ultimate displacements. 

The first item in the list above is here interpreted as being able to 

characterize the noticeable differences observed in the experimental results 

between the REG A test specimen and the ASR A1 specimen. These 

differences include differences in ultimate capacity, and possibly different 

crack patterns and failure modes. It should in this context be noted that the 

experimental tests consist of two different individual tests, not being 

statistically ensured, which indicate that some caution should be used when 

interpreting results. The ultimate capacity is simply interpreted as the 

maximum whole wall shear force during the event, which make this 

parameter simple to evaluate. The ultimate displacement (ductility measure) 

is however not simple to define, and no guidance, nor criteria, for evaluating 

this parameter is given. In the evaluations of this parameter a subjective 

approach, based on visual determination of when the ultimate diagonal crack 

is formed, is therefore used in this chapter. 

Ultimate capacity and displacement for A and B series of specimen are 

summarized in Table 4-1. Experimental values for the B-series of tests used 

in the table are from the University of Toronto presentation at the concluding 

ASCET Phase 2 workshop [16], which were presented after the numerical 

work in this report were finalized. In general, experimental and numerical 

ultimate capacity agree reasonably well for the regular concrete walls. 

Concerning the specimen having an advanced state of ASR (ASR B2), 

whole wall ductility has been dramatically reduced, and simplified numerical 

method adjustments does naturally not capture this reduction. 

NEA/CSNI/R(2018)4/ADD1



41 
 

Table 4-1 Ultimate capacity and displacement summary table. 

Numerical simulation capacity presented are calculated 

using best estimate material parameter input and 

monotonic load application. 

Specimen Method used for deriving 

structural shear capacity 

Ultimate capacity 

(kN) 

Ultimate 

displacement 

(mm) 

Regular A Experimental (Section 2.6) 1180 8.2 

Numerical (Section 4.1) 1040 Approx. 8-102) 

Regular B Experimental (Section 2.6) 1187 7.3 

Numerical (Section 4.2) 1090 Approx. 8-102) 

ASR A1 Experimental (Section 2.6) 1355 7.1 

Numerical (Section 4.3) 1080 Approx. 8-102) 

ASR B2 Experimental (Section 2.6) 1243 2.6 

Numerical (Section 4.4) 1120 Approx. 8-102) 

1) Ductility based on crack formation of ultimate failure mode. 

 

The general philosophy for the numerical simulations carried out is based on 

combining best estimate input, with a simplified engineering approach to the 

physics behind the ASR effects on the concrete specimen, as the actual 

physics of the reactive processes are considered too complex to incorporate 

in detail. The engineering approach used for describing the ASR effects 

consist of isotropic material expansion and reducing concrete material 

properties. This is described in more detail in section 3.11. 

In this chapter, numerical results and predictions for the different test 

specimens (REG A, ASR A1, REG B and ASR B2) are also presented. The 

tests REG B and ASR B2 are completely blind predictions, as experimental 

data for these tests were not available. As such, little effort has been put into 

the work with these, as both input and output from the experimental 

campaign are unknown. In addition to results for the best estimate numerical 

models, several sensitivity analyses have been carried out for a selected set 

of model input parameters. These are considered to contribute with valuable 

information, and are presented later in this chapter. In the last part of this 

chapter a brief comparison to design code capacity are made for both 

numerical and experimental results. 

Due to the used material model inability to successfully simulate the 

inelastic responses during the complete cyclic shear load event, discussed in 

section 4.1.2, quasi-static monotonic loading is used for the majority of the 

numerical studies presented in this report. 

Result figures visualizing the predicted crack patterns in the numerical 

models in this chapter are mainly contour plots of resulting material damage 

in tension, output variable DAMAGET [4]. Displacements are magnified a 

factor of 20 in result figures throughout this chapter, unless stated otherwise. 

The comparative experimental force-displacement curves shown in the 
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horizontal capacity figures (named Experimental REG A, and Experimental 

ASR A1), is the enveloped experimental data shown in Figure 2-14. 

4.1. Comparisons for regular concrete specimen REG 
A 

In this section results from the numerical simulation of the regular concrete 

specimen, REG A, are presented. The experimental tests were carried out at 

specimen age 240 days, see section 2.2. 

4.1.1. Monotonic push over simulation results 

Figure 4-1 show a comparison of horizontal whole wall push over capacity 

functions for the REG A numerical simulation, compared to experimental 

data. In comparison to the experimental data, the numerical model is 

observed slightly too stiff in the initial elastic response. This may be due to 

either the seemingly large value of the concrete elastic stiffness, poor 

interaction or coupling modelling of adjacent structures, some result of 

issues related to the experimental data acquisition, or a combination of these. 

Boundary conditions for the model are set to entirely restrained translations 

and rotations at the bottom beam (see section 3.8), which normally should 

result in a too stiff behavior compared to an actual structure. The reason for 

this is that this type of absolute restraint never exists in the physical world, 

and likely were not the case for the experimental situation at the tests 

compared to. However, no information is available concerning the details for 

the actual concrete specimen anchoring, and this modeling approach is 

therefore used, although it is believed to result in an overly stiff global 

behavior. 

As discussed in section 2.6, the experimental non-symmetrical force-

displacement response of test specimen REG A does not have the expected 

characteristics of a structure having the given nominal data, as the idealized 

numerical model does. In addition, the test specimen ASR A1 has an initially 

stiffer response than the regular concrete specimen, despite lower elastic 

stiffness. This is not expected, and an explanation for this is still missing at 

present time. 
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Figure 4-1 Comparison of whole wall horizontal push over capacity 

functions for the REG A specimen experimental test and 

numerical simulations. 

Visualizations of crack patterns and development for the REG A numerical 

model are shown in Figure 4-2 and Figure 4-3. For the input used, numerical 

simulation output responses are initially purely elastic, up to a point where 

horizontal tension cracks are initiated at the interface between the wall and 

the lower beam at the tension side (lower left side in Figure 4-2). In-plane 

rotations at the upper beam is here not restrained, see section 4.5.1. As 

prescribed horizontal displacements increase, a shear crack form in the wall. 

Further displacement increase result in the development and progress of 

multiple cracks, parallel to the initial shear crack. The ultimate failure mode 

seems to be a combined shear mode, where the compression struts finally 

sequentially join (forming a diagonal crack) and collapse. The approximate 

maximum shear capacity for this loading situation is here predicted to be at a 

prescribed horizontal displacement of 5.4 mm, and the shear force is then 

1.04 MN. The ultimate failure is estimated to begin at approximately 8.2 mm 

prescribed horizontal displacement, as the ultimate capacity of the right-hand 

side barbell side wall is reached. After that the remaining capacity is quickly 

reached, as one diagonal crack joins the multiple cracks previously formed 

in the wall. See Figure 4-4. 
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Figure 4-2 Principal response at the point of maximum shear force 

capacity (at 5.4 mm horizontal displacement), for the REG 

A specimen numerical simulations. 

 

Figure 4-3 Monotonic horizontal push over response after crack 

initiation (at 1 mm) and at the point of maximum shear 

force capacity (at 5.4 mm horizontal displacement), for the 

REG A specimen numerical simulations. 

   

Figure 4-4 Visualization of (close to) ultimate crack pattern and 

failure mode for the REG A specimen, to be compared to 

experimental results shown in Figure 2-11. Left figure 

show tension damage, and right figure show compression 

damage, at 8.2 mm horizontal displacement. 

Reinforcement stresses are shown at initial yield in Figure 4-5, and at 10 mm 

prescribed horizontal displacement in Figure 4-6. The yield stress is defined 
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to 430 MPa, as described in section 3.5.2. Figure 4-7 show the predicted 

reinforcement equivalent plastic strain at 10 mm horizontal displacement. 

No experimental data is available for comparisons at present time. 

 

Figure 4-5 Predicted equivalent reinforcement stress, at initial yield, 

at 2 mm horizontal displacement, for the REG A specimen 

numerical simulations. 

 

Figure 4-6 Predicted equivalent reinforcement stress at 10 mm 

horizontal displacement, for the REG A specimen 

numerical simulations. 
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Figure 4-7 Predicted reinforcement equivalent plastic strain at 10 mm 

horizontal displacement, for the REG A specimen 

numerical simulations. 

4.1.2. Cyclic loading simulation results 

Attempts to simulate the actual cyclic load event described in section 2.5 are 

described in this section for the REG A specimen. The numerical model used 

is identical to the model used for the simulation of monotonic loading, 

described in the previous section. The prescribed cyclic horizontal 

displacement sequence used for numerical simulations is shown in Figure 

4-8. 

In conclusion, cyclic loading event simulations including advanced inelastic 

material responses, are less successfully simulated using the CDP material 

model in ABAQUS, for the studied shear loaded wall. The plastic damage 

material model exhibit an unphysical swelling effect when for exposed to 

repeated reversed inelastic stress states. This effect has been confirmed for 

1-element numerical test cases, and the material model is believed to 

insufficiently represent a quasi-brittle material for the studied cyclic shear 

loading conditions. 

Cyclic time history and push over loading (whole wall force-displacement) 

response for the REG A specimen numerical simulations are shown together 

with available experimental results in Figure 4-9. The figure show an 

initially fair comparison for the cyclic time history simulation, up to almost 2 

mm prescribed horizontal displacement of the top beam, and then a 

premature and rapid loss of strength. 
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Figure 4-8 Used prescribed cyclic horizontal displacement sequence 

for numerical simulations. 

 

Figure 4-9 Comparison of whole wall horizontal push over capacity 

functions for the REG A specimen experimental test and 

cyclic loading numerical simulation. 

In terms of crack development and pattern, Figure 4-10 and Figure 4-11 

show the predictions during the first couple of load cycles. Initial crack 

initiation occurs as a horizontal crack plane at the lower tension side of the 

wall-bottom beam interface. Some of the early crack development may be 

termed micro-cracking, which may not be experimentally (visually) easy to 

detect. As crack development progress, the spurious material model swelling 

response induce artificial internal stress, which affect the response. 
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The ultimate failure mode predicted for the REG A numerical model (see 

Figure 4-12) is a failure mode in the shape of an inverted flat U-shape across 

the wall, as the last vertical load carrying capacity of the outer barbell wall 

sides is exhausted. Despite the apparent inability to simulate the complete 

cyclic event, the predicted ultimate failure mode shown in Figure 4-12 

visually compare to a certain degree to the experimental results shown in 

picture Figure 2-11. Both tension and compression damage are shown in 

Figure 4-12, as the predicted ultimate failure mode is a mixed mode failure. 

Full access to the experimental data is however not available, which result in 

an incomplete comparison. Due to the observed inability of the material 

model to simulate the response in full, crack patterns and ultimate failure 

mode predictions shown here for the cyclic loading event may be of limited 

value, depending on the degree to which the real-world physics are violated. 

This is however unknown at present time. 

  

Figure 4-10 Cyclic loading response at 0.8 mm (second cycle) and -0.8 

mm (second cycle reverse direction) horizontal 

displacement, for the REG A specimen numerical 

simulations. 

  

Figure 4-11 Cyclic loading response at 1 mm (third cycle) and 1.4 mm 

(fourth cycle) horizontal displacement, for the REG A 

specimen numerical simulations. 
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Figure 4-12 Visualization of ultimate crack pattern and failure mode for 

the REG A specimen numerical simulations, to be 

compared to experimental results shown in Figure 2-11. 

Left figure show tension damage, and right figure show 

compression damage, at 2.5 mm total displacement (load 

cycle number 7). 

4.1.3. Numerical simulation energy levels 

Whole model energy quantities are good simulation health indicators for the 

explicit numerical method used, and it’s considered good practice to analyze 

these for each numerical simulation. 

Checks for kinematic versus strain energy relations, i.e. high levels of kinetic 

energy indicating non static conditions, has been performed. As simulations 

are intended to be essentially static, the kinetic energy and viscous damping 

energy levels are verified to be negligible in the simulations. 

The artificial (hourglass) strain energy has been notably high in some of the 

simulations carried out, indicating that this numerical feature has been highly 

activated. This is an undesirable effect, and artificial energy levels should 

ideally be low. 

4.2. Blind predictions for regular concrete specimen 
REG B 

In this section results from the numerical simulation of the regular concrete 

specimen, REG B, are presented. The test specimen was tested at an 

approximate age of 1000 days, see section 2.2. To account for the evolution 

of material properties (ultimate compression, ultimate tension, and elastic 

stiffness) for wall specimen REG B, some guidance from Eurocode 2 [21] 

may be used. However, due to the unknown concrete quality class, 

adjustments are here limited to increased ultimate compressive strength, 

corresponding to the use of the ultimate cube compressive strength. The 

ultimate cube compressive strength is here simply taken as the 

experimentally determined ultimate cylinder compression divided by the 

factor 0.8. 
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Due to the similarities between the numerical simulations of specimen REG 

A and REG B, the results are at large similar. The REG B specimen, having 

slightly higher concrete compression specified, 

Figure 4-13 show a comparison of whole wall horizontal push over capacity 

functions for the REG B specimen experimental test and numerical 

simulations. Figure 4-14 show the monotonic horizontal push over response 

in terms of crack patterns, at crack initiation (around 1 mm) and maximum 

shear force capacity (at 7.4 mm horizontal displacement), for the REG B 

specimen numerical simulations. As differences from the REG A numerical 

simulation include an increased concrete compression only, differences 

between results from these simulations are expected to be fairly small for the 

loading situation studied, as only a moderate increase in capacity is 

predicted. The approximate maximum shear capacity for this loading 

situation is predicted to be 1.09 MN at 7.4 mm horizontal displacement. 

 

Figure 4-13 Comparison of whole wall horizontal push over capacity 

functions for the REG B specimen experimental test and 

numerical simulations. 

NEA/CSNI/R(2018)4/ADD1



51 
 

  

Figure 4-14 Monotonic horizontal push over response at 1 mm and 7.4 

mm horizontal displacement, for the REG B specimen 

numerical simulations. 

4.3. Comparisons for specimen ASR A1 

In this section results from the numerical simulation of the affected 

specimen, ASR A1, are presented. Simulation input changes relative to the 

REG A specimen simulations include changed material parameters, and 

isotropic expansion, only. All other simulation input is identical between the 

simulations. See section 3.11 for more information about the assumed input 

changes for numerical simulations of ASR affected test specimen. Numerical 

modelling aspects of the ASR affected specimen are discussed in general 

terms in section 3.11. The free expansion at the ASR A1 test, 250 days after 

casting, is assumed to be 0.185 % in the numerical simulations, based on the 

experimentally measured expansion for small concrete samples presented in 

Table 2-2. 

4.3.1. Monotonic push over simulation results 

This section present results for the monotonic horizontal push over response 

simulation for the ASR A1 specimen. Figure 4-15 show a comparison of 

whole wall horizontal push over capacity functions for the ASR A1 and 

REG A specimen experimental tests, and numerical simulations. The 

numerical simulation results confirm the experimental observation that the 

ASR affected specimen, although having nominally weaker material 

properties (ultimate tension, compression and elastic stiffness), may possess 

a higher ultimate capacity than a structure made from regular concrete. This 

is confirmed to be due to the confining effects resulting from concrete 

material expansion, which is internally balanced by the post tensioning of 

the embedded reinforcement steel bars, see section 4.5.9. The whole wall 

initial elastic response is less stiff than the REG A structure, which is 

expected. This is however contradictory to the experimental results, which 

are currently not explained. The maximum shear capacity for this loading 

situation is predicted to be 1.08 MN at 4.2 mm horizontal displacement. A 

sensitivity study of the ASR induced confinement effect can be found in 

section 4.5.9. 
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Figure 4-15 Comparison of whole wall horizontal push over capacity 

functions for the ASR A1 and REG A specimen 

experimental tests and numerical simulations. 

Visualizations of crack patterns and development are shown in Figure 4-16. 

Horizontal tension cracks are initiated at the interface between the wall and 

the lower beam at the tension side (lower left side in Figure 4-16), but at a 

later stage and less pronounced than for specimen REG A. This is due to the 

confining effects of the concrete, caused by the material expansion in 

combination with the reinforcement. As prescribed horizontal displacements 

increase, a pattern of parallel shear crack form in the wall. Further 

displacement increase result in the development and progress of multiple 

cracks, parallel to the initial shear crack. The crack pattern appears to be 

more regular than for the REG A simulation. The ultimate failure mode 

seems to be a combined shear and tension mode. The visualization in Figure 

4-17 is believed to compare fair to experimental crack patterns in the wall, 

shown in Figure 2-13. The maximum shear capacity for this loading 

situation is here predicted to be at a prescribed horizontal displacement of 

4.8 mm, which is slightly earlier than for the REG A specimen, and the shear 

force is then 1.08 MN. The ultimate failure is here estimated to be slightly 

more ductile than the REG A specimen, beginning at approximately 10 mm 

prescribed horizontal displacement. 
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Figure 4-16 Monotonic horizontal push over response at crack 

initiation (1.2 mm) and maximum capacity around 4.8 mm 

horizontal displacement, for the ASR A1 specimen 

numerical simulations. 

    

Figure 4-17 Visualization of (close to) ultimate crack pattern and 

failure mode for the ASR A1 specimen, to be compared to 

experimental results shown in Figure 2-11. Left figure 

show tension damage, and right figure show compression 

damage, at 10 mm horizontal displacement. 

Figure 4-18 show the predicted equivalent reinforcement stress after 

isotropic concrete expansion (0.00185), and before initiation of the 

horizontal displacement push over event, for the ASR A1 specimen 

numerical simulations. Reinforcement stresses are shown at initial yield in 

Figure 4-19, and at 10 mm prescribed horizontal displacement in Figure 

4-20. The yield stress is defined to 430 MPa, as described in section 3.5.2. 

Initial yield occurs at an earlier stage in the ASR affected structure, 

compared to the regular concrete test specimen. This is due to the 

prestressing effect induced by the concrete expansion, causing the initial 

stress state in the reinforcement. Figure 4-21 show the predicted 

reinforcement equivalent plastic strain at 10 mm horizontal displacement. 

No experimental data is available for comparisons and verification of these 

predictions at present time. 
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Figure 4-18 Predicted equivalent reinforcement stress after isotropic 

concrete expansion (1.85 mm/m), before initiation of the 

horizontal displacement, for the ASR A1 specimen 

numerical simulations. 

 

Figure 4-19 Predicted equivalent reinforcement stress, at initial yield, 

at 0.8 mm horizontal displacement, for the ASR A1 

specimen numerical simulations. 
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Figure 4-20 Predicted equivalent reinforcement stress at 10 mm 

horizontal displacement, for the ASR A1 specimen 

numerical simulations. 

 

Figure 4-21 Predicted reinforcement equivalent plastic strain at 10 mm 

horizontal displacement, for the ASR A1 specimen 

numerical simulations. 

4.3.2. Cyclic loading simulation results 

Attempts at simulating the actual cyclic load event described in section 2.5 

are described in this section for the ASR A1 specimen, analogue to the REG 
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A specimen described in section 4.1.2. The numerical model used is 

identical to the model used for the simulation of monotonic loading, 

described in the previous section. The prescribed cyclic horizontal 

displacement sequence used for numerical simulations is shown in Figure 

4-8. 

In conclusion, as described in section 4.1.2, cyclic loading event simulations 

including advanced inelastic material responses, are less successfully 

simulated using the CDP material model for the studied shear loaded wall. 

Cyclic loading (whole wall force-displacement) response are shown in 

Figure 4-22. Analogue to what is described in section 4.1.2, the figure show 

an initially fair comparison, and then a premature and rapid loss of strength. 

 

Figure 4-22 Comparison of whole wall horizontal push over capacity 

functions for the ASR A1 specimen experimental test and 

cyclic loading numerical simulation. 

In terms of crack development and pattern, Figure 4-23 and Figure 4-24 

show the predictions during the first couple of load cycles. One observation 

is that the ASR A1 specimen initiate cracking at a later stage, and to a lesser 

extent, than the regular concrete specimen REG A. This is due to the 

structural post stressing effects from the steel reinforcement, originating 

from the concrete material ASR expansion. This lead to formation of 

considerably less horizontal crack planes in the ASR A1 numerical 

simulation, in the wall-lower beam junction, and in the barbell wall side 

parts. See Figure 4-10 and Figure 4-11 for a REG A numerical result 

comparison to the ASR A1 numerical results in Figure 4-23 and Figure 4-24. 

The ultimate failure mode predicted for the ASR A1 numerical model (see 

Figure 4-25) is quite similar to the REG A numerical simulation, resulting in 

a failure mode in the shape of an inverted flat U-shape across the wall, as the 

last vertical load carrying capacity of the outer barbell wall sides is 

exhausted. 
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Figure 4-23 Cyclic loading response at -0.8 mm (second cycle reverse 

direction) and 1 mm (third cycle) horizontal displacement, 

for the ASR A1 specimen numerical simulations. 

 

Figure 4-24 Cyclic loading response at 1.4 mm (fourth cycle) and 1.8 

mm (fifth cycle) horizontal displacement, for the ASR A1 

specimen numerical simulations. 

  

Figure 4-25 Visualization of ultimate crack pattern and failure mode for 

the ASR A1 specimen numerical simulations, to be 

compared to experimental results shown in Figure 2-11. 

Left figure show tension damage, and right figure show 

compression damage, at 2.5 mm total displacement (load 

cycle number 7). 
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4.4. Blind predictions for specimen ASR B2 

In this section results from the numerical simulation of the affected 

specimen, ASR B2, are presented. The physical test specimen was tested at 

an approximate age of 1000 days, see section 2.2. Numerical modelling 

aspects of the ASR affected specimen are discussed in general terms in 

section 3.11. 

As the concrete is affected by ASR, code equations for material properties 

evolution over time are not available in Eurocode 2 [21]. The unknown 

evolution of material properties over time for wall specimen REG B is 

therefore not accounted for, as this would result in pure guesswork. To 

account for changed conditions over time, the free expansion of the 

specimen at the test is assumed to be 0.3 % in the numerical simulations, 

based on simplified guessing from information in section 2.3. The expansion 

is considered to be the controlling factor for the ultimate capacity, although 

changes from the ASR A1 specimen are predicted to be small in the 

sensitivity analysis presented in section 4.5.9. 

Due to the similarities between the numerical simulations of specimen ASR 

A1 and ASR B2, the results are at large similar. The ASR B2 specimen, 

having larger expansion and thus higher post tensioning specified, 

experience similar cracking but at a slightly later stage in the event. 

Figure 4-26 show a comparison of whole wall horizontal push over capacity 

functions for the ASR B2 specimen experimental test and numerical 

simulations. The approximate maximum shear capacity for this loading 

situation is predicted to be 1.12 MN at 4.8 mm horizontal displacement. 

 

Figure 4-26 Comparison of whole wall horizontal push over capacity 

functions for the ASR B2 specimen experimental test and 

numerical simulations. 

Figure 4-27 show the predicted equivalent reinforcement stress after 

isotropic concrete expansion (0.003), and before initiation of the horizontal 
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displacement push over event, for the ASR A1 specimen numerical 

simulations. The reinforcement in the wall is at this point in non-linear 

material response. The yield stress is defined to 430 MPa, as described in 

section 3.5.2. No experimental data is available for comparisons and 

verification of the predictions made at present time. 

 

Figure 4-27 Predicted equivalent reinforcement stress after isotropic 

concrete expansion (3 mm/m), before initiation of the 

horizontal displacement, for the ASR A1 specimen 

numerical simulations. 

4.5. Sensitivity analyses 

One major benefit of using numerical simulations is the possibility to quite 

easily vary input parameters to study what-if-cases, something often called 

sensitivity analysis. Results and conclusions from selected cases of such 

sensitivity analyses will be presented here. Unless otherwise explicitly 

specified, the base state model compared to the regular concrete (REG A) 

model presented in section 3.6. 

The general results show that numerical predictions for the studied shear 

wall problem in some situations may vary quite much for varied simulation 

input data. This result variability seems to arise due to differences in the 

load-path, which are here most apparent as graphical interpretations of the 

tensional damage parameter (here used as crack patterns). Initially stiffer 

whole wall response, which is not always intuitive, sometimes result in less 

ductile behavior. 
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4.5.1. Boundary conditions 

Numerical model boundary conditions most often have a significant impact 

on simulation results, and are typically important model input parameters. In 

the real world however, boundary conditions are rarely as straight forward as 

what often is conveniently assumed in numerical simulations. To illustrate 

the impact of two different cases of boundary condition assumptions for the 

structure used within this report, this section is included. Another reason to 

include this particular study is because no information, data acquired 

concerning actual conditions at the experimental situations, are available. 

Two extreme cases of rotational boundary conditions for the test specimen 

upper beam are selected, and presented, here. The two cases are; fully 

restrained in-plane rotations, and free rotation capability, as the base model 

described in section 3.6. 

The monotonic horizontal push over response for the two different boundary 

conditions, and crack pattern, at 2.8 mm horizontal displacement, can be 

seen in Figure 4-28. It is apparent from this figure that the restrained 

rotational motion of the upper beam strongly governs the crack pattern 

developed during the event. Instead of the combined effects of both shear 

and in-plane moment, resulting in an inclined crack pattern and extensive 

horizontal cracking at the base beam, for the unrestrained rotation (to the left 

in Figure 4-28), the development of multiple shear cracks can be noticed for 

the wall responding in shear only (to the right in Figure 4-28). 

Figure 4-29 is included to show the gradual increased response at 1.6 and 5.2 

mm horizontal displacement, for the wall having restrained in-plane rotation 

at the top beam. 

Figure 4-30 show a comparison of horizontal push over capacity functions 

for the two different extreme cases of upper beam rotation restraints models. 

Allowing in-plane rotations will result in a mixed mode shear and bending 

failure. A significant increase in whole structure ultimate capacity can be 

seen for the wall having restrained in-plane rotations at the top beam. This 

effect is valid for both elastic and in-elastic structural response. Just as for 

other parameters which increase the ultimate shear capacity, restrained 

rotations may cause a more brittle and less ductile whole wall response. 

It should be noted that the two selected cases are extreme cases, and the 

actual behavior of the structures are likely somewhere in between this 

behavior, but fairly close to the top beam free rotation condition. The applied 

vertical load also governs this response, to some extent. Unfortunately, no 

experimental data to confirm the actual experimental setup in this 

perspective are at present time available. 
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Figure 4-28 Monotonic horizontal push over response and crack 

pattern at 2.8 mm horizontal displacements for the free top 

beam rotation (left figure), and restrained in-plane rotation 

(right figure). Displacements are magnified 40x. 

 

Figure 4-29 Monotonic horizontal push over response at 1.6 and 5.2 

mm horizontal displacement, for the wall having restrained 

rotation at the top beam. 

 

Figure 4-30 Comparison of whole wall horizontal push over capacity 

functions for the two different upper beam rotation 

capabilities. 
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4.5.2. Solid element selection issues 

Within the work presented in this report, several types of solid element types 

available in the ABAQUS/Explicit solver have been tested; C3D8R (8-node 

brick element), C3D4 (4-node tetrahedron), and C3D10M (modified 10-node 

tetrahedron). These element types are described in more detail in the 

ABAQUS manual [4]. The reason for testing a variety of different element 

types were originally observed deviations in non-linear response, compared 

to the experimental results. The brick element model use element side 

lengths of 25 mm, and the tetra mesh models are split mesh from that model. 

Figure 4-31 show a comparison of whole wall horizontal push over capacity 

functions for the various tested element types. The top beam was free to 

rotate in-plane in all simulations, as this is expected to reflect actual 

conditions well. 

Solid and shell elements in the ABAQUS/Explicit solver use first order 

(linear) reduced integration elements. For first-order elements including 

reduced integration, hourglass control is required to avoid hourglass modes. 

The reduced integration 8-node brick element, of type C3D8R, suffers from 

such hourglass effects for the simulated shear problem, which normally may 

indicate that a mesh refinement is required. In combination with the CDP 

material model used, this result in a substantial swelling effect in the 

thickness direction of the non-linear regions of the wall. This also result in a 

much too soft response for the wall after crack initiation. As a result, these 

brick elements are not selected for use for the final model. 

Regular 4-node tetrahedron (type C3D4) elements are for many applications 

considered to result in an overly stiff structure. In addition, the resulting 

crack pattern formed a single diagonal band across the wall structure, which 

did not reflect experimental experience. The elements were not used further. 

Using modified tetrahedron (type C3D10M) elements as host elements for 

the embedded reinforcement bars, only the corner nodes of the elements are 

tied to the embedded elements, by software implementation. This may result 

in a softer behavior than if all nodes of the element were used to tie the 

embedded reinforcement elements. The importance of this feature is not 

investigated. In the simulations carried out, the artificial strain energy was 

kept at a moderate level. Together with a reasonable ultimate capacity, and a 

realistic crack pattern, this element type was selected for further use. 
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Figure 4-31 Comparison of whole wall horizontal push over capacity 

functions for tested element types. 

4.5.3. Concrete fracture energy 

Numerical simulations carried out as part of the sensitivity analyses predict 

that the concrete material Mode I fracture energy (GFI) influence the 

ductility, and crack pattern, of the studied shear wall. The ultimate shear 

capacity is not affected to the same degree, for the studied configurations. 

The tabular definition method of the concrete uniaxial tension as a function 

of crack width has been used in this work, as the two-parameter definition 

(ultimate uniaxial tension and fracture energy) include a linear decay shape 

of the tension stress. The inclusion of an exponential-type decay shape has 

for some conditions been observed to be important, whereas for other 

situations this has not been an important parameter. 

Figure 4-32 show a comparison of horizontal push over capacity functions 

for varied Mode I fracture energy of the concrete material. In the figure, it 

appears as defining too high fracture energy cause an excessive ductility 

capacity. The results may indicate that the used Mode I fracture energy, 

supplied from experimental data (see section 2.3), are over estimated. This 

may be one reason for the noted excess in ductility capacity in the REG A 

base numerical model used in this report. However, altering other material 

input simultaneously (not done here) may yield different results, which show 

the importance of having well defined physical material model input 

parameters, that are possible to determine experimentally. See discussion in 

section 3.5.1. The comparison in the figure also show something seen 

several times during the work within this project, that a seemingly logically 

“weaker” model (here lower GFI) may during some stage exhibit a stiffer 

behavior than a model that nominally should be “stronger”. This is here seen 

as increasing GFI not consequently result in a higher capacity of the shear 
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wall, but the load paths, and crack pattern and propagation, may vary as a 

result of the evolution of the wall response. 

Numerical predictions of the different crack patterns, crack initiation and 

crack propagation, for the studied cases are included below. The data shown 

origin entirely from numerical simulations, and how much of the response 

that are artefacts of the numerical implementation and material model, and 

how much correspond to actual physical response is not possible to 

determine currently. Experimental data to support, or reject, the predicted 

behaviors are not available at present time. However, the numerical results 

show that the shear loaded squat wall phenomena studied result in complex 

stress/strain patterns, which may be quite sensitive to input variations. 

 

Figure 4-32 Comparison of whole wall horizontal push over capacity 

functions for varied Mode I fracture energy. 

Figure 4-33 show visualizations of the monotonic horizontal push over 

response at 0.8 and 5.0 mm prescribed horizontal displacement, for the wall 

with a specified Mode I fracture energy of 60 N/m. Crack initiation start at 

the lower left junction between the bottom beam and the wall, as for all the 

other simulations. A 45-degree angle crack then form early in the event, 

reaching from the lower right side of the wall, and up to the junction with the 

top beam. This result in a triangle (base is upward) with primarily 

compression stress at the upper right side of the wall. Tensional crack 

progression then occurs along the lower left side of the wall, the left end 

barbell wall, and along the diagonal of the main wall. The final crack opens 

parallel to the initial 45-degree angle crack, crushing the lower base of the 

right barbell side wall. 
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Figure 4-33 Numerically predicted crack patterns at 0.8 and 5.0 mm 

horizontal monotonic displacement, for concrete having 

Mode I fracture energy (GFI) 60 N/m. 

Figure 4-34 show visualizations at 0.8 and 5.0 mm prescribed horizontal 

displacement, for the wall with a specified Mode I fracture energy of 120 

N/m. Crack initiation and progression is here somewhat different from the 

case described above, in that the crack pattern consist of major cracks 

primarily running along, or parallel to, the wall diagonal. 

 

Figure 4-34 Numerically predicted crack patterns at 1.0 and 8.0 mm 

horizontal monotonic displacement, for concrete having 

Mode I fracture energy (GFI) 120 N/m. 

Figure 4-35 show numerically predicted crack patterns at for the REG A test 

specimen base model, having Mode I concrete fracture energy of 179 N/m. 

The predicted crack pattern is here in general oriented at a larger angle than 

the other models predict. Multiple parallel cracks progressively form at the 

right (compressive) side of the wall. Ultimately, a band of cracks form along 

the wall diagonal. 
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Figure 4-35 Numerically predicted crack patterns at 1.0 and 8.0 mm 

horizontal monotonic displacement, for concrete having 

Mode I fracture energy (GFI) 179 N/m. 

4.5.4. Concrete compression side 

Experimentally derived data for the concrete materials indicate very high 

ultimate compression capacity for the concrete materials used. A limited 

study of the influence of the ultimate compression is included. Figure 4-36 

show a comparison of horizontal push over capacity functions for varied 

material ultimate compression in the numerical model. 

The base numerical model has a specified ultimate compression of 79 MPa 

(see experimental data in section 2.3), and the material assigned a low 

compression have a specified ultimate compression of half of that. This is a 

very big material parameter change, and the sensitivity study is carried out 

on a conceptual level, not indicating that the lower ultimate compression 

value must necessarily represent an actual concrete material, but more to 

illustrate the importance of the compression side in terms of entire wall 

capacity. 

Simulation results for ultimate compression specified from an equivalent 

cube test is also included. Here a rough assumption that the ultimate 

compression from a cylinder test is approximately 80 % of that of a cube 

test, has been used. Differences to the specified ultimate compression value 

from cylinder tests are seemingly small, for the configuration in this 

example, but may be important for other configurations. See section 3.5.1 for 

further discussion on material model input. 
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Figure 4-36 Comparison of horizontal whole wall push over capacity 

functions for varied material ultimate compression in the 

numerical model. 

4.5.5. Concrete elastic stiffness 

Experimentally derived data for the concrete materials indicate very high 

elastic stiffness for the concrete materials used. A limited study of the 

influence of the elastic stiffness is therefore also included. Figure 4-37 show 

a comparison of whole wall horizontal push over capacity functions for 

varied concrete material elastic stiffness in the numerical model. 

The base numerical model has a specified elastic stiffness of 47 GPa (see 

experimental data in section 2.3), and a model using a lower elastic stiffness 

of 40 GPa has been included. This is a realistic material parameter change, 

and illustrate the (low) importance of the elastic material stiffness in terms of 

entire wall capacity. 
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Figure 4-37 Comparison of horizontal whole wall push over capacity 

functions for varied concrete material elastic stiffness in 

the numerical model. 

4.5.6. Influence of vertical load 

The external vertical load has an influence on the ultimate shear capacity for 

the studied shear problem. Figure 4-38 and Figure 4-39 show a limited 

comparison of predicted horizontal push over capacity functions and crack 

patterns for varied vertical load. The base simulation has an external vertical 

load of 800 kN, and in the sensitivity analyses this load have been varied 

with a value of ±200 kN, to show example result differences. 

The most note-worthy result change is for the numerical simulations of the 

decreased vertical load. The ductile behavior has here reached a threshold 

value (cliff-edge effect) as the normal force were lowered. The resulting 

failure mode is here predicted to be in the form of a distinct diagonal crack, 

parting the wall in two relatively equal triangle shaped parts. The increased 

vertical load seems to result in more evenly spaced crack pattern than the 

case for the base simulation configuration, REG A. The predicted resulting 

crack patterns are shown in Figure 4-39.  
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Figure 4-38 Comparison of horizontal whole wall push over capacity 

functions for varied vertical load. 

  

Figure 4-39 Numerically predicted crack patterns at 4 mm horizontal 

monotonic displacement. Left figure show simulation 

result for decreased vertical load, and right figure 

increased load results. 

4.5.7. Shell element model 

For engineering simulations of entire nuclear structures, practical aspects, as 

for instance model size, and convenient concrete cross section output 

availability, sometimes make shell element models an attractive option. To 

consider this practical aspect of numerical model refinement level, shell 

element models has been created to compare results, in terms of shear failure 

mechanism and ultimate capacity, to the solid element model otherwise used 

and presented in this report. The shell models are not described in much 

detail here, but are created to be equivalent to the solid element base model 

otherwise used in this chapter. To illustrate the effects of FE mesh 

refinement, three different spatial discretizations are selected, using the S4R 
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4-node general purpose shell element with reduced integration and hourglass 

control [4]. Element side lengths selected are; 100 mm, 50 mm, and 25 mm. 

The upper beam is free to rotate, as the base model described in section 3.6 

and 4.5.1. This free rotation result in a mixed bending and shear structural 

response where the prescribed horizontal motion, translating the upper beam 

to the right in the figures below, give tension on the left side and 

compression at the right side in the figures. 

The implementation of steel reinforcement modelling differs in the shell 

model, from the solid element model. In the solid element model, discrete 

bar elements are embedded into the solid elements, whereas in the shell 

element model this approach is not supported. Instead, smeared rebar layers 

are used. This result in a model in which reinforcement is available in every 

concrete element, and localized effects from cracking are less pronounced. 

Results from this study include the observation that even a fairly course 

spatial discretization for the shell element model, to some degree, capture the 

overall structural response, compared to models using short element sides. 

Responses in the walls are initially elastic, until crack initiation at the tension 

side (left in Figure 4-40) at the wall and lower beam junction. After that, a 

diagonal crack area propagates from the wall upper left side to the lower 

right (compression side), dividing the rectangular shaped wall into two 

triangles, as the horizontal movement of the upper beam progress. In the 

models using short element sides, an initial diagonal crack with an angle of 

more than 45° form, but as the horizontal force increase an entire band of 

such cracks develop, and the final horizontal crack span over the entire wall 

width. This final diagonal crack then has a much more slanted angle. As the 

lower end of the right end wall break in compression, the whole wall 

structural capacity is rapidly decreasing. For course element discretization, 

crack patterns are naturally smeared over a larger geometric area. As 

element size decrease, crack patterns tend to be more localized, which can be 

seen in Figure 4-40. 

Figure 4-41 show a comparison of horizontal whole wall push over capacity 

functions for the different tested spatial discretizations of the shell element 

numerical model. For the studied load case, the in-plane shear motion 

activates a considerable amount of artificial strain energy in the model due to 

the element formulation of the 4-node reduced integration shell elements. 

This result in unphysical non-linear responses in the numerical model for the 

load situation, which is the major contributing factor to the discrepancy 

between the observed numerical response and the experimental results. A 

typical indication of this problem, coarse element discretization give a softer 

structural behavior than fine element discretization, can be seen in the figure. 

In addition, for the coarse 100 mm element side model, the whole structure 

stiffness increase as damage progress, which is also an (un-physical) 

indication of this effect. The effect of dominating artificial strain energy for 

the problem may also result in an insensitivity to material parameter 

changes, not seen when using the C3D10M elements to model the wall. In 

conclusion, for the studied shear wall case, the used shell element modelling 

technique result in the prediction of a low ultimate nominal shear capacity 

for all the different spatial discretizations used, compared to the 

experimentally measured capacity. However, structural ductility may be 

overestimated, and a suitable ultimate shear deformation criterion should be 
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used to avoid this. As a consequence of the above, great care should be taken 

when using the studied reduced integration shell elements result in non-

linear material response, for structural assessments of in-plane shear 

dominated problems for squat concrete walls. 

As a practical note, for the three-dimensional shell elements available in 

ABAQUS/Explicit, transverse confining effects from ASR expansion are not 

possible to model. 

 

Figure 4-40 Monotonic horizontal push over response at 1 and 3 mm 

horizontal displacement, for a wall shell model using 

element side length 25 mm. 

 

Figure 4-41 Comparison of horizontal whole wall push over capacity 

functions for the different spatial discretizations of the 

shell element numerical model. 

4.5.8. Type of reinforcement modelling 

For the solid element model, two types of elements have been tested for the 

steel reinforcement model of the concrete structure; truss elements (type 
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T3D2 [4]), and beam elements (type B31 [4]). The truss element of type 

T3D2 is essentially equivalent to a spring element. 

Normally truss elements, having the capability to transfer forces in tension 

or compression only, are often used to model reinforcement in structural 

assessments. For most applications, this is an appropriate approximation of 

the steel reinforcement intended load transfer capability. Beam elements, 

being computationally somewhat more expensive but capable to transfer 

moment, are often not used because they are unnecessarily complex for the 

task. However, in the case of a shear dominated load situation for a relatively 

slender wall segment, and ultimate capacity evaluation, the beam element is 

here considered a more appropriate element selection due to differences in 

both ultimate capacity and crack patterns between the two modelling 

alternatives. This difference has been noted to be small, or large, depending 

on the specific problem conditions. 

Figure 4-42 show an example comparison of horizontal push over capacity 

functions for the two different reinforcement models. The models here 

compare well until the damaged volume in the wall is unable to transfer 

forces across the concrete material alone. For situations where this effect 

becomes important, most likely localized concrete-reinforcement interaction 

effects may also be of interest. The used numerical model does not include 

any interface nor bond-effects. 

 

Figure 4-42 Example comparison of horizontal whole wall push over 

capacity functions for the two different reinforcement 

model alternatives. 

4.5.9. Confining effects - ASR concrete expansion 

General conditions for the used numerical modelling of ASR effects are 

discussed in section 3.11. In the used numerical model, all concrete volumes 

including the elastically modelled upper and lower beams, are assumed to be 
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of the same reactive concrete type concerning the expansion. Uniform and 

isotropic material expansion is used in this study. 

The effects of including the ASR concrete expansion, to capture confinement 

effects, has been studied for the shear wall configuration under investigation. 

The over-all effects on structural shear resistance of ASR affected structures 

are not straight forward for the general case, but determined by material 

strength losses, combined with the possible positive effects of structural 

element confinement from material swelling in combination with structural 

element restraints. The structural element restraints are here limited to the 

reinforcement, as no external boundary conditions are applied (model free to 

uniformly expand during expansion phase). 

A few different uniform and isotropic material expansion ratios have been 

simulated, ranging from 0.05 %, to 0.3 % (see section 3.11), using the 

experimentally derived material parameters of the ASR A1 test specimen 

(see Table 2-1). In addition, expansion up to a very large value of 1 % has 

been simulated, to study the potential effects for the wall of this extreme. 

Figure 4-43 show a comparison of horizontal whole wall push over capacity 

functions for different ASR expansions. Expansion up to around 0.3 % 

increase the ultimate capacity of the shear wall in this limited study. Around 

that level of expansion, the reinforcement steel utilization become a limiting 

factor for the wall, and further expansion become negative for the wall 

ductility, and to a lesser extent for the ultimate capacity. This seem natural, 

as the yield stress often is related to the 0.2 % strain value. It appears as very 

large expansion is needed for the reinforcement to become a limiting factor. 

For practical applications, the long-term confining effect may decrease due 

to relaxation of the reinforcement steel. Note that no material parameters 

have been adjusted in this numerical study. 
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Figure 4-43 Comparison of horizontal whole wall push over capacity 

functions for the different ASR expansions. 

4.5.10. Influence of dilatation angle 

The dilation angle of the material model alters the volumetric behavior of the 

material model, and has an influence on the studied shear wall problem. The 

dilation angle ψ is measured in the p-q plane at high confining pressure, and 

indicates the ratio between the volume change and the shear strain. The 

dilation angle value for concrete is commonly specified in the range of 30° 

to 40°, according to [4]. This material model input parameter is considered 

difficult to experimentally determine, and is not by any means a usual 

material parameter to determine for concrete. See sections 3.4.2 and 3.5.1 for 

further discussions. 

The angle is chosen to be 38° for the base simulation otherwise used in this 

report, based on the work in [4]. In the sensitivity analyses carried out this 

value have been varied between 10° and 56°, to show example result 

differences. Figure 4-43 show a limited comparison of predicted horizontal 

push over capacity functions for varied input values of the dilation angle. It 

is concluded that the maximum shear force capacity of the wall seems to be 

less sensitive for variations of the dilation angle input parameter than the 

evolution of whole wall force-displacement function. 

The most note-worthy result change is for numerical simulations of chosen 

dilation angles between a range below and above around 34°. The resulting 

crack pattern and failure mode is in this range predicted to be substantially 

different for small changes of this parameter. Numerically predicted 

resulting crack patterns are shown in Figure 4-44. The two very different 
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responses of the shear wall seem to develop already in the earliest states of 

non-linear response, and the initial stress field is believed to have a great 

influence on the yield surface and this behavior. Whether this is purely a 

numerical feature, significant to the used material model, or if it may also be 

experimentally confirmed, is not known at present time. This issue is noted 

for this studied shear wall problem, and considered a great concern, but not 

pursued further within the work presented in this report. 

 

Figure 4-44 Comparison of horizontal whole wall push over capacity 

functions for selected input values of the dilation angle. 

 

Figure 4-45 Numerically predicted crack patterns for horizontal 

monotonic displacement. Left figure show simulation 

result for dilation angle set to 35°, and right figure 33°. 
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4.6. Comparisons to conventional design 

4.6.1. Introduction 

To assess design code margins for the studied case, experimental and 

numerical results are compared to a limited set of conventional design code 

capacity. For Swedish conditions design code is selected according to 

recommendations in the design guide DNB [24]. The studied wall was 

designed using code equations for shear friction, according to [2]. However, 

the studied experimental test specimens were constructed (cast) in one piece 

with no division into different casting parts during construction. 

There are no specific design code provisions for squat reinforced concrete 

shear walls included in the Eurocode EC2 [21], nor EC8 [25], design codes 

[26]. It should also, in this context, be mentioned that Eurocode for seismic 

design, EC8 [25], explicitly does not apply to nuclear structures. 

Code calculations in this section include regular, e.g. non-ASR affected, 

structures only, as no code equations for ASR degraded nuclear structure are 

currently available. Concrete material properties used in the calculations 

reflect equivalent design values estimated based on the 28-day experimental 

material data presented in section 2.3.  The favorable compressive vertical 

force of 800 kN is accounted for in the calculations. 

4.6.2. Result summary 

The design code capacity according to section 6.2.5 in EC2 is calculated to 

1360 kN for the wall as a whole (see section 4.6.3). Conservatisms lowering 

the capacity include the decrease of the parameter c by a factor of 2 

(dynamic loads), and a conservative assumption of active wall reinforcement 

in the barbell end walls, see section 4.6.3. The fact that this value still 

exceeds the experimentally measured shear force capacity (see Table 4-1) 

may come from the actual load situation in the experiments, and the resulting 

fracture mode, as this appears to have been a combination of shear and a 

bending moment. This due to the unrestrained in-plane rotation of the top 

beam as discussed in section 4.5.1 and visualized in Figure 4-2. This load 

situation is quite different from an assumed uniform shear stress in the 

capacity calculations. Nevertheless, this loading situation may be realistic for 

a shear wall as the one studied, and the code equation capacity here exceed 

the experimentally derived capacity of the studied wall. Using the shear 

friction design option is consequently non-conservative, and not 

recommended for the studied design situation. 

The beam shear capacity for a compressed section, VRd,c is calculated to 230 

kN for the studied case (see section 4.6.4). This value is considerably lower 

than the value obtained using the formula for shear friction, partly due to the 

uncertainty in the shear fracture mode, and considered a lower bound value 

for the shear capacity. This calculated shear capacity is also considerably 

less than the experimentally derived shear capacity. 
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4.6.3. Shear friction in SS-EN 1992-1-1 

No explicit design code provisions for shear capacity of reinforced concrete 

squat shear walls are included in the Eurocode 2 (EC2) [21]. However, in 

line with the work presented in [26], section 6.2.5 of EC2, “Shear at the 

interface between concrete cast at different times”, may provide an 

approximation of the design shear capacity between the wall and base beam 

part of the specimen. This EC2 design provision showed the highest 

sensitivity to the wall normal stress (vertical load) of the design equations 

studied in [26], and the highest shear capacity, regardless of concrete 

strength or reinforcement content in the wall. The fracture mode considered 

is an even shear fracture along the entire casting interface. 

To derive a conventional design shear capacity per EC2, a concrete quality 

class of a fairly high strength concrete, corresponding to C45/55 according 

to Table 3.1 in EC2, is assumed here for the calculations. This choice is 

based on the 33-day test results presented in [13], where the cylinder 

strength is given to 53 MPa. Calculations of the shear capacity using the 

shear stress at the interface between concrete cast at different times, section 

6.2.5 of EC2, are included below. 

vRdi is the design shear resistance at the interface, given by equation 6.25 in 

EC2: 

vRdi = c fctd + μ σn + ρ fyd (μ sin α + cos α) ≤ 0.5 ν fcd 

The design shear resistance in this equation consist of three parts, governed 

by; 1) the design concrete tensile strength (c fctd), 2) the normal stress at the 

interface (μ σn), and 3) the reinforcement crossing the interface (ρ fyd). With 

values discussed below, vRdi is calculated to 8.85 MPa for the studied case. 

This in turn give a whole wall design shear force capacity of (V = vRdi x Ai) 

1360 kN. Design shear resistance per equation 6.25 in EC2, divided into the 

different parts of the equation are shown in Table 4-2. Values used in 

equation 6.25 in EC2 are presented below. It is noted from the values in the 

table that the vertical load and the reinforcement content have large impacts 

on the wall capacity, and the tensile strength influence less. 

Table 4-2 Design shear resistance per equation 6.25 in EC2, divided 

into the different parts of the equation. 

Shear resistance part of equation 6.25 in 

EC2 [21] 

Shear stress at 

interface (MPa) 

Shear force at 

interface (kN) 

Design tensile strength dependent part 0.56 87 

Normal stress dependent part 4.77 734 

Reinforcement dependent part 3.52 542 

Summary 8.85 1360 

 

Calculation input variables 

The two factors depending on the roughness of the interface, c is set to 0.5, 

and μ to 0.9, to obtain the maximum allowable shear transfer capacity, as the 

section considered is not an actual construction joint, but rather cast at one 
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time. Under fatigue or dynamic loads, the values for c in should be divided 

by a factor of 2 (i.e., c = 0.5 / 2 = 0.25). The used reduction of c reduces the 

wall shear capacity. 

The design compressive strength, fcd = αcc fck / γC = 37.5 MPa (equation 3.15 

in EC2), is calculated as defined in section 3.1.6 (1)P, where fct is 45 MPa. 

αcc is a coefficient taking account of long term effects on the compressive 

strength and of unfavorable effects, resulting from the way the load is 

applied. The recommended value in the National Annex is 1.0. The partial 

factor for the reinforced concrete material for ultimate limit state in an 

accidental design situation, γC, is 1.2, according to Table 2.1N. 

The design tensile strength, fctd = αct fctk,0.05 / γC = 2.25 MPa (equation 3.16 in 

EC2), is calculated as defined in section 3.1.6 (2)P, where fctk,0.05 is 2.7 MPa. 

αct is a coefficient taking account of long term effects on the tensile strength 

and of unfavorable effects, resulting from the way the load is applied. The 

recommended value in the National Annex is 1.0. 

Ai is the area of the joint/interface (0.154 m2), here calculated as the wall 

section width (bi = 0.1 m) times the wall length (1.3 m), and including the 

thickness of the barbell end walls (2 x 0.12 m). The wall length lw, is then 

1.54 m. Barbell sections outside of the wall thickness is disregarded from 

here, although this material does contribute slightly to the structural 

capacity. Geometric dimensions of the test specimen are visualized in Figure 

2-1. 

σn is stress per unit area caused by the minimum external normal force 

across the interface that can act simultaneously with the shear force, positive 

for compressive forces. The normal stress is calculated as the total vertical 

force divided by the interface area. The vertical forces at the lower wall-

beam interface are the external vertical force (800 kN) plus the weight from 

the wall and the top beam (16 kN), in all 816 kN. σn is then calculated as 816 

/ Ai = 5.3 MPa. This stress is considered relatively high, and at the end 

contribute considerably to the final shear capacity of the wall. 

As is the area of reinforcement steel crossing the interface. In all, 20 

vertically oriented M10 reinforcement bars exist in the wall, 12 bars in the 

actual wall element, and 4 bars in each of the two barbell end walls. The 

reinforcement here considered is the reinforcement of the wall element only, 

as this reinforcement is evenly distributed over the wall length. However, in 

practice, the vertical reinforcement of the barbell sections interacts with the 

wall and do increase the capacity to some extent. The radius of each M10 bar 

is 5.65 mm. As is then 12 cm2. In case all 20 bars are considered, As would 

increase to 20 cm2, and the shear capacity of the structure would increase. 

The reinforcement ratio, ratio between steel and concrete cross section area, 

ρ, is calculated as: ρ = As / Ai = 0.0012 / 0.154 = 0.0078 

The reinforcement steel design yield stress, fyd, is defined as fyd = fyk / γS. fyk 

is here set to 500 MPa. The partial factor for the reinforcing steel material 

for ultimate limit state in an accidental design situation, γS, is 1.0, according 

to Table 2.1N in EC2. fyd, is then 500 MPa. 

The condition that vRdi ≤ 0.5 ν fcd (11.1 MPa) is fulfilled. ν is a strength 

reduction factor for concrete including shear cracks (see section 6.2.2 (6) in 

EC2), calculated as (equation 6.6N) ν = 0.6 (1 – fck / 250) = 0.59. 
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The angle of reinforcement, α, is 90 degrees relative to the interface surface. 

4.6.4. Beam shear capacity SS-EN 1992-1-1 

As a lower bound of the design shear capacity, section 6.2.2 of EC2 [21], 

“Members not requiring design shear reinforcement”, is used as a 

complement to the calculations above. This expression is valid for beam type 

of structural members, which this wall not fulfill the geometric properties of. 

In addition, the expression does not consider the capacity increase due to 

shear reinforcement. 

The shear resistance of regions cracked in bending, of prestressed single 

span members without shear reinforcement, may be calculated using the 

expression (6.2a in EC2): 

VRd,c = [CRd,c k (100 ρI fck)1/3 + k1 σcp] bw d 

With values discussed below, VRd,c is calculated to 230 kN for the studied 

case. 

The calculation input variables used in the formula above (expression 6.2a in 

section 6.2.2 of EC2) are specified in section 4.6.3 above and therefore nor 

repeated here. 

4.6.5. Numerical simulation capacity comparison 

To compare the design code equation shear capacity to the predicted shear 

capacity using numerical simulation, a simulation using 28-day material 

parameters corresponding to the EC2 C45/55 concrete was carried out. This 

information is given as a compliment to the result otherwise given in this 

report, where best estimate material input are used for the numerical 

simulations. 

Concrete strength values used are given above. The elastic stiffness was set 

to 36 GPa, according to EC2. The concrete material was assigned a mode I 

fracture energy of 107 N/m for the used material model in the numerical 

simulation. Guidance for this material model parameter is not available in 

EC2. 

Figure 4-37 show a comparison of horizontal whole wall push over capacity 

functions between the experimental results, numerical results for the best 

estimate material, and the EC2 design code based C45/55 concrete material 

in the numerical model. The ultimate shear capacity of the studied wall is 

here 860 kN, using EC2 code based material input values for the numerical 

simulation. This value is concluded to result in a conservative estimate 

compared to code equations and experimental results. 
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Figure 4-46 Comparison of horizontal whole wall push over capacity 

functions between the experimental results and numerical 

results for the best estimate material and the EC2 design 

code based C45/55 concrete in the numerical model. 
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5. Discussions 

5.1. Overview comparisons between experimental and 
numerical results 

Shear response of reinforced concrete structures include complex stress 

states, and a combination of experimental testing and numerical simulations 

may significantly increase the understanding of the phenomenon involved. 

In this report, presented results indicate a capability of the used numerical 

tool (ABAQUS/Explicit and CDP material model) to simulate the 

experimentally observed effects of advanced non-linear material behavior 

for a monotonic shear load event, see section 4.1. For a cyclic load event, the 

numerical prediction capability of the studied shear problem seems to be less 

satisfactory, depending on spurious features of the used material model. 

The intentions for the numerical simulations have been to accept 

experimentally derived and delivered material properties as is, and to 

consider these values best estimate material properties, without modifying 

these. Some questions related to experimentally derived material properties 

do however remain, and possibly the preformed sensitivity analyses indicate 

that different material property input would result in better correlation 

between experimental and numerical results. This path has however not been 

pursued, as experimental data and results are not statistically assured, and the 

experimental data has been considered as indicative results. This non-

adjustment of the material model input to some extent explains the ductile 

behavior seen in many the numerical simulations, when compared to 

experimental results. 

In addition, the use and acceptance of the commonly accepted material 

parameters as input for numerical simulations is also an open question, 

which is perhaps mostly interesting in the case of best-estimate numerical 

simulations (as opposed to a design situation, where conservative 

assumption are targeted). The only parameter investigated in some depth is 

here the use of the ultimate compressive stress from cylinder test specimens 

(see section 3.5.1). This is concluded not to be a material parameter, but a 

combined value from both material and specimen geometric shape, which 

can never be considered a material parameter to be used in a constitutive 

model. Instead, the compressive strength from cube specimen tests appear to 

be close to a true material parameter. For a design situation, the lower 

ultimate compression value produced by using cylinder specimen tests, 

instead of cube tests, may for most situations be considered a reasonable 

conservative approach for structural assessments. The same type of material 

model input assessments must however be made for all other input material 

parameters used, to provide the possibility to make informed decisions when 

selecting model input. 

Another very important, and not resolved issue, is the question of the exact 

interactions with surrounding structures and loading equipment during 

physical testing. This issue has been proven to affect numerical simulation 

output to a certain degree, and need to be understood quite well. This is an 
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observed factor of uncertainty in the comparisons between experimental and 

numerical results. 

5.2. Relevance for assessments of an actual NPP 
structure 

The studied, reduced scale, 100 mm thick shear wall specimens used in the 

experiments include a single layer of orthogonal web reinforcement, located 

at the wall center surface. For the ASR affected concrete walls in the 

experiments this mean no, or very little, confining pressure in the wall 

thickness direction. This reinforcement design differs from current design 

practice of reinforced concrete walls in safety related structures at nuclear 

power plants, but may agree better with the design of structures at some 

existing plants. 

The purpose of this numerical work is however to study to what extent the 

results produced by the used numerical tool compare to experimental results, 

to evaluate the suitability of the used numerical method for shear wall 

problems. In doing this, the limited amount of experimental results, not 

being statistically assured, should also be kept in mind. At a whole, it 

appears as the ultimate capacity in this shear wall problem may be predicted 

satisfactory, and crack patterns and the failure mode compare reasonably 

well in visual comparisons. The ductility of the wall for some input choices 

have been overestimated, which is a concern, and in practical cases some 

strain limitation criteria may be used to prevent this. 

5.3. Comparisons to design code capacity 

A limited study, including EC2 only, to assess conventional design code 

margins compared to experimental and numerical results for the studied 

case, were included in this work (section 4.6). It is concluded that the design 

shear friction code equation capacity exceeds the experimentally derived 

capacity of the studied wall. The reason for this is different load and fracture 

mode assumptions. It is recommended that further work along this direction 

is pursued, preferably including also nuclear codes ASCE 43-05 [27] and 

ACI 349 [28]. 

5.4. Comparisons between regular and ASR affected 
structure 

The experimental observations of the ASR affected structures, here meaning 

the increase in shear capacity although having a weakened material (see 

sections 2.3 and 2.6), were numerically confirmed, even for the simplified 

engineering approach used. Conceptual differences were studied and 

explained as mainly resulting from confinement effects due to the internal 

swelling induced by the chemical reactions. See sensitivity analysis in 

sections 4.5.9 and 4.3. The confinement effect origin from the post stressing 

of the embedded reinforcement steel, not from boundary concrete elements. 
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5.5. Numerical shear wall result variability 

It is noted in the numerical sensitivity analysis (section 4.5) simulations that 

sometimes fairly small input changes result in noticeable changes in output 

(wall response primarily in terms of crack pattern and wall ductility). An 

increase in shear capacity have for some situations been noted to 

simultaneously result in a decrease in whole wall ductility, which for some 

situations may be unfavorable. The working hypothesis for this result 

variability is that for this quasi-brittle material, the load path and progression 

over the event is dependent on the formation of initial crack pattern and 

crack propagation. This variability effect has been noticed on several 

occasions before, both for experimental and numerical work [8]. 

5.6. Experimental result variability 

Variability in experimental results are not investigated in the test campaign, 

as only one test specimen of each configuration was tested (see section 2.2). 

This situation is noted, and experimental data are regarded as indicative 

only. 

5.7. Wall ultimate ductility capacity 

The precise determination of the ultimate displacement (ductility measure) is 

non-trivial, and some criteria should ideally be used for evaluating this 

parameter. In the evaluations of this parameter within this report, a 

subjective approach is used, based on when the ultimate diagonal crack is 

formed. It should be noted that for implicit FE methods, the ultimate 

displacement capacity is not the same as non-convergence of the solver. 

5.8. Boundary conditions 

Because of what seems to be a free, almost unrestrained, rotation of the top 

beam during the experiments, pure shear response of the wall is not achieved 

at the physical tests. Instead, an in-plane bending motion develop, and a 

mixed mode failure is obtained. This phenomenon is clear from the 

boundary condition sensitivity analysis presented in section 4.5.1. The 

effects from this can easily be implemented in a numerical model, but 

choosing the correct design code equations to adjust for this response may 

not be as straight forward. 

5.9. Sensitivity analysis 

The studied shear load problem is a good example of the benefits of using 

sensitivity analysis for practical engineering problems. The variability of the 

problem results has shown that important cliff-edge effects may be 

discovered using varied input, and using sensitivity analysis are considered 

to be of good engineering practice. 

NEA/CSNI/R(2018)4/ADD1



84 
 

5.10. CDP material model used 

The CDP material model seems to capture the monotonic loading well for 

this type of shear wall problems. Responses for cyclic loading of this squat 

wall is however less satisfactory for this shear dominated problem. 

The used CDP material model is quite complex, as virtually all other existing 

non-linear material models, and include several non-intuitive input 

parameters. When using such a model for practical cases, specialist 

knowledge is required. In addition, sensitivity analyses may help in 

understanding the implications of various input options chosen for the 

specific situation. This may however not be entirely sufficient, and 

comparative validation examples for the load situations analyzed should 

preferably be available. 

5.11. Requirements on material model input data 

It has not been possible, within the work presented in this report, to in detail 

investigate requirements on experimentally derived material test data and 

relevant test methods for the material input parameters needed for the used 

material model. However, it is concluded that well informed decisions need 

to be made and justified for all material model input parameters. Using 

experimentally derived material parameters, it is important to be aware of 

what is an actual material parameter, appropriate as material model input, 

and what is merely considered to be a material property by force of 

conventional practice. 

5.12. Reinforcement steel modelling 

The non-linear response of the reinforcement steel material is modelled in a 

rough fashion here, using an idealized plastic behavior. This may have a 

slight effect of the ultimate capacity, and more so on the ultimate ductility. 

The effects of this is not pursued within the scope of the work presented in 

this report. 

Reinforcement bars are here modelled using bar elements (including bending 

stiffness), instead of using truss elements (transfer force along element only), 

as this for some configurations proved to be an important factor for both the 

crack pattern and ultimate ductility in the numerical wall simulations. Using 

truss elements consistently resulted in lower ductile capacity for the affected 

configurations, which is then considered to result in a conservative ductile 

prediction. 

It should also be noted that the bond interaction between the concrete 

volume and the reinforcement bar model is completely tied together. This 

may be important for the numerical results, and maybe primarily so for the 

ASR affected models. The incorporation of bond-slip effects into a 

numerical model is non-trivial, and not regarded as current common 

engineering practice. 
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6. Conclusions 
The ability of the Concrete Damaged Plasticity material model in ABAQUS 

to simulate the behavior of the studied shear wall were investigated, and 

found to be reasonably adequate in the case of monotonic pushover loading, 

for the studied shear dominated problem. For a simulation of the reverse 

loading cyclic event, numerical result comparison to experimental results is 

however concluded to be less satisfactory. The reason is mainly due to the 

basic nature of the used material model, which does not mimic the behavior 

of real-world reinforced concrete well for this type of loading condition, 

although this approximation has been proven to work well for other loading 

situations. 

It should be noted that only a limited amount of information concerning the 

experimental test results are known to the ASCET Phase 2 benchmark 

participants. In addition, due to both the unresolved questions regarding the 

given experimental results for the reference shear wall specimen (discussed 

in section 2.6), and unknown interactions and boundary conditions as well as 

used material model input, it is considered not possible to in full validate that 

the used numerical model satisfactory reflect the actual experimental test 

setup. 

The research project participation has however resulted in the following 

observations and conclusions, mainly concerning numerical simulations of 

the studied squat shear wall: 

1. General: Not ignoring the statements concerning validation of 

models in [29], it appears as if the general structural behavior of the 

numerical model monotonic push over load simulations of the 

studied shear wall compare well to the limited experimental results 

available. The maximum shear force capacity of the wall seems to 

be predicted with better accuracy than the evolution of whole wall 

force-displacement function. The general response and failure of 

reinforced concrete shear walls may consequently be simulated with 

some level of confidence, using similar configurations of finite 

element analyses. It should be noted that the non-linear shear 

response of the squat wall studied appear to be quite complex, and 

sensitive to several of the model input parameters, both material, 

loads and restraints. 

 

2. Experimental result comparison: Numerical simulation results 

confirm the experimental observation that ASR affected wall 

specimens, although having nominally weaker material properties, 

may possess a higher ultimate capacity than a structure with regular 

concrete material. This appear to be the result of confining effects 

resulting from the concrete ASR material expansion. Numerical 

sensitivity studies, based on evenly distributed isotropic material 

expansion and limited to the studied structure, indicate that the 

positive confining effects may increase the shear capacity up to 

material expansion levels beyond the reinforcement steel yield 
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strain. Experimental validation of this is yet to be confirmed. 

 

3. Material input: Due to the very complex structural response of the 

wall for the shear load, quite different crack patterns, and failure 

modes, may develop for seemingly small variations in structural or 

material input. In addition, all of the required material input 

parameters needed for advanced numerical models are seldom 

experimentally derived. To further complicate the situation, material 

tests conventionally used and normally considered to produce 

material specific parameters, including the characteristics of the 

material only, must be challenged and investigated if appropriate as 

numerical material model input. For example, the use of concrete 

compressive strength from tests on cube specimens in the concrete 

damaged plasticity constitutive model seems to be most appropriate, 

for a best estimate simulation of the physical response of concrete 

structures. This as compressive strength derived from testing of 

standard cylinder specimen are the combined result of the material 

and the geometry of the specimen tested. For design code based 

simulations of actual structures, the conservatively lower cylinder 

specimen derived values given in the codes should be used. For the 

example problem studied here, unresolved questions regarding the 

suitability as numerical model input of the given material properties 

from material tests, remain. Shear load situations seem to be more 

sensitive to material input than situations dominated by bending 

moments. The use of sensitivity studies when numerical simulation 

tools are used in design situations are recommended. 

 

4. Ultimate capacity: The wall ultimate shear capacity was 

consistently underestimated in the numerical monotonic push over 

simulations, compared to available experimental data. This means 

that the wall structural capacity may be predicted in a conservative 

way, as the predicted shear capacity is less than in the experiments. 

However, using this numerical technique and the concrete damage 

plasticity material model for dynamic events, where high 

accelerations are capacity limiting, meaning to derive floor response 

spectrum for systems and components in nuclear structures, the used 

technique may result in non-conservative results. 

 

5. Design code margins:  It is concluded that code equation capacity 

for shear friction, calculated per section 6.2.5 in EC2, exceeds the 

experimentally derived capacity of the studied wall. 

 

6. Boundary conditions: The global boundary conditions and 

interactions, as restraints on the top specimen beam, are important to 

model correctly. Restrained in-plane rotation of the top beam 

significantly increase structural maximum shear stiffness for the 

specimen. Allowing in-plane rotations will result in a mixed mode 

shear and bending failure. Just as for several other parameters which 

increase the nominal value of the maximum shear capacity, 

restrained rotations (which increase the maximum shear capacity) 

cause a more brittle and less ductile whole wall response. No 
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information concerning the actual experimental conditions are 

currently available. 

 

7. For Swedish conditions, compiled operational experiences [5] for 

nuclear reactor containments include no instances of suspected or 

confirmed ASR at units still in operation. Consequently, with current 

knowledge, AAR related problems should be of no practical concern 

for nuclear reactor containments in Sweden. 

 

8. Material model: The concrete damaged plasticity (CDP) 

constitutive model in ABAQUS is found to work reasonably 

adequate for the simulation of the failure modes investigated, for a 

monotonic pushover load. However, careful specification of the 

material model input parameters is essential for this shear load 

situation, to a higher degree than for other types of loading 

conditions. For reversed load cycles, in combination with 

progressive non-linear material response, the response and 

associated plasticity induced swelling of elements appear to produce 

unphysical results. 

 

9. Reinforcement modelling: The sensitivity analysis show that 

reinforcement modeled using beam elements, as an alternative to 

truss elements, for some configurations proved to be an important 

factor for both the crack pattern and ultimate ductility in the 

numerical wall simulations. Using truss elements consistently 

resulted in lower ductile capacity for the affected configurations, 

which is then considered to result in a conservative, less ductile, 

prediction. 

 

10. Element type selection: This section may be particularly specific to 

element implementations in ABAQUS software. Sensitivity analyses 

show that 8-node reduced integration brick elements (C3D8R) were 

inappropriate for the studied in-plane shear dominated problem. This 

was also concluded to be the case for the 4-node reduced integration 

shell element (S4R). For these element types, excessive amounts of 

artificial strain energy resulted from the imposed in-plane shear 

deformation in the wall. First order four-node tetrahedron elements 

(C3D4) are usually considered to result in overly stiff structural 

response, which were confirmed in the elastic range. The 10-node 

modified tetrahedron element (C3D10M) performed well both in the 

elastic range, and resulted in conceivable crack patterns, although 

this has not been possible to in detail confirm with experimental 

data. The element type was finally considered the better element 

choice for the simulations. The used characteristic element length 

was approximately 25 mm for this 100 mm thick wall. 

 

 

NEA/CSNI/R(2018)4/ADD1



88 
 

7. Acknowledgement 
Our participation in the OECD/NEA/CSNI ASCET CAPS is financially 

supported by the Swedish Radiation Safety Authority (SSM). This support is 

much appreciated. 

 

NEA/CSNI/R(2018)4/ADD1



89 
 

8. References 
 

[1]  OECD/NEA/CSNI, Final Report of ASCET Phase 1, 2016.  

[2]  N. Orbovic, D. Panesar, S. Sheikh, F. Vecchio, C. Lamarche and A. 

Blahoianu, "Alkali Aggregate Reaction in Nuclear Concrete Structures, 

Part 1: A Holistic Approach," Transactions SMiRT-23, Division I, 

Paper ID 202, Manchester, United Kingdom, August 10-14, 2015. 

[3]  B. Thunell, "Bedömning av degraderade betongkonstruktioner, 

Assessment of structures subject to concrete pathologies (ASCET)," 

SSM publikation 2015:50, Report number: 2015:50 ISSN: 2000-0456, 

http://www.stralsakerhetsmyndigheten.se/, 2015. 

[4]  Dassault Systémes, "Abaqus Documentation, Version 6.14," 3DS 

Simulia, 2015. 

[5]  B. Thunell, "CONSAFESYS - Barsebäck NPP, Main Project Summary 

Report," Report SCTE/09416/B1:R-06, Revision 0, 2015-10-20. 

[6]  J. Tcherner and T. S. Aziz (Atomic Energy of Canada Limited), Effects 

of AAR on Seismic Assessments of Nuclear Power Plants for Life 

Extensions, Division 7, Paper 1789, SMiRT 20, Augist 9-14 2009.  

[7]  Anca-Cristina Jurcut, "Modelling of alkali-aggregate reaction effects in 

reinforced concrete structures (Master thesis)," University of Toronto, 

Department of Civil Engineering, 2015. 

[8]  Saouma, V.E., et al., Effect of alkali–silica reaction on the shear 

strength of reinforced concrete structural members. A numerical and 

statistical study, Nucl. Eng. Des. (2016), 

http://dx.doi.org/10.1016/j.nucengdes.2016.10.012.  

[9]  A. Farhang, Inverkan av ASR på betongens bärförmåga En 

litteraturstudie, Energiforsk rapport 2016:256, 2016.  

[10]  D. Panesar, S. A. Sheikh and F. J Vecchio, "Details of two walls tested 

under axial load and lateral cyclic excursion," E-DOCS-#5015738-v1-

ASCET_Phase_II_Input_Data.pdf, SAS20160605. 

[11]  D. Panesar, S. A. Sheikh and F. J Vecchio, "Addendum to Report 

SAS20160605 related to sizes of specimens for material properties," 

June 26, 2016. 

[12]  D. Panesar, S. A. Sheikh and F. J. Vecchio, "Mix Design for concrete 

NEA/CSNI/R(2018)4/ADD1



90 
 

shear walls," SAS20160609. 

[13]  B.P. Gautam, D.K. Panesar, S.A. Sheikh, F. J. Vecchio, and N. Orbovic, 

"Alkali Aggregate Reaction In Nuclear Concrete Structures: Part 2: 

Concrete Materials Aspects," Transactions, SMiRT-23, Division I, 

Paper ID 043, Manchester, United Kingdom, August 10-14, 2015. 

[14]  F. Habibi, S. A. Sheikh, N. Orbovic, D. K. Panesar, and F. J. Vecchio, 

"Alkali Aggregate Reaction In Nuclear Concrete Structures: Part 3: 

Structural Shear Wall Elements," Transactions, SMiRT-23 Division I, 

Paper ID 044, Manchester, United Kingdom, August 10-14, 2015. 

[15]  A. C. Jurcut, F. J. Vecchio, S. A. Sheikh, D. K. Panesar, and N. 

Orbovic, "Alkali Aggregate Reaction In Nuclear Concrete Structures: 

Part 4: Modelling And Analysis," Transactions, SMiRT-23, Division I, 

Paper ID 045, Manchester, United Kingdom, August 10-14, 2015. 

[16]  S.A.Sheikh (University of Toronto), Shear Wall Elements (Presentation 

at ASCET Phase 2 Workshop in Ottawa), May 8 2017.  

[17]  A. Sellier (Université de Toulouse), V. Saouma (University of 

Colorado, Boulder), S. Multon (Université de Toulouse), Y. Le Pape 

(Oak Ridge National Laboratory), N. Orbovic (Canadian Nuclear Safety 

Commission), "RILEM Technical Committee 259-ISR, ASR Prognosis 

of deterioration and loss of serviceability in structures affected by 

alkali-silica reactions, WG 2 Benchmark/Round Robin Analyses," v. 1, 

January 2016. 

[18]  Center for Transportation Research at the University of Texas at Austin, 

Non-Destructive Evaluation of In-Service Concrete Structures Affected 

by Alkali-Silika Reaction (ASR, or Delayed Ettringite Formation (DEF) 

- Final Report , Part I, Report FHWA/TX-13/0-6491-1, 2012.  

[19]  J. Lee and G. L. Fenves, "Plastic-Damage Model for Cyclic Loading of 

Concrete Structures," Journal of Engineering Mechanics, vol. 124, no.8, 

pp. 892–900, 1998. 

[20]  J. Lubliner, J. Oliver, S. Oller and E. Oñate, "A Plastic-Damage Model 

for Concrete," International Journal of Solids and Structures, vol. 25, 

pp. 299–329, 1989. 

[21]  Swedish Standards Institute, SS-EN 1992-1-1:2005, Eurocode 2: 

Design of concrete structures - Part 1-1: General rules and rules for 

buildings, 2005 with corrections and national amendments.  

[22]  M.R.A van Vliet and J.G.M van Mier, Softening behaviour of concrete 

under uniaxial compression (Proceedings FRAMCOS-2), Stevin 

Laboratory, Delft University of Technology, 1995.  

NEA/CSNI/R(2018)4/ADD1



91 
 

[23]  B. Lagerblad, J. Trägårdh, Alkalisilikareaktioner i svensk betong, ISSN 

0346-8340, CBI rapport 4:92.  

[24]  Swedish Radiation Safety Authority (SSM), "2015:25 Design Guide for 

Nuclear Civil Structures (DNB)," 2015. 

[25]  Swedish Standards Institute, SS-EN 1998-1:2004/AC:2009, Eurocode 

8: Design of structures for earthquake resistance – Part 1: General rules, 

seismic actions and rules for buildings, 2013-02-27.  

[26]  N. Orbovic, et. al., The Capacity of Reinforced Concrete Squat Shear 

Walls Under Seismic Loading for the Design of the ACR-1000 NPP, 

Transactions, SMiRT 19, Toronto, August 2007.  

[27]  ASCE 43-05, "Seismic Design Criteria for structures, Systems and 

Components in Nuclear Facilities," American Society of Civil 

Engineers, 2005. 

[28]  American Concrete Institute, Code Requirements for Nuclear Safety-

Related Concrete Structures (ACI 349-13) and Commentary, 2014.  

[29]  N. Oreskes, K. Shrader-Frechette, K. Belitz, "Verification, Validation, 

and Confirmation of Numerical Models in the Earth Sciences," Sciense, 

New Series, Volume 263, Issue 5147 (Februari 4, 1994), 641-646. 

 

 

 

NEA/CSNI/R(2018)4/ADD1



C A C H A N

Effects of Alkali-Silica Reaction on the cyclic behaviour of a shear
wall

by

Ejona Kishta
Farid Benboudjema

Georges Nahas

NEA/CSNI/R(2018)4/ADD1



Contents

Contents i

1 Introduction 1

2 Modeling of the Alkali-Silica Reaction 3
1 Description of the reaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2 Modeling of the phenomenon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

3 Benchmark ASCET study 5
1 Description of the test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2 Numerical modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.1 Mesh and boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2 Calibration of the ASR parameters . . . . . . . . . . . . . . . . . . . . . . . 10

3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1 Effect of the reinforcement . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2 Cyclic loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
3.3 Random swelling effect . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

4 Conclusion 23

Bibliography 25

NEA/CSNI/R(2018)4/ADD1



ii Contents

NEA/CSNI/R(2018)4/ADD1



Chapter 1

Introduction

During their lifetime buildings are submitted to several loadings. These latter might be of mechanical
type but also due to the interaction with the environment. For this latter, several pathologies have been
encountered such as: drying, creep, corrosion, chlorure or sulfate attacks.

In this work, we focus on a specific pathology which is the Alkali-Aggregate Reaction and partic-
ularly the Alkali-Silica reaction (ASR). This reaction is characterized by a mismatch between the
mineral composition of the aggregates and the alcalin solution of concrete. Its consequences consist
in an internal swelling of concrete leading to macroscopic damages as cracking. The main ingredient
for this reaction to happen is water. Thus, structures in contact with water are mostly affected by this
pathology. In France, the presence of this reaction was found in the 1970’s on some dams [Lesage et
Sierra, 1977].

In this work, focus is made on Nuclear Power Plants. In order to extend their lifetime, a consequent
amount of work is dedicated to ageing issues. In this context, the ASCET (Assessment of Nuclear
Structures Subject to Concrete Pathologies) program was initiated by the OECD/NEA/CSNI in 2013.
It is an international research program targeted at degradation of concrete in nuclear facilities.

The element studied is a shear wall submitted to cyclic loadings. Two configurations were tested: a
wall made with normal concrete and another made with concrete containing reactive aggregate which
induces the development of the pathology. The aim of this work is to deal with the effect of the alkali-
silica reaction in the overall behavior of the wall.

The following report first gives a short presentation of the phenomenon. A model to account for the
alkali-silica reaction is proposed. Then, the numerical modeling of the wall is exposed and some
results are presented.
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Chapter 2

Modeling of the Alkali-Silica Reaction

1 Description of the reaction
The Alkali-Silica Reaction is a chemical reaction between the alkali hydroxides which are present in
the cement paste and the aggregates containing reactive silica. The formed product is a silica gel that
gradually swells by adsorbing the water of the cement paste and the surrounding environment. At
the beginning this gel will fill the pores of the cement paste and than will induce expansive pressure
damaging the material by creating cracks. The major ingredient for this reaction to happen is water.
A minimum relative humidity of 80% is necessary for the reaction to initiate [Grimal, 2007]. Thus,
this phenomenon touches principally bridges and dams.

The warning signs of the phenomenon are the presence of a random map cracking in the surface of the
structures and also some white marks corresponding to the appearance of the gel in the surface. The
main influence parameters of this reaction are of two types: intrinsic to the moisture composition and
extrinsic to the composition [Larive, 1997, Poyet et al., 2006, Grimal, 2007, Multon et Toutlemonde,
2006, Multon et al., 2009]. The parameters intrinsic to the moisture composition are :

• aggregate type,

• the alkali amount,

• porosity of the cement paste,

• mineral additions.

As an extrinsic parameter affecting the reaction, the humidity and the temperature will influence the
kinetics of the reaction and thus the amplitude of the deformations.

2 Modeling of the phenomenon
Modeling of the ASR is linked with an accurate modeling of the parameters and phenomena that in-
fluence the expansion. In this work, we base our modeling in the work of S. Poyet [Poyet, 2003]. The
ASR expansion is isotropic and proportionally linked to the reaction affinity A(t) by the expression:
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4 Modeling of the Alkali-Silica Reaction

εASR = φr (A(t)−A0) , (2.1)

where φr is the amplitude of the reaction which can be identified as the volume of active aggregates
and A0 is a threshold. The reaction affinity A(t) varies from 0 to 1 and is expressed as:

A(t) =
reactive silica mass consumed at time t

initial reative silica mass
. (2.2)

The reaction affinity rate takes into account the thermoactivated feature by means of an Arrhenius law
and is expressed in terms of the saturation degree by the following expression:

Ȧ(t) = αre f exp
−

Ear

R

(
1
T

−
1
T0

)〈
Sl −Sl0
1−Sl0

〉
+

(Sl −A(t)) , (2.3)

where αre f is a constant related to the kinetics of the reaction, Ear is the activation energy, R is the
universal gas constant, T is the temperature, T0 is the initial temperature, Sl is the saturation degree
and Sl0 is the saturation degree threshold.
In this work, a modified version of equation 2.3 is considered. Another term is added in order to better
describe the long-term reaction. This expression reads:

Ȧ(t) = exp
−

Ear

R

(
1
T

−
1
T0

)〈
Sl −Sl0
1−Sl0

〉
+

(Sl −A(t))
1
τC

A(t)+ exp−τL/τc

1+ exp−τL/τc
, (2.4)

where τL,τc are characteristic time constants linked to the kinetics of the reaction. Therefore, three
parameters need to be identified for this model: τL,τc and φr.

The next chapter deals with the description of the study, the numerical modeling and the results.
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Chapter 3

Benchmark ASCET study

The study consists in two shear walls tested under reverse cyclic loading. The two walls have the
same dimensions but concrete composition changes. A wall is made with concrete containing reac-
tive aggregates, it is named wall ASR. The wall made with normal concrete is named wall REG. The
geometry and dimensions of the wall are given in figure 3.1. The two walls were submitted to accel-
erating curing. Wall REG was tested in age of 240 days and wall ASR in age of 260 days after curing.
The different properties of these two walls were measured a day before testing and are reported in
table 3.1.

Figure 3.1: Geometry and dimensions of the ASCET wall.

The walls are reinforced according to the reinforcement details given in figure 3.2. The top and bottom
beams were reinforced with 20M longitudinal reinforcement bars and 10M stirrups as shown in figure
3.3. Properties of the steel reinforcement are given in table 3.2.
In addition, the expansion of the two types of concrete were also measures by means of expansion
prisms. The expansion evolution in function of time for the two walls is depicted in figure 3.4.
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6 Benchmark ASCET study

Table 3.1: Material parameters of the ASCET walls.

Parameter Compressive
strength

Tensile
strength

Fracture
energy

Flexural
strength

Young’s
modulus

Notation fc ft G f fb E
Unit MPA MPa N/m MPa GPa

Wall REG 79 4.76 179.3 7.26 47.15
Wall ASR 63.7 3.24 120.2 4.64 35.75

Figure 3.2: Reinforcement details of the ASCET wall.

Table 3.2: Material parameters of the reinforcement.

Parameter Area Yield
strength

Ultimate
strength

Strain hard-
ening

Ultimate Young’s
modulus

Notation As fy fu εsh εu Es
Unit mm2 MPa MPa - - GPa
10M 100 430 638 0.008 0.15 182
20M 200 465 550 0.015 0.2 190
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Figure 3.3: Reinforcement details of the upper and lower beam of the ASCET wall.
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Figure 3.4: Expansion evolution with respect to time.

NEA/CSNI/R(2018)4/ADD1



8 Benchmark ASCET study

1 Description of the test
The shear walls are submitted to a reverse cyclic loading following the set-up depicted in figure 3.5.

V. 1; Jan.2016 RILEM TC 259-ISR; WG 2; Analysis Round Robin 27 

 

Figure 30 : Steel bar behavior for the shear wall 

According to the authors: “ after six months of being in the chamber, the maximum strain measured from the horizontal 
steel in the regular concrete walls is about 0.0049 while it is over 0.0072 in walls with ASR concrete. Similarly, the 
maximum strain in the vertical bars was measured to be 0.0036 and 0.0066 in the regular and ASR walls, respectively. 
Results from physical observations and monitoring of the specimens indicated that the first phase of structural testing 
could initiate in about 6 months after conditioning of the specimens in the curing chamber. To apply the axial force on 
the walls, a third frame was installed around the specimen holding another hydraulic jack as shown in figure bellow. This 
jack was used to maintain a constant vertical load of 800 kN throughout the test. The shear wall specimen was anchored 
to the floor, and restrained from both side to prevent any slippage. The Force – Displacement plot was obtained using 
the summation of the forces from both actuators against displacement of top of the shear wall (bottom of the top 
beam) with respect to the top of the lower beam”. The displacement was applied simultaneously by the two horizontal 
jacks. 

 
Figure 31 : Setup for the shear wall test until failure 

Prediction 
The simulations must be conducted in two successive stages: 

The first stage consists in studying the effect of AAR expansion in accelerated conditions during the first six months 
following the 28-day curing. The curing conditions are assumed at 20oC and 100% RH. At the age of 28 days, the walls were 
stored in an environmental chamber. The temperature in the environmental chamber is maintained at 50oC and the relative 
humidity was greater than 95%. 

Figure 3.5: Test set-up of the ASCET wall.

The upper and lower concrete beams ensure the boundary conditions introduction. The lower beam
is fixed to the whole experimental device by means of a strong anchor. Horizontal loading is applied
at the upper beam by means of two actuators. In order to avoid any rotation of the wall with respect
to the normal of the wall plane, a constant vertical load of 800 kN is applied at the upper part of
the upper beam. Horizontal loading is controlled in displacement according to the evolution given in
figure 3.6.
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Figure 3.6: Prescribed displacement applied on the wall.

2 Numerical modelling
In this work a two-dimensional (2D) and a three-dimensional (3D) modeling configuration are con-
sidered. The mesh and boundary conditions are exposed later on. We focus on the constitutive model
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Numerical modelling 9

of concrete and steel reinforcement.
The upper and lower beams’ behavior is considered elastic. Only the wall and the lateral columns
exhibit a non-linear behavior. The simple damage model of Mazars [Mazars, 1984] with an energy-
based regularization is used. The material parameters are identified with respect to the experimental
information in terms of fracture energy and strength. Their values are exposed in table 3.3.

Table 3.3: Concrete material parameters for the shear wall test

Parameter E (GPa) ν (-) ft (MPa) εD0 (-) αc (-) αt (-) βc (-) βt (-) β (-)
Value 47.15 0.2 4.76 0.0001 1.3 -1 1055 1325 1.06

The reinforcement is modeled by means of 1D bar elements. Their behavior is linear elastic. The part
of the reinforcement with respect to the structure’s mass is marginal. Thus, the modeling type ele-
ments of the reinforcement will not play a significant role in the overall behavior. Material parameters
of the reinforcement are those furnished in table 3.2. A perfect bond behavior is considered between
concrete and the reinforcement. Indeed, no information is available on this topic.

2.1 Mesh and boundary conditions

The mesh and boundary condition in the 2D configuration is depicted in figure 3.7. Plane stress
conditions are taken into account.

Figure 3.7: Mesh and boundary conditions of the wall in 2D.
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10 Benchmark ASCET study

The mesh is structured and composed of quadrilateral linear finite elements. The mesh size is 5 cm.
The prescribed displacement is applied in the upper lateral surfaces and the constant load of 800 kN
is applied in the upper surface. The reinforcement is plotted in red. Only the vertical and horizontal
reinforcement is modeled; the stirrups are not considered in this configuration. When dealing with
the cyclic loading, the displacement is the relative displacement between points P1 and P2 depicted in
the figure.

These same boundary conditions are also applied in the 3D configuration whose mesh is given in
figure 3.8. Cubic elements of 5 cm size are used. Stirrups, in blue, are modeled in this case.

Figure 3.8: Mesh of the wall in 3D.

2.2 Calibration of the ASR parameters

The first step of the study is the calibration of the ASR parameters in order to fit the experimen-
tal results in figure 3.4. This calibration step was conducted in 2D and corroborated with the 3D
configuration. The walls of the study have undergone accelerating curing in a room with a constant
temperature of 50°C and 100% of relative humidity. Thus, the walls do not exhibit any hydric gra-
dients. The ASR will develop homogeneously in the wall. With the scope of simulating the ASR
expansion, the calculation is performed using the Cast3M software. The reinforcement is not con-
sidered in the computation. The identified material parameters are: φr = 1930µm/m, τL = 0 and τC
= 76,5 days. In this study the calibration is performed on the regular wall supposing that it exhibits
swelling. The expansion evolution with time is given in figure 3.9.
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Figure 3.9: Expansion evolution of the shear wall in 2D and 3D configuration.

Once the calibration phase ended, the simulation of the cyclic behavior is tackled. In the next section,
the results of this study are exposed.

3 Results
In this section, the influence of the reaction in the overall behavior of the shear wall is tackled. The
study is divided into two categories: the first one considers a homogeneous swelling effect and the
second one deals with a random swelling deformation. The regular wall and the ASR wall are sim-
ulated. Then, it is supposed that the two walls exhibit swelling due to the alcali reaction with the
calibrated parameters identified previously.

3.1 Effect of the reinforcement
The calibration phase has shown the behavior of the regular shear wall under a homogeneous swelling
effect. In this section, the reinforcement is taken into account. Its effect on the regular shear wall
expansion is highlighted. Again, it is supposed that the regular wall develops the ASR.

3.1.1 Expansion evolution

In figure 3.10 are depicted the evolution of the expansion in the 2D and 3D configuration. A distinc-
tion between the reinforcement rate in the x and y direction is made.
It can be noticed that the reinforcement diminishes the expansion of the wall. This reduction in the x
direction is about 15% and in the y direction it is 36% in the 3D configuration. There is a difference
from the 2D and 3D configuration which is due to the modeling technique. Indeed, in 2D there is
almost no difference due to the reinforcement whereas the 3D configuration accounts also for the
modeling of the stirrups.
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0 50 100 150 200 250
0

500

1,000

1,500

Time (days)

E
x
p
an

si
on

(µ
m
/m

)

Without reinforcement
Reinforcement ρx
Reinforcement ρy

(a)

0 50 100 150 200 250
0

500

1,000

1,500

Time (days)

E
x
p
an

si
on

(µ
m
/m

)

Without reinforcement
Reinforcement ρx
Reinforcement ρy

(b)

Figure 3.10: Expansion evolution for the 2D (a) and 3D configuration (b).

3.1.2 Stress state

The ASR induces expansion stresses in the material. However, the reinforcement avoids this expan-
sion and compressive stresses are created in the wall. The principal stress state for the 2D configura-
tion is depicted in figure 3.11.

A compressive stress state is observed for the wall. Nevertheless, traction stresses are exhibited by
the lower and upper beam. Figure 3.11a illustrates that traction stresses, translated by the appearance
of cracks, are exhibited at the reinforcement position. This feature was also observed experimentally.
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Figure 3.11: Principal stress state components for the regular wall in a 2D configuration.
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14 Benchmark ASCET study

3.2 Cyclic loading
The previous sections have shown the effect of the ASR in the stress state and the magnitude of the
expansion. This section deals with the effect of the reaction on the overall cyclic behavior of the two
walls. First, the prescribed cyclic displacement was applied on the regular wall and than on the ASR
wall. Then, the swelling due to the reaction was first modeled and then the cyclic loading applied on
the deformed configuration. This configuration is plotted in figure 3.12 in 2D.

Figure 3.12: Deformed configuration of the regular shear wall under the expansion due to the ASR.

3.2.1 Regular wall

The response of the regular shear wall under cyclic behavior for the 2D configuration is plotted in
figure 3.13.
It can be noticed that the failure load considering the development of the reaction (500 kN) is superior
to the one of the regular wall (250 kN). This same effect was also observed experimentally. Several
features are not reproduced compared to the experimental results: hysteresis loops and permanent
strains. The numerical model used but also the perfect bond behavior explain these features. For the
3D configuration, the comparison is depicted in figure 3.14.
Again, the swelling effect induces a positive effect on the structural capacity of the wall.

3.2.2 ASR wall

The same simulation was conducted using the material parameters of the ASR wall. First, the cyclic
behavior is modeled and then the effect of the reaction is studied. The results are plotted in figures
3.15 and 3.16 for the 2D and 3D configuration respectively.
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Figure 3.13: 2D: Load-displacement curve for the sain wall (a) and the regular wall submitted to the
reaction (b).
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Figure 3.14: 3D: Load-displacement curve for the sain wall (a) and and the regular wall submitted to
the reaction (b).
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Figure 3.15: 2D: Load-displacement curve for the ASR wall (a) and the ASR wall submitted to the
reaction (b).
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Figure 3.16: 3D: Load-displacement curve for the ASR wall (a) and and the ASR wall submitted to
the reaction (b).
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3.3 Random swelling effect
The ASR does not develop in the material in a homogeneous way. Indeed, several authors [McConnell
et al., 1947, Multon et al., 2010, Poyet et al., 2007, Moisson et al., 2004] have shown that the greater
the aggregate size is, the greater the expansion is. Several models are then developed to account for
this size effect. In this work, the effect of the aggregate size is taken into account implicitly. This is
done by means of the generation of a random field of the parameter φr. The random field is generated
by the Turning Band Method [Matheron, 1973]. The correlated field presents an exponential covari-
ance. The mean value is taken as equal to the calibrated one, a standard deviation equal to 10% and
a correlation length equal to three times the maximum aggregate size (5.7 cm) [Haidar et al., 2005].
The distribution field is exposed in figure 3.17.

1232 1500 1800 2100 2400 2641

φr(µm/m)

Figure 3.17: Random distribution of the parameter φr.

3.3.1 Swelling

The effect of this random distribution is studied on the regular shear wall without reinforcement. The
evolution of the expansion with time is depicted in figure 3.18. The same results are obtained for the
2D and 3D configuration.

Figure 3.18 shows no difference between the random and the homogeneous swelling. Furthermore,
the same results are obtained when the reinforcement is considered. The global behavior is kept but
locally weakened zones are created. This is shown by the components of the principal stress state in
figure 3.19.

NEA/CSNI/R(2018)4/ADD1



18 Benchmark ASCET study

0 50 100 150 200 250
0

500

1,000

1,500

Time (days)

E
x
p
an

si
on

(µ
m
/m

)

Homogeneous
Random

Figure 3.18: Comparison on the expansion evolution between a homogeneous and a random swelling.
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Figure 3.19: Random swelling: Principal stress state components for the regular wall in a 2D config-
uration.
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3.3.2 Cyclic loading

The prescribed cyclic loading is now applied to the regular wall submitted to the random swelling
effect. The effect on the global cyclic behavior is depicted in figure 3.20.
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Figure 3.20: 2D: Load-displacement curve for the regular wall under homogeneous swelling (a) and
random swelling (b).

We can observe that the random swelling induces a less peak loading compared to the homogeneous
swelling. However, for the maximal prescribed displacement of 8 mm, the bearing capacity of the
wall submitted to random swelling is increased. The stress state for this same displacement is exposed
in figure 3.21.

The wall exhibits mostly a traction stress state which is distributed in a random way due to the random
swelling effect. The random swelling ensures the global effect in terms of strains but locally induces
weakened zones that will damage first due to a mechanical external loading.
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Figure 3.21: Principal stress state components for the regular wall under random swelling.
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Chapter 4

Conclusion

The objective of this work is to study the influence of the Alcali-Silica-Reaction on the cyclic behavior
of a shear wall. The ASR model used describes an isotropic swelling influenced by the temperature.
Hydric gradients are not considered.

At first, a calibration phase is performed to determine the parameters of the reaction. Then, the regular
wall is studied supposing it may develop the reaction. The reinforcement effect minimises the defor-
mation due to the reaction. The analysis of the stress state shows that the wall exhibits compressive
stress state. As it was observed experimentally, the lower and upper beams exhibit tension stress state
which coincide with the vertical reinforcement.

The cyclic response of the shear walls is then studied. The regular and ASR walls are simulated
considering two configurations: with and without the development of the reaction. In the 2D and 3D
modeling, the effect of the reaction is the increase of the bearing capacity of the wall. This feature cor-
responds to the beginning of the reaction and more precisely the fact that the gel fills first the porosity.
It would be interesting to pursue the study considering a long term reaction but also the hydric effects.
Furthermore, the mechanical model used in this work is a simple one (Mazars’ model) which does
not account for the cyclic features as the hysteresis loops and the permanent strains. Therefore, the
use of damage model describing the cyclic behavior of concrete is an outlook of this work.

Finally, a study taking into account a random distribution of the swelling is proposed. The amplitude
of the deformation is not homogeneous along the wall. This proposition aims at linking the random
swelling distribution to the aggregate size effect. The global effect of this random field is the same
as the homogeneous one. However, an important effect is observed locally creating weakened zones
which will fail first when a mechanical external load is applied. The study shows that the random
field does not account explicitly for the aggregate size effect. A numerical model accounting for this
size effect is more relevant but is not the objective of this work.
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granulats dans les bétons hydrauliques. BULL LIAISON LAB PONTS CHAUSS, (90).

[Matheron, 1973] MATHERON, G. (1973). The intrinsic random functions and their applications.
Advances in applied probability, 5(03):439–468.

[Mazars, 1984] MAZARS, J. (1984). Application de la mécanique de l’endommagement au com-
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INTRODUCTION7

This report summarizes the modeling of Reinforced Concrete Beams undergoing Alkali Silica8

Reaction (ASR) with variable environmental conditions. The modeling considers coupling be-9

tween ASR, creep and shrinkage behavior. Essential to the correct predictive modeling of these10

deformations is the accurate determination of the evolution of moisture and temperature within the11

hydrating concrete considering its cement hydration reactions. This is achieved through the im-12

plementation of mechanical deformations induced by ASR, Creep and shrinkage within the Lattice13

Discrete Particle Model (LDPM) Framework and coupling it with Hygro-Thermo-Chemical (HTC)14

multi-physics FE modeling. A detailed description of the models, their coupling and implementa-15

tion can be found in these references (Alnaggar 2014; Alnaggar et al. 2013; Abdellatef et al. 2015;16

Alnaggar et al. 2015; Alnaggar et al. 2017).17

NUMERICAL SIMULATIONS AND COMPARISON WITH EXPERIMENTAL DATA18

This section presents numerical simulations of experimental data relevant to concrete specimens19

and structural members with and without reinforcement undergoing ASR deformations in different20

environmental conditions as presented in Ref. (Multon et al. 2005). Three sets of experiments were21

performed. The first and second sets were performed using cylindrical specimens (320 mm length22
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and 160 mm in diameter). The first set included uniaxial compression tests and Brazilian splitting23

tests to characterize concrete strength and stiffness. In the second set, the tests performed were24

free ASR expansions lasting 480 days from casting. Three different relative humidity conditions25

were considered: (1) 100% RH (saturation); (2) completely sealed; and (3) 30% RH, and both26

mass changes and total axial deformations of specimens were reported. The third set was relevant27

to the structural member scale. In this set, full scale (3m long and 250×500 mm cross-section)28

simply supported beams were instrumented to collect their long term deformation over 420 days29

after being cured in sealed conditions for 28 days. Beam internal humidity profile was measured30

at 4 locations along the beam depth. No external load other than the self weight of the beam was31

applied. Beams were kept at a slightly elevated temperature of 38 ◦C with both lateral sides sealed32

with aluminum sheets. A nearly 1D humidity profile was created along the beam by immersing its33

bottom 7 centimeters in water and leaving the top surface exposed to a controlled relative humidity34

of 30%. Five different beams were tested: 2 were nonreactive control beams with and without35

reinforcement (labeled here as NPC and NRC, respectively); one reactive plain concrete (labeled36

here as RPC) beam and two reactive reinforced concrete beams with different (0.45% and 1.8%)37

longitudinal reinforcements (labeled here as RRC1 and RRC2, respectively).38

The generated geometries used in the numerical simulations consisted of two types: FE meshes39

for the HTC model and particle systems for LDPM. Both specimens (cylinders and prisms) and40

beams were discretized. Figure 1c shows the LDPM cylinder and prism meshes. HTC and LDPM41

beams are also shown in Figures 1b and 1d, respectively.42

Detailed calibration of individual models parameters is presented in (Alnaggar et al. 2017).43

Figure 1a shows excellent agreement between the simulated humidity profile and the reported44

sensor data. It must be considered here that most of the relative humidity sensors have an error45

of about 1% to 2% in the middle range of relative humidity (20% to 80%) and around 2% to 4%46

close to saturation and dry conditions. Figure 1b shows the HTC mesh for one quarter of the beam,47

colored by relative humidity at 14 months from curing (448 days).48

Simulated vs experimental deformation curves for the three different humidity conditions are49
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shown in Figure 1f and the curves are nearly identical. It is worth noting that the experimental50

program suffered from small water loss in the sealed samples as reported by Ref. (Multon et al.51

2005), therefore, the slightly increasing final value in the numerical simulations that does not match52

the average can be explained by that moisture loss in the experiments. Nevertheless, this slight53

difference is way below the experimental scatter for sealed specimens, where the final expansion54

range was from 0.25% to 1.36%.55

The simulated elastic modulus was E28
num = 37.7 GPa and the experimentally reported value56

was E28
exp = 37.3 GPa which means that the error is less than 1.07%. Figure 1g shows the relevant57

experiments versus simulations comparison for the NPC beam used for creep calibration. The58

numerical results match well the deformation trend and magnitude over most of the time history up59

to the end. Only the early part is slightly underestimated at about 2 months.60

Reported concrete strength values were: compressive strength, f ′c = 38.4 MPa, and splitting61

tensile strength, f ′t = 3.2MPa. The average of the simulated concrete properties are: f ′c,num = 38.4162

MPa and f ′t,num = 3.19 MPa, which match the given experimental data with an error smaller than63

0.026% and 0.31%, respectively.64

Validation through full scale beam simulations.65

The predictive capabilities of the framework can be verified through the simulation of a set of66

experiments not used in the calibration phase and relevant to the same concrete material utilized.67

The set consists of 3 different reactive beams tested in Ref. (Multon et al. 2005) with the same68

dimensions of the NPC beam used in the creep model calibration. Figure 1d shows the geometry of69

the beams along with their reinforcement. As can be seen from Figure 1g, a good matching between70

experimental and simulated responses is achieved for the RPC beam. In the beginning, simulations71

tend to over estimate the response but then, towards the end, the response is underestimated where72

the experiments showed 5.2 mm deflection while the simulated one was 4.6 mm which is just 12%73

smaller. In fact, this is an excellent prediction given that the scatter observed in experimental data74

used for ASR calibration was over 20%. As for the reinforced beams RRC1 and RRC2 shown in75

Figure 2h, the model correctly captures the different stages of the response: and it shows an increase76

3 Cusatis, May 5, 2017

NEA/CSNI/R(2018)4/ADD1



in deflection in the beginning; then as time goes on, it starts to plateau, then finally, the deflection77

decreases back. This is because the lower saturated region reacts faster and more than the middle78

region. In addition, the top region tends to shrink due to drying. The combined effect is generation79

of a curvature that leads to initial downward deflection for the samples RPC, RRC1, and RRC2.80

For RPC, since no reinforcement is present, the ASR induced expansions in the bottom part are at81

their maximum and shrinkage of the top is also unrestrained, as a result, the beam bends down and82

never returns up again, but towards the end, the deflection rate slows down as both shrinkage and83

ASR induced deformations reach a plateau. For RRC1 and RRC2, the presence of reinforcement84

constrains top and bottom deformations. Especially in the bottom where the reinforcement area85

is 2.25 times the top one for RRC1 and 4 times the top one for RRC2, the overall ASR induced86

expansion and thus the deflection is clearly reduced. However, in those samples the less restrained87

middle part starts to be of more relevance here as it keeps expanding towards the end of the test88

period. Therefore, the deflection of the beam does not show a plateau, and, instead, it cambers89

back up. This is much more clear with the deflection of the sample RRC2, which tends to camber90

up earlier than RRC1 (see Figure 1h). This is because, for RRC2, the bottom part is even more91

restricted compared to the top part than for beam RRC1. The model captures all these aspects,92

which means that it does represents the correct effects of humidity on ASR expansion, even if it93

over estimates the whole curve. The discrepancy can be partially explained again by the very large94

scatter in the experimental data and by the fact that only one beam sample of each type was tested.95

In addition, any slight change in the actual location of the reinforcement or possible slippage due96

to ASR cracking in the bottom part can also have an effect on the deflection.97

DISCUSSION OF RESULTS98

As shown in the previous section, the proposed framework was able to replicate full structural99

members deformations induced by ASR under varying environmental conditions, loads, and rein-100

forcement arrangements based on small companion specimens behavior. This is an unprecedented101

predictive capability that – to the best knowledge of the authors – has never been achieved before102

by any existing comprehensive and physics-based ASR model as they had to be calibrated on the103
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actual structural member behavior to be able to replicate it, or they were only replicating special104

uniform conditions on lab specimens. Simplified empirical models that can only estimate deforma-105

tions without explicit evaluation of damage and stress transfer, can only be used for structural type106

preliminary calculations. They can not be used to evaluate strength degradation and service life107

prediction. In fact, the power of this proposed framework is not limited to its predictive capability,108

but it extends to the ability to see inside the structural element and to understand more in details how109

different phenomena interact. In this section, emphasis on understanding these coupling aspects is110

presented to elucidate the unseen redistribution of cracking and stress relief as a result of creep-ASR111

coupling.112

First, by looking closely at Figure 1e, with a 30 µm crack opening cutoff, it is pretty clear that in113

the case of considering only ASR effect the specimen presents much more distributed small cracks114

and the maximum crack opening is 128 µm. Whereas in the case of fully coupled model (ASR115

expansion with creep and shrinkage) the specimen presents less distributed cracks (about 13% less116

cracking) with a maximum crack opening of 113 µm. Figure 2a shows, for the fully coupled model117

and the ASR-only, the axial deformations versus time obtained under different conditions, namely118

100% environmental RH, sealed condition, and 30% environmental RH. For the 100% RH case,119

the axial expansion due to ASR-only is 0.2129% while it is 0.1962% for the coupled case with a120

difference of 8.5%. For the sealed case, the axial expansion with ASR-only is 0.1158% compared121

with 0.0995% for the coupled model. In this case the effect of coupling is more pronounced122

with a significant difference of 16.4%. This is partially due to the slight shrinkage caused by123

self-desiccation in sealed condition that is opposite to the slight swelling caused by resaturation for124

the 100% RH case. Finally, as a proof that ASR does not significantly affect the calibration of the125

shrinkage coefficient based on the 30% RH case axial deformation, the simulated expansion with126

ASR-only model at 30% RH was only 1.27×10−4%.127

To further understand the actual contributions to the observed deformation, the axial defor-128

mations were also simulated for the three different cases and are plotted in Figure 2b. At 100%129

RH swelling is very small (only 5.6×10−4%) but a little shrinkage is observed in the sealed case130
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which was -3.8×10−3%. If this is subtracted from the coupled case, the sealed expansion becomes131

0.1033% and still the uncoupled ASR expansion is 12% higher than the coupled one. This means132

that for the sealed case, although the overall expansion is less, the creep affects more the overall133

deformation. This can be explained again in a fully coupled setting because, as the relative humidity134

drops, the microprestress decay is slowed down slightly and thus, more viscous strains can develop.135

In addition, the higher ASR imposed strains in the 100% RH case cause earlier cracking which, in136

turn, prevents these cracks from contributing to creep/relaxation of the internal stresses build up. It137

is very important here to notice that, if a continuum based formulation is used, all these meso-scale138

phenomena can not be explicitly captured and, on the contrary, they have to be phenomenologically139

assumed. Thanks to the discrete setting and the mimicking of concrete internal structure and140

heterogeneity, this framework allows for clear understanding of the coupling mechanisms and their141

interactions. In fact, almost all other available models add shrinkage/swelling expansions alge-142

braically to ASR expansions without any consideration of creep as they are all continuum based and143

in case of free expansions, the macroscopic stress tensor is always zero. Only the model by (Bažant144

and Rahimi-Aghdam ) considers creep induced deformations as function of ASR induced pressure,145

but as mentioned before, it is done in an average sense, where the ASR induced pressure does not146

correspond directly to the actual aggregate-aggregate stress fields and thus, the estimated creep also147

does not directly correlate to the actual meso-scale level creep deformation. As a final clarification148

here, the sum of shrinkage/swelling and ASR deformations is compared to their corresponding149

result of the coupled model in Figure 2c and, again, at 100% RH the sum overestimates the coupled150

one by 8.8%, the sealed one is 12.6% overestimated, and at 30%RH no large difference is observed.151

This becomes much more interesting when beam simulations are studied. First, the crack152

distributions are shown for RPC and RRC1 in Figure 2d from which it can be seen the difference153

of the cracks distribution and how the reinforcement confinement tends to reduce the amount of154

cracking and crack opening (334 µm for beam RPC and only 97 µm for beam RRC1). In the155

Figure 2d the color scale of crack widths was intentionally modified for the RPC beam to show156

all cracks above 100 µm in red so they can be distinguished from those in RRC1. By looking at157
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Figure 2e, the tensile forces along the rebars for NRC beam are plotted just after the application of158

its own weight (no creep nor drying is included). The bottom rebars are in tension with 0.228 kN159

per each 16mm bar and the top are in compression with 0.094 kN per bar. The beam self-weight160

is 23.6×0.25×0.5=2.95 kN/m which generates a mid span bending moment of 2.89 kNm (over a161

span of 2.8m). Even neglecting any steel contribution (RPC case), the bottom fiber tensile stress162

is 0.283 MPa which is clearly below the concrete tensile strength by about an order of magnitude.163

After including ASR effect as shown in Figure 2f, the compression in top bars completely reversed164

into tension, 11.9 kN, almost constant along the rebar up to the beam end and it only decreases165

close to the support where the presence of more stirrups provides confinement, reduces expansion166

and, thus, reduces rebar tension. With ASR effects, the bottom bar force increased up to 46 kN167

which corresponds to a stress of 230 MPa that would have yielded the bottom reinforcement if mild168

steel was adopted. In addition, this high level of stress means clearly that rebar-concrete slippage169

probably occurred in the experiments. While LDPM was recently extended to capture bond-slip170

behavior (Abdellatef et al. 2016), due to lack of enough experimental data, this phenomenon was171

neglected in this study. The possibility of slippage supports the explanation of why the simulated172

RRC1 and RRC2 deflections are larger than the experimental ones. If slippage had occurred in the173

simulations, the stresses would have been relieved, the curvature would have been smaller, and,174

consequently, deflections would have been smaller since most of the deflection is due to the rebar175

restricted ASR expansion as opposed to the very small applied own weight.176

Figures 2e&f show the forces in both vertical and horizontal parts of the stirrups. The stirrups177

in NRC beam (under own weight only) shown in Figure 2e have minimal forces as expected. Close178

to the midspan, the top and bottom segments of the stirrups are the most stressed ones with -0.008179

kN at the bottom (compression) and 0.008 kN at the top (tension) which is a result of the lateral180

strain due to Poisson effects. Figure 2f shows the forces in RRC1 beam where expansion due to181

ASR produces tension in the horizontal segments at the bottom and shrinkage due to top surface182

drying reduces that expansion. The top segments now carry a 2 kN and the bottom ones carry about183

8 kN. In addition, the vertical segments are all in tension and carry a maximum of 13.5 kN. Again,184
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this is 268 MPa of tensile stresses, which is only elastic for the used high strength steel (mild steels185

like A36 yield at 220 MPa). To conclude, the proposed framework was able to compute internal186

forces in the reinforcement, that can not be measured and extremely hard to theoretically estimate187

by properly coupling different mechanisms at the main concrete heterogeneity length scale.188

CONCLUSIONS189

In this paper a multi-scale multi-physics framework that simulates coupled ASR damage,190

thermal, shrinkage and creep deformations in concrete is presented. The framework accounts191

for variations in environmental conditions including temperature and moisture changes as well as192

concrete aging as a function of cement hydration. All phenomena are translated into imposed193

strains, that are applied to the Lattice Discrete Particle Model which simulates concrete mechanical194

behavior including cracking and damage in a discrete setting at its meso-scale (length scale of large195

aggregate pieces). The framework was fully calibrated based on small samples experimental data.196

Full scale plain concrete and reinforced concrete beams were simulated as a validation step. The197

obtained results suggest the following conclusions.198

1. ASR progression is a process that takes a few years to multi-decades depending onmoisture,199

temperature and concrete chemistry conditions, therefore, it is in full interaction with other200

aging and deterioration phenomena like creep, shrinkage and thermal expansions. Simple201

addition of the deformation induced by these phenomena is incorrect because the different202

phenomena are nonlinearly coupled.203

2. Meso-scale modeling reveals the sub-scale interactions between coupled phenomena that204

are not seen at the macroscopic length scale. Namely, for the case of ASR induced free205

expansion, only modeling of deformations at the meso-scale can capture meso-scale creep206

deformations and relaxation ofmeso-scale stress build up that are not seen at themacroscopic207

scale because the macroscopic stress is zero.208

3. Relative humidity effect on ASR expansion is essentially a moisture diffusion controlled209

process that can be modeled similarly to relative humidity effects on moisture diffusivity in210
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concrete.211

4. Simplified average section models that describe creep and shrinkage can lead to large212

inaccuracy in predicting ASR deformations for nonsaturated conditions. The humidity213

profile has a significant effect on ASR expansions that can not be averaged.214

5. ASR expansions in reinforced concrete elements can lead to large internal forces build up215

and may lead to reinforcement yielding, reinforcement slippage, and partial bond loss.216

6. For any complex framework to be predictive, its calibration needs to depend on uncoupled217

phenomena, then, it must be validated clearly. This was accomplished here by a multi-step218

calibration procedure on companion specimens with no ASR expansion, followed by ASR219

expansion calibration, then finally validation on full scale beams. A key factor here is the220

degree of scatter in the experimental data which is reflected directly in the prediction results221

of the model.222

7. To the best knowledge of the authors, this is the only framework in literature that was223

calibrated on individual lab size specimens and was able to predict structural behavior.224

Othermodels are either directly calibrated based on structural response to simulate structural225

behavior, or are calibrated and validated based on individual lab size specimens.226
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Fig. 1. (a) Experimental and numerically simulated RH values along the depth of the beam.
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Chapter 1

Introduction

During their lifetime buildings are submitted to several loadings. These latter might be of mechanical
type but also due to the interaction with the environment. For this latter, several pathologies have been
encountered such as: drying, creep, corrosion, chlorure or sulfate attacks.

In this work, we focus on a specific pathology which is the Alkali-Aggregate Reaction and partic-
ularly the Alkali-Silica reaction (ASR). This reaction is characterized by a mismatch between the
mineral composition of the aggregates and the alcalin solution of concrete. Its consequences consist
in an internal swelling of concrete leading to macroscopic damages as cracking. The main ingredient
for this reaction to happen is water. Thus, structures in contact with water are mostly affected by this
pathology. In France, the presence of this reaction was found in the 1970’s on some dams [Lesage et
Sierra, 1977].

In this work, focus is made on Nuclear Power Plants. In order to extend their lifetime, a consequent
amount of work is dedicated to ageing issues. In this context, the ASCET (Assessment of Nuclear
Structures Subject to Concrete Pathologies) program was initiated by the OECD/NEA/CSNI in 2013.
It is an international research program targeted at degradation of concrete in nuclear facilities.

The element studied is a shear wall submitted to cyclic loadings. Two configurations were tested: a
wall made with normal concrete and another made with concrete containing reactive aggregate which
induces the development of the pathology. The aim of this work is to deal with the effect of the alkali-
silica reaction in the overall behavior of the wall.

The following report first gives a short presentation of the phenomenon. A model to account for the
alkali-silica reaction is proposed. Then, the numerical modeling of the wall is exposed and some
results are presented.
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Chapter 2

Modeling of the Alkali-Silica Reaction

1 Description of the reaction
The Alkali-Silica Reaction is a chemical reaction between the alkali hydroxides which are present in
the cement paste and the aggregates containing reactive silica. The formed product is a silica gel that
gradually swells by adsorbing the water of the cement paste and the surrounding environment. At
the beginning this gel will fill the pores of the cement paste and than will induce expansive pressure
damaging the material by creating cracks. The major ingredient for this reaction to happen is water.
A minimum relative humidity of 80% is necessary for the reaction to initiate [Grimal, 2007]. Thus,
this phenomenon touches principally bridges and dams.

The warning signs of the phenomenon are the presence of a random map cracking in the surface of the
structures and also some white marks corresponding to the appearance of the gel in the surface. The
main influence parameters of this reaction are of two types: intrinsic to the moisture composition and
extrinsic to the composition [Larive, 1997, Poyet et al., 2006, Grimal, 2007, Multon et Toutlemonde,
2006, Multon et al., 2009]. The parameters intrinsic to the moisture composition are :

• aggregate type,

• the alkali amount,

• porosity of the cement paste,

• mineral additions.

As an extrinsic parameter affecting the reaction, the humidity and the temperature will influence the
kinetics of the reaction and thus the amplitude of the deformations.

2 Modeling of the phenomenon
Modeling of the ASR is linked with an accurate modeling of the parameters and phenomena that in-
fluence the expansion. In this work, we base our modeling in the work of S. Poyet [Poyet, 2003]. The
ASR expansion is isotropic and proportionally linked to the reaction affinity A(t) by the expression:
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4 Modeling of the Alkali-Silica Reaction

εASR = φr (A(t)−A0) , (2.1)

where φr is the amplitude of the reaction which can be identified as the volume of active aggregates
and A0 is a threshold. The reaction affinity A(t) varies from 0 to 1 and is expressed as:

A(t) =
reactive silica mass consumed at time t

initial reative silica mass
. (2.2)

The reaction affinity rate takes into account the thermoactivated feature by means of an Arrhenius law
and is expressed in terms of the saturation degree by the following expression:

Ȧ(t) = αre f exp
−

Ear

R

(
1
T

−
1
T0

)〈
Sl −Sl0
1−Sl0

〉
+

(Sl −A(t)) , (2.3)

where αre f is a constant related to the kinetics of the reaction, Ear is the activation energy, R is the
universal gas constant, T is the temperature, T0 is the initial temperature, Sl is the saturation degree
and Sl0 is the saturation degree threshold.
In this work, a modified version of equation 2.3 is considered. Another term is added in order to better
describe the long-term reaction. This expression reads:

Ȧ(t) = exp
−

Ear

R

(
1
T

−
1
T0

)〈
Sl −Sl0
1−Sl0

〉
+

(Sl −A(t))
1
τC

A(t)+ exp−τL/τc

1+ exp−τL/τc
, (2.4)

where τL,τc are characteristic time constants linked to the kinetics of the reaction. Therefore, three
parameters need to be identified for this model: τL,τc and φr.

The next chapter deals with the description of the study, the numerical modeling and the results.
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Chapter 3

Benchmark ASCET study

The study consists in two shear walls tested under reverse cyclic loading. The two walls have the
same dimensions but concrete composition changes. A wall is made with concrete containing reac-
tive aggregates, it is named wall ASR. The wall made with normal concrete is named wall REG. The
geometry and dimensions of the wall are given in figure 3.1. The two walls were submitted to accel-
erating curing. Wall REG was tested in age of 240 days and wall ASR in age of 260 days after curing.
The different properties of these two walls were measured a day before testing and are reported in
table 3.1.

Figure 3.1: Geometry and dimensions of the ASCET wall.

The walls are reinforced according to the reinforcement details given in figure 3.2. The top and bottom
beams were reinforced with 20M longitudinal reinforcement bars and 10M stirrups as shown in figure
3.3. Properties of the steel reinforcement are given in table 3.2.
In addition, the expansion of the two types of concrete were also measures by means of expansion
prisms. The expansion evolution in function of time for the two walls is depicted in figure 3.4.
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6 Benchmark ASCET study

Table 3.1: Material parameters of the ASCET walls.

Parameter Compressive
strength

Tensile
strength

Fracture
energy

Flexural
strength

Young’s
modulus

Notation fc ft G f fb E
Unit MPA MPa N/m MPa GPa

Wall REG 79 4.76 179.3 7.26 47.15
Wall ASR 63.7 3.24 120.2 4.64 35.75

Figure 3.2: Reinforcement details of the ASCET wall.

Table 3.2: Material parameters of the reinforcement.

Parameter Area Yield
strength

Ultimate
strength

Strain hard-
ening

Ultimate Young’s
modulus

Notation As fy fu εsh εu Es
Unit mm2 MPa MPa - - GPa
10M 100 430 638 0.008 0.15 182
20M 200 465 550 0.015 0.2 190
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7

Figure 3.3: Reinforcement details of the upper and lower beam of the ASCET wall.
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Figure 3.4: Expansion evolution with respect to time.
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8 Benchmark ASCET study

1 Description of the test
The shear walls are submitted to a reverse cyclic loading following the set-up depicted in figure 3.5.

V. 1; Jan.2016 RILEM TC 259-ISR; WG 2; Analysis Round Robin 27 

 

Figure 30 : Steel bar behavior for the shear wall 

According to the authors: “ after six months of being in the chamber, the maximum strain measured from the horizontal 
steel in the regular concrete walls is about 0.0049 while it is over 0.0072 in walls with ASR concrete. Similarly, the 
maximum strain in the vertical bars was measured to be 0.0036 and 0.0066 in the regular and ASR walls, respectively. 
Results from physical observations and monitoring of the specimens indicated that the first phase of structural testing 
could initiate in about 6 months after conditioning of the specimens in the curing chamber. To apply the axial force on 
the walls, a third frame was installed around the specimen holding another hydraulic jack as shown in figure bellow. This 
jack was used to maintain a constant vertical load of 800 kN throughout the test. The shear wall specimen was anchored 
to the floor, and restrained from both side to prevent any slippage. The Force – Displacement plot was obtained using 
the summation of the forces from both actuators against displacement of top of the shear wall (bottom of the top 
beam) with respect to the top of the lower beam”. The displacement was applied simultaneously by the two horizontal 
jacks. 

 
Figure 31 : Setup for the shear wall test until failure 

Prediction 
The simulations must be conducted in two successive stages: 

The first stage consists in studying the effect of AAR expansion in accelerated conditions during the first six months 
following the 28-day curing. The curing conditions are assumed at 20oC and 100% RH. At the age of 28 days, the walls were 
stored in an environmental chamber. The temperature in the environmental chamber is maintained at 50oC and the relative 
humidity was greater than 95%. 

Figure 3.5: Test set-up of the ASCET wall.

The upper and lower concrete beams ensure the boundary conditions introduction. The lower beam
is fixed to the whole experimental device by means of a strong anchor. Horizontal loading is applied
at the upper beam by means of two actuators. In order to avoid any rotation of the wall with respect
to the normal of the wall plane, a constant vertical load of 800 kN is applied at the upper part of
the upper beam. Horizontal loading is controlled in displacement according to the evolution given in
figure 3.6.
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Figure 3.6: Prescribed displacement applied on the wall.

2 Numerical modelling
In this work a two-dimensional (2D) and a three-dimensional (3D) modeling configuration are con-
sidered. The mesh and boundary conditions are exposed later on. We focus on the constitutive model
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Numerical modelling 9

of concrete and steel reinforcement.
The upper and lower beams’ behavior is considered elastic. Only the wall and the lateral columns
exhibit a non-linear behavior. The simple damage model of Mazars [Mazars, 1984] with an energy-
based regularization is used. The material parameters are identified with respect to the experimental
information in terms of fracture energy and strength. Their values are exposed in table 3.3.

Table 3.3: Concrete material parameters for the shear wall test

Parameter E (GPa) ν (-) ft (MPa) εD0 (-) αc (-) αt (-) βc (-) βt (-) β (-)
Value 47.15 0.2 4.76 0.0001 1.3 -1 1055 1325 1.06

The reinforcement is modeled by means of 1D bar elements. Their behavior is linear elastic. The part
of the reinforcement with respect to the structure’s mass is marginal. Thus, the modeling type ele-
ments of the reinforcement will not play a significant role in the overall behavior. Material parameters
of the reinforcement are those furnished in table 3.2. A perfect bond behavior is considered between
concrete and the reinforcement. Indeed, no information is available on this topic.

2.1 Mesh and boundary conditions

The mesh and boundary condition in the 2D configuration is depicted in figure 3.7. Plane stress
conditions are taken into account.

Figure 3.7: Mesh and boundary conditions of the wall in 2D.
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10 Benchmark ASCET study

The mesh is structured and composed of quadrilateral linear finite elements. The mesh size is 5 cm.
The prescribed displacement is applied in the upper lateral surfaces and the constant load of 800 kN
is applied in the upper surface. The reinforcement is plotted in red. Only the vertical and horizontal
reinforcement is modeled; the stirrups are not considered in this configuration. When dealing with
the cyclic loading, the displacement is the relative displacement between points P1 and P2 depicted in
the figure.

These same boundary conditions are also applied in the 3D configuration whose mesh is given in
figure 3.8. Cubic elements of 5 cm size are used. Stirrups, in blue, are modeled in this case.

Figure 3.8: Mesh of the wall in 3D.

2.2 Calibration of the ASR parameters

The first step of the study is the calibration of the ASR parameters in order to fit the experimen-
tal results in figure 3.4. This calibration step was conducted in 2D and corroborated with the 3D
configuration. The walls of the study have undergone accelerating curing in a room with a constant
temperature of 50°C and 100% of relative humidity. Thus, the walls do not exhibit any hydric gra-
dients. The ASR will develop homogeneously in the wall. With the scope of simulating the ASR
expansion, the calculation is performed using the Cast3M software. The reinforcement is not con-
sidered in the computation. The identified material parameters are: φr = 1930µm/m, τL = 0 and τC
= 76,5 days. In this study the calibration is performed on the regular wall supposing that it exhibits
swelling. The expansion evolution with time is given in figure 3.9.
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Figure 3.9: Expansion evolution of the shear wall in 2D and 3D configuration.

Once the calibration phase ended, the simulation of the cyclic behavior is tackled. In the next section,
the results of this study are exposed.

3 Results
In this section, the influence of the reaction in the overall behavior of the shear wall is tackled. The
study is divided into two categories: the first one considers a homogeneous swelling effect and the
second one deals with a random swelling deformation. The regular wall and the ASR wall are sim-
ulated. Then, it is supposed that the two walls exhibit swelling due to the alcali reaction with the
calibrated parameters identified previously.

3.1 Effect of the reinforcement
The calibration phase has shown the behavior of the regular shear wall under a homogeneous swelling
effect. In this section, the reinforcement is taken into account. Its effect on the regular shear wall
expansion is highlighted. Again, it is supposed that the regular wall develops the ASR.

3.1.1 Expansion evolution

In figure 3.10 are depicted the evolution of the expansion in the 2D and 3D configuration. A distinc-
tion between the reinforcement rate in the x and y direction is made.
It can be noticed that the reinforcement diminishes the expansion of the wall. This reduction in the x
direction is about 15% and in the y direction it is 36% in the 3D configuration. There is a difference
from the 2D and 3D configuration which is due to the modeling technique. Indeed, in 2D there is
almost no difference due to the reinforcement whereas the 3D configuration accounts also for the
modeling of the stirrups.
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Figure 3.10: Expansion evolution for the 2D (a) and 3D configuration (b).

3.1.2 Stress state

The ASR induces expansion stresses in the material. However, the reinforcement avoids this expan-
sion and compressive stresses are created in the wall. The principal stress state for the 2D configura-
tion is depicted in figure 3.11.

A compressive stress state is observed for the wall. Nevertheless, traction stresses are exhibited by
the lower and upper beam. Figure 3.11a illustrates that traction stresses, translated by the appearance
of cracks, are exhibited at the reinforcement position. This feature was also observed experimentally.

NEA/CSNI/R(2018)4/ADD1



Results 13

-5.2 -3.6 -2 -0.4 1.2 2.7
σI (MPa)

(a)

-9 -7.3 -5.5 -3.8 -2 -0.24
σII (MPa)

(b)

Figure 3.11: Principal stress state components for the regular wall in a 2D configuration.
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14 Benchmark ASCET study

3.2 Cyclic loading
The previous sections have shown the effect of the ASR in the stress state and the magnitude of the
expansion. This section deals with the effect of the reaction on the overall cyclic behavior of the two
walls. First, the prescribed cyclic displacement was applied on the regular wall and than on the ASR
wall. Then, the swelling due to the reaction was first modeled and then the cyclic loading applied on
the deformed configuration. This configuration is plotted in figure 3.12 in 2D.

Figure 3.12: Deformed configuration of the regular shear wall under the expansion due to the ASR.

3.2.1 Regular wall

The response of the regular shear wall under cyclic behavior for the 2D configuration is plotted in
figure 3.13.
It can be noticed that the failure load considering the development of the reaction (500 kN) is superior
to the one of the regular wall (250 kN). This same effect was also observed experimentally. Several
features are not reproduced compared to the experimental results: hysteresis loops and permanent
strains. The numerical model used but also the perfect bond behavior explain these features. For the
3D configuration, the comparison is depicted in figure 3.14.
Again, the swelling effect induces a positive effect on the structural capacity of the wall.

3.2.2 ASR wall

The same simulation was conducted using the material parameters of the ASR wall. First, the cyclic
behavior is modeled and then the effect of the reaction is studied. The results are plotted in figures
3.15 and 3.16 for the 2D and 3D configuration respectively.
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Figure 3.13: 2D: Load-displacement curve for the sain wall (a) and the regular wall submitted to the
reaction (b).
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Figure 3.14: 3D: Load-displacement curve for the sain wall (a) and and the regular wall submitted to
the reaction (b).
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Figure 3.15: 2D: Load-displacement curve for the ASR wall (a) and the ASR wall submitted to the
reaction (b).
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Figure 3.16: 3D: Load-displacement curve for the ASR wall (a) and and the ASR wall submitted to
the reaction (b).
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3.3 Random swelling effect
The ASR does not develop in the material in a homogeneous way. Indeed, several authors [McConnell
et al., 1947, Multon et al., 2010, Poyet et al., 2007, Moisson et al., 2004] have shown that the greater
the aggregate size is, the greater the expansion is. Several models are then developed to account for
this size effect. In this work, the effect of the aggregate size is taken into account implicitly. This is
done by means of the generation of a random field of the parameter φr. The random field is generated
by the Turning Band Method [Matheron, 1973]. The correlated field presents an exponential covari-
ance. The mean value is taken as equal to the calibrated one, a standard deviation equal to 10% and
a correlation length equal to three times the maximum aggregate size (5.7 cm) [Haidar et al., 2005].
The distribution field is exposed in figure 3.17.

1232 1500 1800 2100 2400 2641

φr(µm/m)

Figure 3.17: Random distribution of the parameter φr.

3.3.1 Swelling

The effect of this random distribution is studied on the regular shear wall without reinforcement. The
evolution of the expansion with time is depicted in figure 3.18. The same results are obtained for the
2D and 3D configuration.

Figure 3.18 shows no difference between the random and the homogeneous swelling. Furthermore,
the same results are obtained when the reinforcement is considered. The global behavior is kept but
locally weakened zones are created. This is shown by the components of the principal stress state in
figure 3.19.
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Figure 3.18: Comparison on the expansion evolution between a homogeneous and a random swelling.
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Figure 3.19: Random swelling: Principal stress state components for the regular wall in a 2D config-
uration.
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3.3.2 Cyclic loading

The prescribed cyclic loading is now applied to the regular wall submitted to the random swelling
effect. The effect on the global cyclic behavior is depicted in figure 3.20.
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Figure 3.20: 2D: Load-displacement curve for the regular wall under homogeneous swelling (a) and
random swelling (b).

We can observe that the random swelling induces a less peak loading compared to the homogeneous
swelling. However, for the maximal prescribed displacement of 8 mm, the bearing capacity of the
wall submitted to random swelling is increased. The stress state for this same displacement is exposed
in figure 3.21.

The wall exhibits mostly a traction stress state which is distributed in a random way due to the random
swelling effect. The random swelling ensures the global effect in terms of strains but locally induces
weakened zones that will damage first due to a mechanical external loading.
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Figure 3.21: Principal stress state components for the regular wall under random swelling.
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Chapter 4

Conclusion

The objective of this work is to study the influence of the Alcali-Silica-Reaction on the cyclic behavior
of a shear wall. The ASR model used describes an isotropic swelling influenced by the temperature.
Hydric gradients are not considered.

At first, a calibration phase is performed to determine the parameters of the reaction. Then, the regular
wall is studied supposing it may develop the reaction. The reinforcement effect minimises the defor-
mation due to the reaction. The analysis of the stress state shows that the wall exhibits compressive
stress state. As it was observed experimentally, the lower and upper beams exhibit tension stress state
which coincide with the vertical reinforcement.

The cyclic response of the shear walls is then studied. The regular and ASR walls are simulated
considering two configurations: with and without the development of the reaction. In the 2D and 3D
modeling, the effect of the reaction is the increase of the bearing capacity of the wall. This feature cor-
responds to the beginning of the reaction and more precisely the fact that the gel fills first the porosity.
It would be interesting to pursue the study considering a long term reaction but also the hydric effects.
Furthermore, the mechanical model used in this work is a simple one (Mazars’ model) which does
not account for the cyclic features as the hysteresis loops and the permanent strains. Therefore, the
use of damage model describing the cyclic behavior of concrete is an outlook of this work.

Finally, a study taking into account a random distribution of the swelling is proposed. The amplitude
of the deformation is not homogeneous along the wall. This proposition aims at linking the random
swelling distribution to the aggregate size effect. The global effect of this random field is the same
as the homogeneous one. However, an important effect is observed locally creating weakened zones
which will fail first when a mechanical external load is applied. The study shows that the random
field does not account explicitly for the aggregate size effect. A numerical model accounting for this
size effect is more relevant but is not the objective of this work.
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Vallée.

[Poyet et al., 2007] POYET, S., SELLIER, A., CAPRA, B., FORAY, G., TORRENTI, J.-M., COGNON,
H. et BOURDAROT, E. (2007). Chemical modelling of alkali silica reaction: influence of the
reactive aggregate size distribution. Materials and structures, 40(2):229.

[Poyet et al., 2006] POYET, S., SELLIER, A., CAPRA, B., THÈVENIN-FORAY, G., TORRENTI, J.-M.,
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Executive summary 
This report summarizes the work carried out by the independent consultancy 

company Scanscot Technology within the framework of Phase 2 of the 

OECD/NEA/CSNI CAPS called ASCET. 

The ASCET (Assessment of Nuclear Structures Subject to Concrete 

Pathologies) initiative aims to create a basis for general recommendations 

regarding management of ageing related issues in nuclear facilities exposed 

to concrete pathologies (material degradation mechanisms). This subject is 

of great interest for the nuclear industry internationally, as concrete 

degradation mechanisms (e.g. alkali-aggregate reaction, delayed ettringite 

formation, irradiated concrete, sulfate attack, rebar steel corrosion, freezing 

and thawing cycles) have been detected in nuclear facilities in several OECD 

member states [1], and might very likely affect structural performance and 

residual lifetime in the future. The content of the ASCET Phase 2 benchmark 

is a blind numerical simulation benchmark of an shear wall structure affected 

by alkali-silica reactions (ASR), tested under cyclic loading, up to structural 

failure [2]. Several specimens with different levels of advanced ASR, as well 

as reference specimens with sound aggregate, were experimentally tested to 

compare the ultimate capacity, displacements and failure modes. 

The final purpose of the work documented in this report aim at ensuring safe 

Long Term Operation of Nuclear Power Plants. The focus area is primarily 

safety-related issues regarding nuclear reactor containments, and the work is 

based on national research needs in Sweden [3]. The main incentive to 

involve in projects like this is in the end for the purpose of structural 

assessments. The objective being to maintain stipulated safety criteria, taking 

eventual ageing effects, and actual conditions into account. In practice, this 

transfers to a need to evaluate the structural capacity compared to safety 

criteria for accidental design, and beyond design, loading conditions. The 

question of how margins change when ageing effects are considered, or if 

some sort of anomaly or defect is found, is therefore pursued. 

The general-purpose finite element program ABAQUS [4] was used for the 

numerical simulations summarized in this report. Simulation results were 

compared against available experimental results from shear wall specimens 

loaded primarily in shear. In summary, numerical results from the blind 

phase of the benchmark revealed that: 

1. The concrete damaged plasticity material model in ABAQUS 

proved reasonably appropriate for numerical simulation of the 

studied squat reinforced concrete wall loaded in shear, for 

monotonic loads, as experimentally determined shear capacity 

compare well to simulation results. 

2. Numerical simulation results confirm the experimental observation 

that the ASR affected specimen, although having nominally weaker 

material properties, may possess a higher ultimate capacity than a 

regular structure, due to confining effects resulting from the concrete 

material expansion. 
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3. For the studied reinforced concrete wall, it is concluded that shear 

friction code equation capacity, calculated per section 6.2.5 in EC2, 

exceeds the experimentally derived capacity of the studied wall. 
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Sammanfattning 
Allt fler kärnkraftverk runt om i världen närmar sig just nu skedet 

långtidsdrift av sin operativa fas. Som ett resultat har hantering av 

åldersrelaterade fenomen blivit en viktig fråga i kärnkraftsindustrin. 

Programmet ASCET (Assessment of Nuclear Structures Subject to Concrete 

Pathologies) initierades av WGIAGE OECD/NEA/CSNI under 2013 och är 

ett internationellt forskningsprogram inriktat på nedbrytningsmekanismer av 

kompositen armerad betong i kärntekniska anläggningar. Programmet syftar 

till att skapa en grund för allmänna råd för hantering av åldrandefrågor för 

betongkonstruktioner i kärntekniska anläggningar som utsätts för 

nedbrytningsmekanismer av materialet. Forskningsprogrammet fokuserar 

speciellt på frågeställningar kring alkali-silika reaktioner (ASR). Målet är att 

på sikt kunna ge rekommendationer för degraderingarnas 

kapacitetsförändring av materialet. Den typ av utredningar som krävs för att 

förstå och utvärdera betongens förhållanden bestäms av varje medlemsland 

baserad på forskningsbehov och identifierad känslighet för skador. 

Denna rapport sammanfattar det oberoende konsultföretaget Scanscots 

bidrag till ASCET-programmets fas 2, vilken utgörs av ett internationellt 

benchmarkprojekt som innefattar numeriska simuleringar av en 

skjuvväggskonstruktion belastad med cyklisk last. 

Det officiella syftet med programmet är att studera degraderade (ASR/AAR) 

betongkonstruktioners beteende under starkt olinjär och cyklisk last 

(jordbävning). Detta område bedöms mindre intressant för svenska 

förhållanden, eftersom svenska kärnkraftverk inte rapporterats skadade av 

ASR [5]. Vinklingen undersöks, men tonvikten inom projektet ligger på att 

undersöka förmåga att simulera oskadade (normala) betongkonstruktioner 

som utsätts för cyklisk skjuvande belastning och svarar med olinjär respons i 

materialet. Detta för att kunna tillgodose de behov svensk myndighet och 

anläggningsägare kan komma att ha. 

Sammanfattningsvis visade numeriska resultat att: 

1. Använd materialmodell (Concrete Damage Plasticity) i programmet 

ABAQUS visade sig vara relativt väl lämpad för simulering av de 

studerade skjuvbelastade betongväggarna, för monotoniska 

belastningar. 

2. Numeriska simuleringsresultat bekräftar experimentella 

observationer som visar att struktur påverkad av ASR kan, trots 

nominellt svagare materialegenskaper, kan ha en högre kapacitet än 

en normal struktur. Detta tillskrivs de omslutningseffekter på grund 

av materialets expansion som uppstår då expansionen förhindras 

(här genom armeringen). 

3. För den studerade betongväggen överskattas skjuvkapaciteten, 

beräknad enligt avsnitt 6.2.5 i Eurocode 2, jämfört med resultat från 

experimentella tester. 
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Nomenclature 

 

𝑑𝑡 concrete tension damage [-] 

E modulus of elasticity [MPa] 

𝐸0 initial modulus of elasticity used in ABAQUS [MPa] 

𝑓𝑐 compressive cylinder strength of concrete [MPa] 

𝑓𝑐𝑘 characteristic compressive cylinder strength of concrete [MPa] 

𝑓𝑐𝑚 mean value of concrete cylinder compressive strength [MPa] 

𝑓𝑐,𝑐𝑢𝑏𝑒 compressive cube strength of concrete [MPa] 

𝑓𝑐𝑘,𝑐𝑢𝑏𝑒 characteristic compressive cube strength of concrete [MPa] 

𝑓𝑐𝑚,𝑐𝑢𝑏𝑒 mean value of concrete cube compressive strength [MPa] 

𝑓𝑐𝑡 tensile strength of concrete [MPa] 

𝑓𝑐𝑡𝑘 characteristic tensile strength of concrete [MPa] 

𝑓𝑐𝑡𝑚 mean value of tensile strength of concrete [MPa] 

𝐺𝐹 fracture energy [N/m] 

𝑢𝑡
𝑐𝑘 cracking displacement [m] 

𝑢𝑡0
𝑐𝑘 cracking displacement at which complete loss of strength takes place [m] 

𝜖 flow potential eccentricity used in ABAQUS  

𝜀𝑐 total strain [-] 

𝜀0𝑐
𝑒𝑙  elastic strain corresponding to undamaged material [-] 

𝜀𝑐
𝑖𝑛 inelastic strain [-] 

𝜀𝑚𝑎𝑥 maximum strain [-] 

 viscosity parameter or coefficient of friction [-] 

 Poisson’s ratio [-] 

 dilation angle [deg] 

 density [kg/m3] 

𝜎𝑐𝑢 ultimate compressive stress used in ABAQUS [MPa] 
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𝜎𝑐0 uniaxial initial compressive yield stress used in ABAQUS [MPa] 

𝜎𝑏0 initial equibiaxial compressive yield stress used in ABAQUS [MPa] 

𝜎𝑡0 failure stress in tension used in ABAQUS [MPa] 
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1. Introduction 

1.1. Background of the ASCET CAPS 

Many Nuclear Power Plants (NPP) around the world are at the moment 

approaching, or in, their Long-Term Operation (LTO) stage of their 

operational life time. 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. 

For concrete structures, material degradation due to Alkali Aggregate 

Reactions (AAR) is one focus area. Concrete swelling is a consequence of 

several concrete degradation mechanisms of concrete structures (alkali 

aggregate reaction, delayed ettringite formation, irradiated concrete) and it is 

important to asses and to quantify the ultimate and serviceability limit states 

of structures built with such a concrete. The chemical reactions are 

concluded to be reasonably well understood [2], however the changes in 

structural mechanical properties, and implications for structural assessments, 

are yet to be established. At present time, neither established industry 

standards, nor regulatory requirements, address this type of material 

degradation. In particular, in the case of concrete with degradation 

mechanisms, current design code equations, using material properties based 

on concrete samples, are not in accordance with structural element testing 

[1]. 

In addition, there is a need for reliable numerical tools to predict the 

structural behavior of structures with concrete degradation mechanisms. 

There is also a need to establish recommendations for reliable numerical 

simulations of concrete structures, with and without concrete material 

degradations, up to the load level leading to structural failure [1]. This 

information is essential in order to get high level of confidence in simulation 

for load levels lower than failure level. Developing guidelines on numerical 

modelling of reinforced concrete structures loaded in shear, for the purpose 

of structural verification, is consequently of interest. Therefore, validation of 

numerical models should be performed using structural testing. In many 

cases reduced scale test structures cannot provide correct information related 

to the full-scale structures in normal conditions, therefore it is necessary to 

continue with both reduced and full scale testing. In addition, there is a need 

for model validation and quantification of uncertainties in input data and the 

results. 

The ASCET (Assessment of Nuclear Structures Subject to Concrete 

Pathologies) CAPS were proposed by the OECD/NEA/CSNI in 2013, and is 

an international research initiative targeted at degradation of the concrete 

material in nuclear facilities.  The ASCET initiative 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 
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evaluate relevant concrete degradations are determined by each member 

country, based on research needs and damage sensitivity. To survey member 

status and needs in the area of concrete pathologies, an initial phase of the 

ASCET initiative were dedicated to summarize current situation [1]. The 

safety significance of the CAPS is described as: “Determination of the 

impact of concrete degradation on serviceability and ultimate limit state of 

nuclear facilities taking into account long term operation, especially 

containment structures and interim storage buildings.” The ASCET lead and 

coordination organizations are the Canadian Nuclear Safety Commission 

(CNSC) and the United States Nuclear Regulatory Commission (US NRC). 

The CSNI technical goals covered are; to promote the safe operation of 

current nuclear installations; to understand and quantify the mechanisms of 

ageing of components and structures; to assess and predict their impact on 

the safety of nuclear installations and; to identify the corresponding means of 

detection and control. 

1.2. Aim and scope of ASCET Phase 2 

Following the initial phase of ASCET, a second phase was proposed to serve 

as a blind simulation benchmark for validation of numerical models to be 

used in assessments of AAR affected structures. 

An experimental campaign, including several nominally identical shear wall 

specimens with various stages of advanced AAR, were manufactured and 

tested at the University of Toronto. The aim was assessing effects of Alkali-

Silica Reactions on in-plane shear resistance of reinforced concrete walls. 

The experimental campaign was carried out as a part of a CNSC financed 

research program. The same transverse cyclic loading (simulating horizontal 

seismic loading), up to the wall failure, were applied to all of the structures. 

Reference wall specimens with regular concrete were tested as well, in order 

to compare the ultimate capacity, displacements and failure modes. 

The goal of the ASCET Phase 2 benchmark is to predict the behavior, in 

terms of force versus displacement curve and ultimate capacity, of the walls 

tested after 30 months of accelerating curing. The blind predictions will be 

based on the experimental data from the wall specimens tested at age 8 

months. 

Programme goals of the Phase 2 benchmark is to study; 

1) ability to predict the behavior of concrete elements with ASR, 

2) the difference in failure modes between ASR and sound specimen, 

3) the difference in ultimate capacity, 

4) the difference in ultimate displacements. 

The expected results and deliverables of the ASCET Phase 2, from 

participating teams in the simulation benchmark, is a series of simulations 

using a range of approaches and software. The ASCET initiative will 

summarize the results, and provide recommendation for numerical 

simulation of concrete pathologies/degradation mechanisms, which result in 

concrete swelling as a function of time, based on the deliverables of the 

benchmark teams. ASCET Phase 2 participants (individuals and 
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organizations) include IAGE member/organizations including CNSC, US 

NRC, IRSN, EDF, CEA, STUK, VTT, ORNL, and Scanscot Technology. 

1.3. Aim and scope of this report 

The primary aim of the work summarized in this report is to, from a Swedish 

nuclear industry need perspective, study the behavior of a reinforced 

concrete squat wall affected by shear load. The term squat is here used as the 

studied walls has low height to width ratio. A secondary aim is to do this for 

concrete having degraded mechanical material properties, which here means 

ASR reactive concrete. The motivation for decreased interest of the official 

ASCET aim, given in section 1.2,  is given in section 1.5. A third aim of this 

work is to increase the understanding of how structural assessment of the 

ultimate capacity of squat reinforced concrete walls can be performed, using 

the chosen example structure. Issues of particular interest are major 

contributing circumstances to the structural capacity. An additional outcome 

of this work is comparisons of experimental results to selected relevant 

design codes. 

Main activities within the participation of the ASCET Phase 2 benchmark 

have included; 

1. Material issues concerning degraded concrete, including 

relationships of structural capacity compared to regular concrete. 

2. Structural issues including evaluation of structural performance 

compared to regular concrete. 

3. Summarize the experimental data given to the benchmark 

participants, and estimate of actual conditions at the experimental 

tests. 

4. Numerical simulations of the experiments carried out. 

The main purpose of the simulations performed is to study how well the used 

numerical method may simulate and predict the example shear wall problem 

chosen for the University of Toronto experiments. Comparisons and 

sensitivity studies related to existing design codes, for regular concrete, are 

also considered important. 

The scope of the numerical simulations in this report are limited to macro 

scale finite element analyses. The term macro scale is used here to describe 

that concrete material properties are set as static input, and not derived in the 

simulations through an evolution of chemical changes over time, due to the 

environmental conditions. The reason for this approach is due to the fact that 

treating material properties as more or less predefined values is the standard 

procedure used by engineers in a design or requalification process. The 

numerical tool used within this work is the explicit ABAQUS solver [4]. 

1.4. Numerical modelling of squat concrete walls 

For safety related concrete structures, ultimate capacity predictions of shear 

loaded walls may be of interest in assessments of severe earthquakes with 

low probability of occurrence. The structural response of squat reinforced 

concrete walls is complex, and numerical modelling of such structures 
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subjected to primary shear loading is still an open research area. 

Experimental research in this area have been active for several decades, 

often in combination with cyclic (seismic) loading. Numerical simulations of 

nonlinear responses of shear wall structures are still partly without 

established consensus, mainly due to a combination of very little structural 

ductility, in combination with nonlinear concrete material modeling 

challenges, and important and complex interactions between the concrete 

and the reinforcement. 

A large part of this report is dedicated to sensitivity studies, and comparisons 

between numerical simulations and experimental data, with the final purpose 

to aid in developing guidelines for use of the numerical engineering tools in 

structural assessments. 

1.5. AAR from a Swedish nuclear safety perspective 

The effects of AAR on the concrete material, as well as structural capacity 

effects, are currently active research areas, and have been so for many years 

for large scale structures as roads, bridges and dams. Very few documented 

applications on safety significant nuclear type of structures [6], experimental 

structures [7], numerical studies [8], and summary reports [9] on the effects 

from this material degradation are however publicly available. The focus 

area of the work presented within this report is ultimate structural capacity, 

however in real structures effects on durability may be very important. 

For Swedish conditions, compiled operational experiences [5] for nuclear 

reactor containments include only one instance of confirmed ASR, which 

was found at the decommissioned Barsebäck NPP. As a consequence, with 

current knowledge, AAR related problems are likely of no practical concern 

for nuclear reactor containments in Sweden. However, LTO programs 

aiming at concrete material assessments are currently being implemented, 

and historically reported instances of degraded concrete material to the 

regulator are few. In addition, concrete material property changes over time 

are natural processes, and degradation processes may exist or develop. The 

studies carried out on degradations of the concrete material, and the 

reinforced concrete composite, within the ASCET program are therefore 

interesting from a Swedish nuclear industry safety perspective. A continued 

observation of international activity and development within this field is 

therefore relevant for nuclear safety.
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2. Laboratory shear wall experiments 

2.1. Introduction 

In this chapter information given to the ASCET Phase 2 benchmark 

participants concerning the experimental tests, carried out at the University 

of Toronto, are compiled. The official ASCET documents describing the 

tests were originally limited to [10], [11], and [12]. In addition, 

complementary information, from other referenced sources, and SMiRT-23 

Transactions [2], [13], [14] and [15], are also included. 

The laboratory test program conducted at the University of Toronto, aiming 

at assessing ASR effects on in-plane shear resistance of squat reinforced 

concrete (RC) walls, were financed by the Canadian Nuclear Safety 

Commission (CNSC), according to [7]. The test program included three 

main components; The material aspect of ASR, the structural aspect, and 

non-destructive testing possibilities. Squat RC shear walls are a typical 

structural element in nuclear facilities. Focus areas for the test program 

included destructive and non-destructive testing. The wall design, with 

barbells as boundary elements, were chosen based on previously performed 

tests in order to obtain a known failure mechanism. The walls are designed 

using code equations for shear-friction to obtain the failure through the wall, 

and to avoid failure on the wall and beam interface. The aim of the 

destructive testing was to determine mechanical characteristics such as; 

1) ultimate resistance, 

2) ultimate displacement, 

3) ductility, 

4) residual strength of walls with AAR (compared to sound walls), and 

5) to correlate the level of damage in terms of crack spacing and crack 

width with the structural drift. 

2.2. Shear wall specimens 

Within the test program conducted at the University of Toronto, six 

nominally identical concrete walls were constructed [2]. The wall was 

designed using the French BAEL design code, and the experimental test 

specimens used are in reduced geometric scale. Two walls were originally to 

be tested at each of the three different points in time selected. Three of the 

walls were made from normal concrete, in order to be reference walls, and 

three were designed to study the effects of ASR, to be tested at three 

different reaction stages, see Table 2-1. The information in the table is 

compiled from the available sources of information, and may be different 

from the actual chain of events. For 5 specimens only have test time 

specifications been found. 

The initial tests, named A-tests, were carried out after approximately 8 

months after casting. The last two tests, named B-tests, were performed at 
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the expected time of the ASR reaction to be exhausted, after approximately 

31 months of accelerated ageing. The damaged walls with exhausted 

reaction were then planned to be retrofitted using carbon fibers, and tested 

again using destructive and non-destructive examinations to assess the 

effectiveness of the retrofit measures. Retrofit measures are outside the 

scope of the ASCET Phase 2 benchmark. 

Table 2-1 Test series and age of 5 of the 6 test specimens according 

to [2], and informal information. Testing times mentioned 

in [2] seem to have been revised. 

Test Description Time (after casting) 

tested 

A REG A; Control specimen 240 days (in 2014) 

 ASR A1; ASR reactive concrete specimen 

(Initial damage) 

260 days (in 2014) 

B ASR B1; ASR reactive concrete specimen 

(Moderate damage) 

615 days (in 2016) 

 ASR B2; ASR reactive concrete specimen 

(Severe damage, exhausted reaction) 

985 days (in 2017) 

 REG B; Control specimen 985 days (in 2017) 

 

Test specimens consist of the central wall of primary interest, stabilizing end 

columns, and bottom and top massive beams for anchoring of floor support 

and jack equipment. The central wall is 100 mm thick. Geometric 

dimensions of the test specimen are visualized in Figure 2-1. Construction 

sequence, if any, and division into casting parts, is unknown. 

 

Figure 2-1 Shear wall test specimen geometry [10]. 
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2.3. Concrete material properties 

According to [10] and [7], small size concrete test specimens cast at the 

same time as the larger test wall specimens included; concrete cylinders 

(42), bending prisms (6), dog bone specimens (12), and expansion prisms 

(6). Mechanical properties of the concrete are shown in Table 2-2. The 

regular concrete material is concluded to, in all measured aspects (stiffness, 

and compressive and tensile strength), have superior mechanical properties 

to the ASR reactive concrete in these material tests. Figure 2-2 show 

concrete properties evolution of time. 

Mix design for concrete walls are described in [12]. Concrete mix design 

was required to be based at ASTM C1293, with maximum aggregate size 19 

mm. However, no actual aggregate curves are available from the concrete 

supplier [12]. Cement content for all concretes were 420 kg/m3, with a w/c 

ratio of 0.44 and 0.46 for the ASR and regular concrete. 

In using the material properties of the ASR concrete from the small test 

specimens listed here for the purpose of numerical simulations, it must be 

remembered that properties of the concrete are affected by the level of 

confinement, which is not included in Table 2-2 nor Figure 2-2. 

Table 2-2 Measured mechanical properties of small size concrete 

specimens [11], casted simultaneously as the REG A and 

ASR A1 shear wall specimens1). 

Specimen /  

Type of test 

Type of test specimen REG A ASR A1 

Age 

(Days) 

- 240 260 

Compressive strength 

(MPa) 

100 x 200 mm cylinder 79.0 63.7 

Tensile strength 

(MPa) 

Dog bone 4.76 3.24 

Fracture energy 

(N/m) 

Dog bone 179.3 120.2 

Modulus of rupture 

(MPa) 

150 x 150 x 520 mm 

According to ASTM-C78 

7.26 4.64 

Modulus of elasticity 

(GPa) 

100 x 200 mm cylinder 47.15 35.75 

Expansion  

(Length change in %) 

75 x 75 x 285 mm 

According to ASTM-C1260 

0.0332 0.185 

1) Information obtained after the final benchmark workshop via [16] include the 

measured compressive strength for the REG B specimen (80.1 MPa), the ASR B1 

specimen (67.1 MPa), and the ASR B2 specimen (63.0 MPa). 
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Figure 2-2 Concrete properties evolution over time [17]. 

2.3.1. Environmental curing conditions 

Up to 28 days after casting the walls were assumed to be exposed to 

temperature 20 °C and relative humidity 100 % [17]. After that ASR walls 

were subjected to accelerated conditions in a specially built environmental 

chamber with temperature 50 °C and 95 % - 100 % relative humidity, see 

Figure 2-3. Figure 2-4 and Table 2-3 show delivered data of measured free 

swelling for small, unconfined, concrete samples. Table 2-1 list testing 

times, after casting, for the different specimens. 
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Figure 2-3 ASR test specimens in the acceleration chamber with 

increased temperature and humidity [16]. 

Table 2-3 Measured free swelling of small concrete samples [10]. 

Days Free swelling of reactive 

(ASR) concrete  

(%) 

Free swelling of regular 

(control) concrete  

(%) 

0 0 0 

7 0.0099 0.0181 

28 0.0332 0.0249 

90 0.1115 0.0264 

150 0.1399 0.0309 

180 0.1519 0.0329 

250 (Day of testing for 

REG A and ASR A1) 

0.1850 0.0332 

610 (Day of testing for 

ASR B1 specimen) 

0.2151) N/A 

995 (Day of testing for 

REG B and ASR B2) 

0.2231) 0.03311) 

1) Information obtained after final benchmark workshop [16]. 
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Figure 2-4 Measured free swelling of small concrete samples [17]. 

Reactive in the figure legend refer to ASR samples, and 

control to regular concrete samples. 

2.4. Reinforcement steel properties 

Steel reinforcement in the shear wall test specimen central wall include one, 

centered, layer of M10 grid reinforcement [10], spaced at 140 mm both 

vertically and horizontally. No type of additional shear reinforcement is 

present in the structure. Table 2-4 list nominal Canadian standard 

reinforcement bar cross section properties, and Table 2-5 list measured 

reinforcement steel mechanical properties. 

The massive top and bottom beam elements were designed with high 

reinforcement ratios to ensure primarily elastic behavior in these regions. 

Figure 2-5 show the derived steel reinforcement work curve for 10M bars. 

Specimen steel reinforcement layout, and reinforcement ratios, are shown in 

Figure 2-6. 

Table 2-4 Nominal Canadian standard reinforcement bar cross 

section properties. 

Rebar type 10M 20M 

Area (mm2) 100 300 

Diameter (mm) 11.3 19.5 
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Table 2-5 Measured reinforcement steel mechanical properties [10]. 

Rebar type 10M 20M 

Yield strength (MPa) 430 465 

Ultimate strength (MPa) 638 550 

Strain hardening (%) 0.8 1.5 

Ultimate strain (%) 15 20 

Elastic modulus (GPa) 182 190 

 

 

Figure 2-5 Steel reinforcement stress-strain relationship for 10M bars 

[17]. 

 

Figure 2-6 Steel reinforcement layout [10]. 
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2.5. Experimental shear wall test setup 

The experimental program was initiated to investigate the structural effects 

of ASR [7]. The test experimental setup information is visualized in Figure 

2-7, showing horizontal and vertical hydraulic jacks used for the tests. The 

two horizontal actuators had a nominal capacity of 1000 kN each, as a shear 

capacity of 1200 kN were predicted prior to testing. A constant vertical force 

of 800 kN were aimed at during testing, using a hydraulic jack. The bottom 

beams of the test specimens were fixed by two large bolts to the “strong 

floor”, and in addition restrained on both ends to prevent slippage. 

Displacement measurements during the testing were limited to horizontal 

displacements at 7 positions, see Figure 2-8. 

The intended lateral loading scheme, used for all the tests, is expressed in 

displacements, rather than force, and visualized in Figure 2-9. According to 

[7], the loading rate applied were initially 0.005 mm/second, and at some 

point increased to 0.15 mm/second. The intended loading scheme, according 

to [17] were; +/- 0.4, +/- 0.8, +/- 1.0, +/-1.4, +/- 1.8, +/- 2.0, +/- 2.5, etc., in 

steps of 0.5 mm increase until structural failure. The loading schemes 

described in the two references above are however not entirely identical. The 

failure point was defined as failure to maintain 40 % of the vertical load 

applied. 

Additional information concerning the test setup, actual loading scheme, 

eventual rotations of top beam during tests, etc., are not available at present 

time. 

 

Figure 2-7 Overview visualization of the experimental shear wall test 

setup [17]. 
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Figure 2-8 Experimental lateral displacement measurements [16]. 

 

Figure 2-9 Experimental lateral loading scheme, according to [7]. 

2.6. Experimental results 

The ASCET Phase 2 consist of blind numerical simulations of the 

experimental B-tests, in the form of a benchmark. The initial intentions were 

that benchmark participants should get access to the results from the 

experimental A-tests, in order to make informed decisions for the required 

numerical model input. However, in the end only a very limited amount of 

experimental results was released prior to the final workshop. The full set of 

results released to benchmark participants at this stage are presented in the 

two sub sections 2.6.1 and 2.6.2. 

Crack patterns and progress during the tests were not documented, and is 

consequently not available for comparisons between experimental and 

numerical results. The second item of the ASCET Phase 2 goals, difference 

in failure modes as listed in section 1.2, is therefore not possible to, in detail, 

compare between experimental and numerical results. 

From the test data presented below, and the tested mechanical material 

properties shown in section 2.3, it can be concluded that even though the 

material properties of the ASR reactive concrete seem negatively affected by 
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the reactions, the ASR A1 wall test specimen showed a higher structural 

capacity (approximately 15 %) than the control specimen with regular 

concrete, REG A. This observation is discussed later in this report. 

In addition, the initial whole structure elastic stiffness of the ASR reactive 

concrete specimen, were also higher than the specimen with regular 

concrete. This is contradictory to the material properties specified shown in 

Table 2-2. The reason for this is without explanation at present time. 

2.6.1. REG A specimen – Regular concrete after 240 days 

The control specimen REG A (regular concrete) were tested 240 days after 

casting [10]. The lateral force as function of displacement during testing of 

wall specimen REG A is shown in Figure 2-10. Visual observations from the 

figure include a strong non-symmetrical behavior of the REG A specimen 

Figure 2-10. The reason for this behavior is however not known at present 

time. That this single test is truly representative of an ensemble of similar 

shear walls must be regarded as highly questionable, until further 

information is available. 

A picture of wall specimen REG A at post failure, partly showing crack 

patterns, is shown in Figure 2-11. This information origin from [7], and is 

not part of the officially released ASCET Phase 2 experimental data. 

 

Figure 2-10 Lateral force as function of displacement during testing of 

wall specimen REG A (control specimen with normal 

concrete) [10]. 
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Figure 2-11 Picture of wall specimen REG A (control specimen with 

normal concrete) at failure [7]. 

2.6.2. ASR A1 specimen – ASR reactive concrete after 260 
days 

The concrete specimen ASR A1 were tested 260 days after casting [10]. The 

lateral force as function of displacement during testing of wall specimen 

ASR A1 is shown in Figure 2-12. 

A picture of wall specimen ASR A1 at failure, partly showing crack patterns 

in the wall, is shown in Figure 2-13. This information origin from [7], and is 

not part of the officially released ASCET Phase 2 experimental data. 
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Figure 2-12 Lateral force as function of displacement during testing of 

wall specimen ASR A1 (specimen with ASR reactive 

concrete) [10]. 

 

Figure 2-13 Picture of wall specimen ASR A1 (specimen with ASR 

reactive concrete) at failure [7]. 
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2.6.3. Additional information 

Additional information released after the ASCET Phase 2 final benchmark 

workshop is here included in Table 2-6. It is noted that the final failure 

modes defined in [16] for regular concrete specimens are not visually 

confirmed in (for instance) Figure 2-11, and this require further 

investigation. It was also observed that the failures in the ASR specimen 

seemed more sudden than that of the regular concrete walls. 

It was concluded in [16] that the ultimate shear capacity did not vary much 

between the walls.  

Table 2-6 Experimental results released after the benchmark final 

workshop [16]. It is noted that the final failure modes 

defined in [16] are not visually confirmed in (for instance) 

Figure 2-11, and this require further investigation. 

Test 

specimen 

Peak force 

(kN) 

Max. displ. 

(mm) 

Final failure mode 

REG A 1180 8.2 Sliding between wall panel and 

bottom beam 

REG B 1187 7.3 Sliding between wall panel and 

bottom beam 

ASR A1 1355 7.1 Diagonal 

ASR B1 1240 4.9 Diagonal 

ASR B2 1243 2.6 Diagonal 

2.6.4. Experimental result discussion 

To clarify differences in the experimental data between the different 

concrete configurations, in Figure 2-14 a comparison of enveloped 

experimental results for lateral load versus displacement relationship of both 

the Regular A and ASR A1 shear wall specimen are made. The experimental 

data in the figure is envelope force-displacement relations graphically 

interpreted from [7]. 

According to [18], it is common for ASR-affected reinforced concrete 

structures to have un-affected load bearing capacity, despite large 

expansions, extensive cracking, and decreased stiffness and strength. The 

effect is accredited the confinement effect of the structure as the concrete 

material expands, and the steel reinforcement act as a post tensioning 

system. However, the fact that the ASR affected wall in these particular 

experiments otherwise nominally identical to the wall with regular concrete, 

had stiffer structural behavior for the initial primarily elastic responses, 

despite the lower elastic material stiffness as shown in Table 2-2, raise the 

question of statistically determined results; Would this relation persist in 

case an ensemble of specimens of each type had been tested? Variations in 

de facto construction, as a result of workmanship and methods used, type of 

aggregates, material variability, and actual experimental conditions, are 

outside the scope of this experiment, as only one specimen of each kind 
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(regular concrete, ASR concrete, and three different points in time) were 

fabricated and tested. Such variations may however be important and are not 

captured in idealized numerical models created using nominal data. Testing 

of concrete specimens, particularly when loaded in shear, may result in a 

large result scatter, and statistical experimental aspects should not be 

neglected. In addition, the unexpected strong non-symmetrical behavior of 

the REG A specimen shown in Figure 2-10 may indicate experimental 

problems. This may possibly be the result of some form of boundary 

condition problem, or data acquisition, issue. No additional information 

concerning this is however available at present time, and further 

investigation of this is therefore not possible. 

 

Figure 2-14 Comparison of experimental results for lateral load versus 

displacement relationship of Regular A and ASR A1 shear 

wall specimen. Envelope data from [7]. 

2.7. Aspects of the experimental tests compared to 
actual structures 

The aim of the experimental campaign is, in the end, to study the structural 

effect of ASR with respect to actual structures in the nuclear industry. In this 

perspective, it should be mentioned that the studied scale models, 100 mm 

thick shear walls, used in the experiments include only a single layer of 

orthogonal web reinforcement, located at the wall center surface. No shear 

reinforcement, stirrups, are included in the test specimen structure due to this 

thin (scaled) wall thickness. For the ASR affected concrete walls in the 

experiments this may mean no, or very little, confining pressure in the wall 

thickness direction. This may differ from conventional concrete shear wall 

design in nuclear power plants. 

It should also be noted that the laboratory experiments conducted do not 

include any environment or combined effects related to durability issues, as 

for example ASR in combination with repeated cycles of freeze-thaw. The 

experimental results may consequently be valid as indicators on the 

structural capacity due to material degradation due to ASR only, which is 

indeed already complex. However, this note is included to draw attention to 

the fact that concrete structures residing outside (PWR containments) may 
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experience important combined effects, and conclusions based on the 

experimental results, directly applied and valid to actual structures, may not 

be possible.
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3. Numerical model 

3.1. General 

This chapter describe the numerical models used in the simulations of the 

reinforced concrete shear wall experiments presented in the previous 

chapter. The intentions are to present reasonable transparent modelling 

assumptions. 

Numerical simulations within this work are performed using the Finite 

Element (FE) solver ABAQUS/Explicit, which is a well-known and, for 

many types of problems, thoroughly tested general purpose finite element 

program [4]. The concrete material model used in the numerical simulations 

is called Concrete Damaged Plasticity (CDP). A brief presentation of this 

constitutive model is given in section 3.4. Section 3.5 discuss general 

implementation of values necessary for defining the CDP material model. 

Both concrete (specimen central wall) and reinforcement are modelled using 

non-linear behavior. 

Unfortunately, too little experimental results from the laboratory tests 

described in the previous chapter have been released to, in any way, assure 

that the numerical models simulate the actual experimental structures and 

setup in a satisfactory way. As a result, the numerical models used in this 

work are based on delivered nominal data only. This is an identified 

uncertainty which naturally, to an unknown extent, will affect the results and 

conclusions. 

3.2. Introduction, context and previous work 

Non-linear response of reinforced concrete shear walls subjected to cyclic 

loads is currently still an open and active research area internationally. 

However, despite much effort, no universally applicable constitutive model 

has been developed for numerical simulation of reinforced concrete. Instead, 

many different material models exist, and an appropriate model are to be 

chosen for each type of load scenario. 

The type of numerical models normally developed and used for numerical 

assessments of laboratory experiment tests, often differ in level of details 

compared to the models used in assessments of actual nuclear structures. 

Depending on simulation purpose, and for practical reasons, models of 

actual nuclear structures often have less structural details included. Figure 

3-1 show two such examples of numerical models of nuclear safety related 

concrete structures used in the post Fukushima structural stress test 

assessments. The aspect of numerical model refinement levels required to 

capture the studied shear failure mechanism, and ultimate load, is therefore 

also included as a separate study, presented in section 4.5.7 of this report. 
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Figure 3-1 Visualization examples of numerical models of safety 

related concrete structures used in the post Fukushima 

structural stress test assessments. 

3.3. Used numerical simulation software 

The Finite Element software used for the numerical simulations are limited 

to the explicit wave front solver ABAQUS/Explicit [4]. The software is 

widely used, and well proven and validated, for a wide range of problems in 

many different industries. 

The explicit solver is here favored, instead of the implicit solver, due to the 

large deformations, and non-linear material response. The implicit solver is 

concluded to give similar results for low level deformations, up to a certain 

limit where numerical convergence difficulties interrupt calculations. 

3.4. Constitutive concrete model 

Numerical simulations presented in this report has been carried out using the 

Concrete Damaged Plasticity (CDP) material model implementation in 

ABAQUS. The CDP model provides a general capability for modelling 

concrete (quasi-brittle) materials in all types of structure elements, e.g. 

beams, trusses, shells, and solids. The material model is described in detail 

in the software documentation [4]. The basic properties of the model are 

briefly discussed here, for the purpose of the simulations carried out. 

The CDP material model is based on work carried out by [19] and [20], and 

is available in both the implicit and the explicit integration solver 
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(ABAQUS/Standard and ABAQUS/Explicit). The material model uses the 

concept of isotropic damaged elasticity in combination with isotropic tensile 

and compressive plasticity to represent the inelastic behavior of concrete. 

The model consists of the combination of non-associated multi-hardening 

plasticity and scalar (isotropic) damaged elasticity to describe the 

irreversible damage that occurs during the fracturing process. The model 

allows the definition of strain hardening in compression and can be defined 

to be sensitive to the straining rate, which resembles the behavior of concrete 

somewhat realistically. 

3.4.1. Intended application area 

According to [4]; “The model is a continuum, plasticity-based, damage 

model for concrete”. The basic assumptions of the material model are that 

the main two failure mechanisms are tensile cracking and compressive 

crushing of the concrete material. The material model provides a general 

capability for modelling concrete and other quasi-brittle materials; 

• uses concepts of isotropic damaged elasticity in combination with 

isotropic tensile and compressive plasticity to represent the inelastic 

behavior of concrete;  

• is intended primarily for the analysis of reinforced concrete 

structures;  

• is designed for applications in which concrete is subjected to 

monotonic, cyclic, and/or dynamic loading under low confining 

pressures;  

• consists of the combination of non-associated multi-hardening 

plasticity and scalar (isotropic) damaged elasticity to describe the 

irreversible damage that occurs during the fracturing process;  

• allows user control of stiffness recovery effects during cyclic load 

reversals. 

3.4.2. Parameters to define concrete damaged plasticity 

The basic parameters that need to be specified to define flow potential, yield 

surface, and viscosity parameters for the concrete damaged plasticity model, 

are listed in Table 3-1. 
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Table 3-1 Concrete damaged plasticity material model input 

parameters. 

Parameter Description Default value 

ψ Dilation angle (in degrees) User defined 

𝜖 Flow potential eccentricity (defines the rate at 

which the hyperbolic flow potential approaches 

its asymptote) 

0.1 

σb0/σc0 Ratio of initial equibiaxial compressive yield 

stress to initial uniaxial compressive yield stress 

1.16 

Kc Ratio of the second stress invariant on the 

tensile meridian to that on the compressive 

meridian at initial yield for any given value of the 

pressure invariant such that the maximum 

principal stress is negative 

0.6667 

μ Viscosity parameter 0.0 in Standard 

N/A in Explicit 

 

The CDP material model assumes non-associated potential plastic flow in 

which the Drucker-Prager hyperbolic function describes the flow potential G 

[4]. 

𝐺 = √(∈∙ 𝜎𝑡0 ∙ 𝑡𝑎𝑛𝜓)
2 + �̅�2 − �̅� ∙ 𝑡𝑎𝑛𝜓 (Eq. 3-1) 

In equation 3-1, �̅� denotes effective von Mises stress, and �̅� the effective 

stress caused by hydrostatic pressure. The dilation angle ψ is measured in the 

p-q plane at high confining pressure and indicates the ratio between the 

volume change and the shear strain. The dilation angle value for concrete is 

commonly specified in the range of 30° to 40° [4]. The flow potential 

eccentricity 𝜖 defines the rate at which the function approaches the 

asymptote. With the default value of 𝜖 = 0.1 the dilation angle is almost the 

same over a wide range of confining pressure stress values. The uniaxial 

failure tensile stress σt0 is via the tension stiffening definition specified by 

the user [4]. The model provides the possibility to specify a non-circular 

yield surface in the deviatoric plane, see Figure 3-2. 
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Figure 3-2 Yield surfaces in the deviatoric plane, corresponding to 

different values of Kc [4]. 

 

Figure 3-3 Yield surface in plane stress [4]. 

The third and fourth parameter stated in Table 3-1 is included in the yield 

function used in the CDP model, which in terms of effective stresses has the 

form: 

𝐹 =
1

1 − 𝛼
(�̅� − 3𝛼�̅� + 𝛽(𝜀̃𝑝𝑙)〈�̂�𝑚𝑎𝑥〉 − 𝛾〈−�̂�𝑚𝑎𝑥〉) − 𝜎𝑐(𝜀�̃�

𝑝𝑙
) = 0 (Eq. 3-2) 

with 
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𝛼 =
(𝜎𝑏0 𝜎𝑐0⁄ ) − 1

2(𝜎𝑏0 𝜎𝑐0⁄ ) − 1
 (Eq. 3-3) 

𝛽 =
𝜎𝑐(𝜀�̃�

𝑝𝑙
)

𝜎𝑡(𝜀�̃�
𝑝𝑙
)
(1 − 𝛼) − (1 + 𝛼) (Eq. 3-4) 

𝛾 =
3(1 − 𝐾𝑐)

2𝐾𝑐 − 1
 (Eq. 3-5) 

3.4.3. Model behavior in compression 

The concrete material behavior in compression outside of the elastic regime 

is defined by the relation of yield stress 𝜎𝑐0 and inelastic strain, 𝜀�̃�
𝑖𝑛. The 

inelastic strain is defined as the total strain minus the elastic strain 

corresponding to the undamaged material, see equation 3-6 and [4]. 

𝜀�̃�
𝑖𝑛 = 𝜀𝑐 − 𝜀0𝑐

𝑒𝑙  (Eq. 3-6) 

 

Figure 3-4 Model material response in uniaxial compressive loading 

[4]. 

The uniaxial initial yield stress value σc0 is according to Eurocode 2 [21] 

defined as 40 % of the mean value of the cylinder ultimate compressive 

stress (fcm), denoted σcu in the figure above. Corresponding strain is then 

calculated according to Hooke’s law, i.e. 𝜀0𝑐
𝑒𝑙 =

𝜎𝑐0

𝐸0
 and the maximum strain 

is taken as 𝜀𝑚𝑎𝑥 = 𝜀0𝑐
𝑒𝑙 ∙ 20. The inelastic stress curve is defined according to 

[20] in the following manner: 

𝜎𝑐 = 𝜎𝑐0 [(1 + 𝑎) ∙ 𝑒−𝑏∙�̃�𝑐
𝑝𝑙

− 𝑎 ∙ 𝑒−2∙𝑏∙�̃�𝑐
𝑝𝑙

] (Eq. 3-7) 

with 
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𝑎 = 2 ∙
𝑓𝑐𝑚
𝜎𝑐0

− 1 + 2√(
𝑓𝑐𝑚
𝜎𝑐0

)
2

−
𝑓𝑐𝑚
𝜎𝑐0

 (Eq. 3-8) 

𝑏 =

(
𝑑𝜎

𝑑𝜀�̃�
𝑝𝑙)

𝜎𝑐0(𝑎 − 1)
 

(Eq. 3-9) 

The numerator in equation 3-9 describe the inclination of the curve at the 

initial yield stress value. 

3.4.4. Model behavior in tension 

In general, when using the CDP material model, the concrete behavior in 

uniaxial tension is defined as the relation between post failure stress and 

either of cracking strain, 𝜀�̃�
𝑐𝑘, crack displacement, 𝑢𝑡

𝑐𝑘, or fracture energy, Gf. 

In the work carried out within current project the uniaxial tension behavior is 

given as the relation between post failure stress and cracking displacement as 

seen in Figure 3-5. This is due to the fact that models of non-reinforced 

structures are mesh sensitive when using the cracking strain definition. This 

mesh sensitivity is for most practical applications eliminated through the 

implementation of a characteristic element length associated with each 

integration point, when using cracking displacement input definition 

methods (*CONCRETE TENSION DAMAGE, TYPE=GFI and 

TYPE=DISPLACEMENT) [4]. 

 

Figure 3-5 Model material response in uniaxial tension [4]. 

The relation between post failure stress and cracking displacement is 

calculated according to equation 3-10. 
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𝜎𝑡

𝑓𝑐𝑡𝑚
= 𝑓(𝑢𝑡

𝑐𝑘) −
𝑢𝑡
𝑐𝑘

𝑢𝑡0
𝑐𝑘 ∙ 𝑓(𝑢𝑡

𝑐𝑘 = 𝑢𝑡0
𝑐𝑘)  (Eq. 3-10) 

where 

𝑓(𝑢𝑡
𝑐𝑘) = (1 + (

𝐶1 ∙ 𝑢𝑡
𝑐𝑘

𝑢𝑡0
𝑐𝑘

)

3

) ∙ 𝑒−𝐶2∙𝑢𝑡
𝑐𝑘 𝑢𝑡0

𝑐𝑘⁄  (Eq. 3-11) 

For a normal weight concrete the constants C1 and C2 given in equation 3-

11 are 3 and 6.93 respectively. The concrete fracture energy is defined as the 

area underneath the graph seen in Figure 3-6. The cracking displacement at 

which complete loss of strength takes place 𝑢𝑡0
𝑐𝑘, may be determined by first 

establish a reasonable concrete fracture energy GF and then integrate the 

combined expression of equation 3-10 and 3-11. For a normal weight 

concrete this gives following relation: 

𝑢𝑡0
𝑐𝑘 =

𝐺𝐹
0.195 ∙ 𝑓𝑐𝑡𝑚

 (Eq. 3-12) 

When using the CDP material model, the damage caused by strains is 

measured with a damage tension parameter denoted “concrete tension 

damage” dt. The parameter may be visualized during post processing and 

indicates the status of the concrete after cracking has occurred, i.e. grade of 

impaired stiffness. In the work carried out within current project the concrete 

tension damage is linearly defined with a maximum of 0.9. This means that 

an element gets inactive when the cracking displacement 𝑢𝑡0
𝑐𝑘 is reached and 

at this point the damage tension parameter has the value of 0.9. 

 

Figure 3-6 Defining material model behavior in concrete tension 

stiffening, using definition type GFI, [4]. 

3.4.5. Material damage 

The material point damage in tension and compression, dt or dc, are defined 

in tabular form. If damage relations are not defined, the model behaves as a 

plasticity model with 𝜀�̃�
𝑝𝑙
= 𝜀�̃�

𝑐𝑘 and 𝜀�̃�
𝑝𝑙
= 𝜀�̃�

𝑖𝑛. Damage variables are each 

treated as non-repairable, always increasing, quantities. 
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3.4.6. Uniaxial cyclic loading model behavior 

A user control of stiffness recovery effects during load reversals are 

available in the model. Stiffness recovery on crack closure is an important 

feature of the material model under cyclic loading conditions. This is 

implemented as a compressive stiffness recovery possibility as a crack is 

closed, as material response changes from tension to compression. The 

tensile stiffness is however not recovered as compression change to tension, 

after crushing cracking has occurred. The implementation is facilitated using 

the stiffness recovery factors, wt and wc. The behavior described above 

correspond to wt=0 and wc=1, which are the default stiffness recovery factor 

values. See Figure 3-7 for an illustration at uniaxial cyclic conditions. 

 

Figure 3-7 Uniaxial load cycle of the concrete damaged plasticity 

model when material response shifts signs [4]. 

3.4.7. Comparisons to actual concrete material behavior 

The CDP material model has successfully been used in several application 

areas. It can be concluded that the material model has some features 

sometimes not entirely replicating, in some broad sense of the expression, 

“characteristic concrete behavior”. For one, the model is a modified 

plasticity model, meaning that once inelastic in one material direction, all 

other material directions are also inelastic. This differ from that of a crack 

region in concrete and should, possibly more so for complex shear 

dominated response situations, result in a softer behavior than real concrete 

has. 

The CDP material model differs from conventional von Mises plasticity by 

having, among other features, dis-similar definitions for tension and 

compression behavior. As tension behavior is much weaker than the 

compressional behavior, the cyclic response will in practice induce an 
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unphysical and artificial swelling of damaged material at load reversals. This 

effect is noticeable even for some monotonic loading conditions, and fairly 

pronounced for some cyclic loading conditions. One-element shear load tests 

performed has confirmed this unwanted feature. 

3.5. Used material model input 

Measured material strength values and properties derived within the 

experimental campaign are presented in sections 2.3 and 2.4. The following 

two sections present and discuss used input material parameters for the 

numerical models. 

3.5.1. Concrete 

Concrete material parameters for the base model used in simulations of the 

normal concrete test specimen, REG A (see Table 2-1), are summarized in 

Table 3-2. Some input parameters listed in the table are more or less to be 

considered as standard concrete material parameters, here either taken from 

the Eurocode 2 design standard [21], or experimentally measured values 

(presented in sections 2.3), whereas some of the input parameters are related 

to the specific implementation of the constitutive model. General 

motivations for each parameter are therefore included in the table. Since the 

analyses are performed with the ABAQUS/Explicit solver, the viscosity 

parameter μ is not in effect. 

As a best estimate response is targeted in the numerical simulations carried 

out, the experimentally derived concrete material properties presented in 

section 2.3 are used as model input. Although it should be noted, for best 

estimate response, compression strength material model input from tests 

using cylinder specimens should not be used. Instead, compression strength 

measured from cube tests should preferably be used as input to the concrete 

material model in numerical simulations, because of their inherent 

characteristics coming to a higher degree from primarily material 

compression failure [22]. For compression tests of cylinder specimens, 

combined effects of both the material characteristics, and type of structure 

tested (and boundary conditions, friction), dictate the type of failure and the 

ultimate compression strength. Typically, the compression strength of a 

standard cylinder compression test is approximately 80 % of the value 

obtained using a standard cube test. See illustration of plausible cylinder 

compression test failure mode, for an idealized cylinder specimen 

numerically simulated, in Figure 3-8. It has not been possible, within the 

work presented in this report, to in detail investigate requirements on test 

data and relevant test methods for all the material input parameters needed. 

However, it is concluded that well informed decisions need to be made and 

justified for all material model input parameters. Using experimentally 

derived material parameters, it is important to be aware of what is an actual 

material parameter, appropriate as material model input, and what is merely 

considered to be a material property by force of conventional practice. 
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Figure 3-8 Cylinder compression test simulation, showing crack 

formation and failure mode, as a mean to study the type of 

concrete material data to be used as input for numerical 

simulations. Isosurfaces of compressive damage 

visualized in the figure at different displacements. 

The concrete uniaxial behavior is specified in compression and tension 

according to Figure 3-9 and Figure 3-11. For tension behavior two options 

are pursued; the Two-parameter option, and tabular definition. Both options 

respect the same material parameters, ultimate tensional strength and (mode 

I) fracture energy. Figure 3-6 visualize the two-parameter option. This 

option is often used for problems where the shape of the function play a 

minor role, and the ultimate uniaxial tensional stress or the fracture energy is 

more important, as usually in pure tension or bending problems. For shear 

type of problems, the tabular definition may also need to be studied. 

Properties for closed tensional cracks include the ability to transfer 

compressive stress on load reversal and crack closure. However, cracks due 

to compression load will not transfer the full original tensional stress on load 

reversal, once cracking due to compression have occurred. 
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Table 3-2 Concrete material model input used in simulations of the 

intended normal (regular) concrete test specimen, REG A. 

Parameter Description Value (@ T=20°C) 

E Initial, undamaged, modulus of elasticity (experimentally 

measured) 

47.15 GPa 

ʋ Poisson’s ratio (standard value) 0.2 

ρ Density (standard value without reinforcement steel) 2250 kg/m3 

ψ Dilation angle, in degrees (chosen based on previous 

studies and [4]) 

38 

𝜖 Flow potential eccentricity (default program value) 0.1 

σb0/σc0 Ratio of initial equibiaxial compressive yield stress to 

initial uniaxial compressive yield stress (default program 

value) 

1.16 

Kc Ratio of the second stress invariant on the tensile 

meridian to that on the compressive meridian at initial 

yield for any given value of the pressure invariant such 

that the maximum principal stress is negative (default 

program value) 

0.667 

σcu Ultimate compressive stress, here set to stress at 

concrete crushing strain, 3.5‰ (experimentally 

measured) 

79.0 MPa 

σt0 Failure tensile stress (experimentally measured) 4.76 MPa 

GF Fracture energy (experimentally measured) 179.3 N/m 

dc Concrete compression damage Figure 3-10 

wt Recovery of tension after concrete compression damage 

(0 mean that after compressive failure, no matter the 

size, no tensional forces are transmitted through the 

crack)  

0.0 

- Maximum value of concrete tension damage (default 

program value) 

0.9 (linear 

variation from 0) 

𝑢𝑡0
𝑐𝑘

 Crack displacement at maximum value of concrete 

tension damage 

0.18 mm 

wc Recovery of compression capability after concrete 

tension damage (1 mean that after failure initiation in 

tension, compressive forces are still transmitted through 

the crack) 

1.0 
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Figure 3-9 Concrete model behavior in uniaxial compression. The 

function is defined linear up to 40 % of the ultimate 

compression value, according to EC2 [21]. 

 

Figure 3-10 Concrete model compression damage definition (dc). 
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Figure 3-11 Concrete model behavior in uniaxial tension for the two 

different options; Two parameter (TYPE=GFI) definition, 

and Tabular definition. Ultimate tension stress and 

fracture energy are here identical for the two definition 

options shown in the figure. 

3.5.2. Reinforcement steel 

The steel constituting reinforcement is modelled using material values 

according to Table 3-3. For the plastic region, a simple ideal plastic material 

is assumed, in order to be able to obtain a rough estimate of the ultimate 

capacity of the shear wall. 

Table 3-3 Reinforcement steel nominal material parameters used. 

Parameter Description Value (20°C) 

E Modulus of elasticity 182 GPa 

ʋ Poisson’s ratio 0.3 

ρ Density 7800 kg/m3 

σy Yield stress 430 MPa 

σu Ultimate stress 638 MPa 

εu Ultimate elongation 14 % 

3.6. Base numerical model overview 

The base model used in the majority of the simulations presented in this 

report is visualized in Figure 3-12 below. The upper and lower beams are 

modeled using 8-node hexagonal reduced integration elements, C3D8R [4], 

with default hourglass stiffness. These elements have linear only material 

properties. The wall part, and stabilizing vertical end columns, are modeled 

using 10-node modified tetrahedron elements, type C3D10M [4]. The model 

of the wall is tied to the model of the lower and upper beams, to couple not 

only the end nodes of the C3D10M elements, but also the mid-point nodes. 
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The characteristic element side length is 25 mm for all elements in the base 

model. 

The actual specimen construction sequence, and whether a division into 

different casting parts were made during construction, is unknown. It is 

therefore assumed that the specimens each were casted at one time, and no 

casting joints are present in the specimens. In the numerical model, no weak 

sections are included between the lower and upper beam and the wall 

section, and the concrete model is considered homogenous without 

considering differential casting effects. 

Additional masses from equipment are assumed to weigh half a metric ton 

(500 kg). This mass is applied and evenly distributed at the top surface of the 

upper beam. 

 

Figure 3-12 Visualization of concrete solid element model, created 

using the nominal measures in [10]. 

3.7. Model of steel reinforcement bars 

The steel reinforcement described in [10] is implemented into the numerical 

models as discrete elements, separate from the elements representing the 

concrete material. The reinforcement bars are modeled using beam elements 

of type B31 [4], see section 4.5.8 for motivation of this choice. Element 

length are coordinated with the characteristic element side length of the solid 

elements used to model the concrete. The reinforcement is visualized in 

Figure 3-13. 

The coupling between concrete and reinforcement elements are modeled as 

direct connections, using the embedded element option in ABAQUS, 

without any coupling interface describing non-linear effects between 

reinforcement and concrete in areas experiencing concrete cracking. This is 

an identified limitation of the used numerical model. 
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Figure 3-13 Steel reinforcement visualization, Left; reinforcement only, 

from 3 different orthogonal directions. Right; On place in 

the concrete model. 

3.8. Boundary conditions 

To allow for the simulation of expansion of the ASR affected concrete 

specimen, contact surfaces representing the floor, and hold-down system 

(bolt and steel plate) of the lower beam, are used. Identical models are used 

for the simulations of both regular and ASR affected concrete, apart from 

material properties and prescribed expansions discussed in section 3.11. 

Surface friction are kept at a zero level for the initial analysis step to allow 

for a stress-free expansion, see section 3.10, and ramped up to a large value 

in the very beginning of the second analysis step to obtain a slip-free surface 

contact. This possibly differ from the actual experimental setup, and is 

assumed to create a stiffer model than what was the case for the actual 

experimental test specimens. No information concerning the actual 

conditions during experimental tests are available at present time. 

In the simulations of the ASR affected specimen the first analysis step 

includes the simulation of the ASR expansion, which is then free (not 

constrained). Contact surface definitions allow for separation after contact. 

The effective boundary conditions of the numerical model of the lower beam 

are then constrained in all directions, including rotations. The model, 

including visualization of contact surfaces, is illustrated in Figure 3-14. The 

top beam is left without constrains. In the vertical direction both gravity 

loads and the prescribed additional vertical load from hydraulic jacks will be 

applied. The horizontal directions of the top beam are left free to allow for 

horizontal jack imposed displacements. The wall in-plane rotation of the top 

beam is left without constrains. This to allow for free rotations, which 

appears to likely have been the case in the physical experiments. A small 

study of this is included in section 4.5.1. 

It should be noted that the applied restraints of the lower beam are 

considered overly rigid compared to actual experimentally conditions, but 
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still used, as no experimental data, nor other information from the specimen 

interactions to its surroundings during the tests are available. 

   

Figure 3-14 Visualization of model. Contact surfaces used for the 

bottom beam are marked light red. Nodes used for 

application of prescribed horizontal displacement are 

highlighted in dark red color. 

3.8.1. Prescribed in-plane movements 

The horizontal movements of the top beam, by the two horizontal jacks, 

having each a nominal capacity of 1000 kN [7], are modeled using 

displacement controlled boundary conditions of the top beam geometric 

center position in the x-y plane. See Figure 3-14 for model orientation with 

coordinate system, and the row of nodes used for application of prescribed 

horizontal displacement (highlighted in dark red color). 

3.9. External loads applied 

External loads applied are limited to the vertical actuator load, and gravity 

loads. These external loads are applied at an initial analysis step. 

In the vertical direction, experimental force data from actuators has not been 

applied, as it was not available. Instead, a constant total vertical force of 800 

kN [10], in the model negative Y-direction according to Figure 3-14, has 

been applied at the top beam, as a distributed surface load over the entire top 

beam surface. 

In addition, gravity loading in this direction has also been applied on all 

elements, including an assumed additional equivalent equipment mass of 

500 kg to account for steel equipment at the top beam. The actual mass of 

equipment on top of the top beam is not known. 
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3.10. Simulation types and procedures 

The actual physical experiments did not include dynamic effects (inertia), 

but were very slow processes. See section 2.5 for load rates applied. The 

numerical simulations of the actual experimental events are consequently 

simulated using the explicit wave front ABAQUS/Explicit solver [4], as 

quasi-static events, including only a minimal amount of kinetic energy. 

The simulations were divided into two subsequent simulation steps. An 

initial step, which include application of gravity load and the vertical force, 

and a subsequent step of the actual event of interest (monotonic push-over or 

cyclic event). For the ASR simulations, the expansion was also included in 

the first simulation step. 

As complements to simulating the actual experimental events, in order to 

save time and evaluation efforts, monotonic static nonlinear pushover 

simulations have been used for the bulk of the simulations. Typical wall 

clock simulation times for such a monotonic pushover event is 

approximately 10 hours, when parallelized on 20 cores on a Linux server. 

The total number of variables in the numerical model is almost 500 000. 

3.11. Modelling of ASR effects 

Chemical processes in concrete due to alkali-aggregate reactions lead to a 

change of the material properties (at a macro level), which in turn cause 

progressive material expansion (swelling) and cracking [9]. The process is 

slow, and may take many years to cause substantial material and structural 

changes, if ever. Typically affected structures exposed to outdoor climate 

may experience durability issues, and combined effects from, for instance, 

concrete freeze-thaw [23] or reinforcement corrosion may occur. Only very 

few studies on the impact of ASR on safety related functions for safety 

significant nuclear structures are available [8]. The effects of ASR on a 

structural level are complex, as the changed (nominally decreased) material 

properties in some configurations may, on a structural level, be 

counterbalanced by positive confinement effects from material swelling. 

This may lead to non-intuitive structural shear capacity changes due to ASR, 

both increase and decrease, according to [8]. Most studies of ASR-affected 

reinforced concrete structures have indicated that the load-bearing capacity 

of the structures are not compromised [18]. 

In Sweden, no instances of ASR have been reported to the nuclear regulatory 

body, for NPP reactors still in production (see section 1.5). In addition, the 

structural effects of the ASR chemical process seem complex, and yet not 

fully understood. There are currently no engineering guidelines in design 

codes for capacity changes of structures affected, and different structural 

configurations may result in large, non-intuitive, variations in structural 

effects [8]. As a consequence, also taking into consideration the open 

questions regarding experimental results discussed in section 2.6.4, this 

phenomenon is treated using a simplistic macro-scale method in this current 

study. 

Using numerical tools to simulate, understand and predict the structural 

effects of ASR may be an important part in structural verifications of 
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affected structures. The macro-scale modelling technique used in this study 

prioritize simplicity before accuracy, and results are used as conceptual 

indicators on the structural phenomenon of concrete material swelling. The 

material expansion, as well as material property degradations, are considered 

in this simplified approach. The method is justified based on both the 

uncertainty in the degradations, in terms of spatial distribution and reaction 

progress, for an actual nuclear structure. In the assessment of actual 

structures, both engineering judgement, and simplified conservative 

modelling approaches, are believed to be important parts, although they may 

not be entirely correct in a scientific perspective. For further information on 

some selected refined methods of modelling ASR effects, see for instance 

references [7] and [8]. 

3.11.1. Material expansion 

Material expansion in the concrete is modelled using an equivalent isotropic 

thermal expansion. The expansion is modelled uniform in the entire test 

specimen, as a simplification and in absence of other information, which 

likely is not the case for any real structure. Conceptual explanations of 

material expansion due to ASR are described further in [7]. 

Experimentally measured free swelling of small concrete samples related to 

the shear wall studied here are presented in [10], and accounted for in Table 

2-3. Based on this the free expansion at the ASR A1 test 250 days after 

casting is assumed to be 0.185 %, and a graphically roughly estimated value 

of 0.30 % (from Figure 2-4) is used for the ASR B2 test simulations. See 

Table 2-1 for information concerning the different experimental tests to be 

numerically simulated. 

Although not explicitly stated in any of the ASCET reference documents, the 

entire test specimen, including upper and lower beam elements, are assumed 

to be of the same reactive concrete type in the numerical models. 

3.11.2. Material property changes 

According to [6] and [7], the tensile strength and stiffness of the concrete is 

more affected by AAR than the compressive material strength, which is 

consistent with the conclusions in the literature study [9], and in [18]. 

Material property changes due to ASR include stiffness and strength 

parameter reductions, which in the numerical simulations of the ASR A1 test 

specimen are selected according to the given values, specified in Table 2-2. 

For the numerical simulations of the ASR B2 test specimen (tested after 

approximately 1000 days at exhausted chemical reactions), material property 

changes are intended to be estimated by benchmark participants. However, 

as regular code equations for estimation of material parameters do not apply 

to ASR affected material, the same values as used for the numerical 

simulations of the ASR A1 tests are used. This mean that expansion effects 

only will be evaluated. 
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3.11.3. Concrete and steel reinforcement interface 

The effect of ASR on the concrete and reinforcement steel interface (bond) 

is not considered in this work, although this is likely an important issue for 

the ductile behavior, and shear capacity, in some situations. 
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4. Results and comparisons 
In this chapter, some selected results from the numerical work performed 

within the benchmark participation are presented. For test specimens REG A 

and ASR A1, numerical simulation output is compared to experimental 

results available, and result comparisons are discussed based on the official 

ASCET program goals. The official ASCET program goals of the numerical 

simulation benchmark is to study; 

1) The ability to predict the behavior of concrete elements with ASR,  

2) the difference in failure modes between ASR and sound specimen,  

3) the difference in ultimate capacity,  

4) the difference in ultimate displacements. 

The first item in the list above is here interpreted as being able to 

characterize the noticeable differences observed in the experimental results 

between the REG A test specimen and the ASR A1 specimen. These 

differences include differences in ultimate capacity, and possibly different 

crack patterns and failure modes. It should in this context be noted that the 

experimental tests consist of two different individual tests, not being 

statistically ensured, which indicate that some caution should be used when 

interpreting results. The ultimate capacity is simply interpreted as the 

maximum whole wall shear force during the event, which make this 

parameter simple to evaluate. The ultimate displacement (ductility measure) 

is however not simple to define, and no guidance, nor criteria, for evaluating 

this parameter is given. In the evaluations of this parameter a subjective 

approach, based on visual determination of when the ultimate diagonal crack 

is formed, is therefore used in this chapter. 

Ultimate capacity and displacement for A and B series of specimen are 

summarized in Table 4-1. Experimental values for the B-series of tests used 

in the table are from the University of Toronto presentation at the concluding 

ASCET Phase 2 workshop [16], which were presented after the numerical 

work in this report were finalized. In general, experimental and numerical 

ultimate capacity agree reasonably well for the regular concrete walls. 

Concerning the specimen having an advanced state of ASR (ASR B2), 

whole wall ductility has been dramatically reduced, and simplified numerical 

method adjustments does naturally not capture this reduction. 
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Table 4-1 Ultimate capacity and displacement summary table. 

Numerical simulation capacity presented are calculated 

using best estimate material parameter input and 

monotonic load application. 

Specimen Method used for deriving 

structural shear capacity 

Ultimate capacity 

(kN) 

Ultimate 

displacement 

(mm) 

Regular A Experimental (Section 2.6) 1180 8.2 

Numerical (Section 4.1) 1040 Approx. 8-102) 

Regular B Experimental (Section 2.6) 1187 7.3 

Numerical (Section 4.2) 1090 Approx. 8-102) 

ASR A1 Experimental (Section 2.6) 1355 7.1 

Numerical (Section 4.3) 1080 Approx. 8-102) 

ASR B2 Experimental (Section 2.6) 1243 2.6 

Numerical (Section 4.4) 1120 Approx. 8-102) 

1) Ductility based on crack formation of ultimate failure mode. 

 

The general philosophy for the numerical simulations carried out is based on 

combining best estimate input, with a simplified engineering approach to the 

physics behind the ASR effects on the concrete specimen, as the actual 

physics of the reactive processes are considered too complex to incorporate 

in detail. The engineering approach used for describing the ASR effects 

consist of isotropic material expansion and reducing concrete material 

properties. This is described in more detail in section 3.11. 

In this chapter, numerical results and predictions for the different test 

specimens (REG A, ASR A1, REG B and ASR B2) are also presented. The 

tests REG B and ASR B2 are completely blind predictions, as experimental 

data for these tests were not available. As such, little effort has been put into 

the work with these, as both input and output from the experimental 

campaign are unknown. In addition to results for the best estimate numerical 

models, several sensitivity analyses have been carried out for a selected set 

of model input parameters. These are considered to contribute with valuable 

information, and are presented later in this chapter. In the last part of this 

chapter a brief comparison to design code capacity are made for both 

numerical and experimental results. 

Due to the used material model inability to successfully simulate the 

inelastic responses during the complete cyclic shear load event, discussed in 

section 4.1.2, quasi-static monotonic loading is used for the majority of the 

numerical studies presented in this report. 

Result figures visualizing the predicted crack patterns in the numerical 

models in this chapter are mainly contour plots of resulting material damage 

in tension, output variable DAMAGET [4]. Displacements are magnified a 

factor of 20 in result figures throughout this chapter, unless stated otherwise. 

The comparative experimental force-displacement curves shown in the 
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horizontal capacity figures (named Experimental REG A, and Experimental 

ASR A1), is the enveloped experimental data shown in Figure 2-14. 

4.1. Comparisons for regular concrete specimen REG 
A 

In this section results from the numerical simulation of the regular concrete 

specimen, REG A, are presented. The experimental tests were carried out at 

specimen age 240 days, see section 2.2. 

4.1.1. Monotonic push over simulation results 

Figure 4-1 show a comparison of horizontal whole wall push over capacity 

functions for the REG A numerical simulation, compared to experimental 

data. In comparison to the experimental data, the numerical model is 

observed slightly too stiff in the initial elastic response. This may be due to 

either the seemingly large value of the concrete elastic stiffness, poor 

interaction or coupling modelling of adjacent structures, some result of 

issues related to the experimental data acquisition, or a combination of these. 

Boundary conditions for the model are set to entirely restrained translations 

and rotations at the bottom beam (see section 3.8), which normally should 

result in a too stiff behavior compared to an actual structure. The reason for 

this is that this type of absolute restraint never exists in the physical world, 

and likely were not the case for the experimental situation at the tests 

compared to. However, no information is available concerning the details for 

the actual concrete specimen anchoring, and this modeling approach is 

therefore used, although it is believed to result in an overly stiff global 

behavior. 

As discussed in section 2.6, the experimental non-symmetrical force-

displacement response of test specimen REG A does not have the expected 

characteristics of a structure having the given nominal data, as the idealized 

numerical model does. In addition, the test specimen ASR A1 has an initially 

stiffer response than the regular concrete specimen, despite lower elastic 

stiffness. This is not expected, and an explanation for this is still missing at 

present time. 
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Figure 4-1 Comparison of whole wall horizontal push over capacity 

functions for the REG A specimen experimental test and 

numerical simulations. 

Visualizations of crack patterns and development for the REG A numerical 

model are shown in Figure 4-2 and Figure 4-3. For the input used, numerical 

simulation output responses are initially purely elastic, up to a point where 

horizontal tension cracks are initiated at the interface between the wall and 

the lower beam at the tension side (lower left side in Figure 4-2). In-plane 

rotations at the upper beam is here not restrained, see section 4.5.1. As 

prescribed horizontal displacements increase, a shear crack form in the wall. 

Further displacement increase result in the development and progress of 

multiple cracks, parallel to the initial shear crack. The ultimate failure mode 

seems to be a combined shear mode, where the compression struts finally 

sequentially join (forming a diagonal crack) and collapse. The approximate 

maximum shear capacity for this loading situation is here predicted to be at a 

prescribed horizontal displacement of 5.4 mm, and the shear force is then 

1.04 MN. The ultimate failure is estimated to begin at approximately 8.2 mm 

prescribed horizontal displacement, as the ultimate capacity of the right-hand 

side barbell side wall is reached. After that the remaining capacity is quickly 

reached, as one diagonal crack joins the multiple cracks previously formed 

in the wall. See Figure 4-4. 
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Figure 4-2 Principal response at the point of maximum shear force 

capacity (at 5.4 mm horizontal displacement), for the REG 

A specimen numerical simulations. 

 

Figure 4-3 Monotonic horizontal push over response after crack 

initiation (at 1 mm) and at the point of maximum shear 

force capacity (at 5.4 mm horizontal displacement), for the 

REG A specimen numerical simulations. 

   

Figure 4-4 Visualization of (close to) ultimate crack pattern and 

failure mode for the REG A specimen, to be compared to 

experimental results shown in Figure 2-11. Left figure 

show tension damage, and right figure show compression 

damage, at 8.2 mm horizontal displacement. 

Reinforcement stresses are shown at initial yield in Figure 4-5, and at 10 mm 

prescribed horizontal displacement in Figure 4-6. The yield stress is defined 
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to 430 MPa, as described in section 3.5.2. Figure 4-7 show the predicted 

reinforcement equivalent plastic strain at 10 mm horizontal displacement. 

No experimental data is available for comparisons at present time. 

 

Figure 4-5 Predicted equivalent reinforcement stress, at initial yield, 

at 2 mm horizontal displacement, for the REG A specimen 

numerical simulations. 

 

Figure 4-6 Predicted equivalent reinforcement stress at 10 mm 

horizontal displacement, for the REG A specimen 

numerical simulations. 
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Figure 4-7 Predicted reinforcement equivalent plastic strain at 10 mm 

horizontal displacement, for the REG A specimen 

numerical simulations. 

4.1.2. Cyclic loading simulation results 

Attempts to simulate the actual cyclic load event described in section 2.5 are 

described in this section for the REG A specimen. The numerical model used 

is identical to the model used for the simulation of monotonic loading, 

described in the previous section. The prescribed cyclic horizontal 

displacement sequence used for numerical simulations is shown in Figure 

4-8. 

In conclusion, cyclic loading event simulations including advanced inelastic 

material responses, are less successfully simulated using the CDP material 

model in ABAQUS, for the studied shear loaded wall. The plastic damage 

material model exhibit an unphysical swelling effect when for exposed to 

repeated reversed inelastic stress states. This effect has been confirmed for 

1-element numerical test cases, and the material model is believed to 

insufficiently represent a quasi-brittle material for the studied cyclic shear 

loading conditions. 

Cyclic time history and push over loading (whole wall force-displacement) 

response for the REG A specimen numerical simulations are shown together 

with available experimental results in Figure 4-9. The figure show an 

initially fair comparison for the cyclic time history simulation, up to almost 2 

mm prescribed horizontal displacement of the top beam, and then a 

premature and rapid loss of strength. 
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Figure 4-8 Used prescribed cyclic horizontal displacement sequence 

for numerical simulations. 

 

Figure 4-9 Comparison of whole wall horizontal push over capacity 

functions for the REG A specimen experimental test and 

cyclic loading numerical simulation. 

In terms of crack development and pattern, Figure 4-10 and Figure 4-11 

show the predictions during the first couple of load cycles. Initial crack 

initiation occurs as a horizontal crack plane at the lower tension side of the 

wall-bottom beam interface. Some of the early crack development may be 

termed micro-cracking, which may not be experimentally (visually) easy to 

detect. As crack development progress, the spurious material model swelling 

response induce artificial internal stress, which affect the response. 
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The ultimate failure mode predicted for the REG A numerical model (see 

Figure 4-12) is a failure mode in the shape of an inverted flat U-shape across 

the wall, as the last vertical load carrying capacity of the outer barbell wall 

sides is exhausted. Despite the apparent inability to simulate the complete 

cyclic event, the predicted ultimate failure mode shown in Figure 4-12 

visually compare to a certain degree to the experimental results shown in 

picture Figure 2-11. Both tension and compression damage are shown in 

Figure 4-12, as the predicted ultimate failure mode is a mixed mode failure. 

Full access to the experimental data is however not available, which result in 

an incomplete comparison. Due to the observed inability of the material 

model to simulate the response in full, crack patterns and ultimate failure 

mode predictions shown here for the cyclic loading event may be of limited 

value, depending on the degree to which the real-world physics are violated. 

This is however unknown at present time. 

  

Figure 4-10 Cyclic loading response at 0.8 mm (second cycle) and -0.8 

mm (second cycle reverse direction) horizontal 

displacement, for the REG A specimen numerical 

simulations. 

  

Figure 4-11 Cyclic loading response at 1 mm (third cycle) and 1.4 mm 

(fourth cycle) horizontal displacement, for the REG A 

specimen numerical simulations. 
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Figure 4-12 Visualization of ultimate crack pattern and failure mode for 

the REG A specimen numerical simulations, to be 

compared to experimental results shown in Figure 2-11. 

Left figure show tension damage, and right figure show 

compression damage, at 2.5 mm total displacement (load 

cycle number 7). 

4.1.3. Numerical simulation energy levels 

Whole model energy quantities are good simulation health indicators for the 

explicit numerical method used, and it’s considered good practice to analyze 

these for each numerical simulation. 

Checks for kinematic versus strain energy relations, i.e. high levels of kinetic 

energy indicating non static conditions, has been performed. As simulations 

are intended to be essentially static, the kinetic energy and viscous damping 

energy levels are verified to be negligible in the simulations. 

The artificial (hourglass) strain energy has been notably high in some of the 

simulations carried out, indicating that this numerical feature has been highly 

activated. This is an undesirable effect, and artificial energy levels should 

ideally be low. 

4.2. Blind predictions for regular concrete specimen 
REG B 

In this section results from the numerical simulation of the regular concrete 

specimen, REG B, are presented. The test specimen was tested at an 

approximate age of 1000 days, see section 2.2. To account for the evolution 

of material properties (ultimate compression, ultimate tension, and elastic 

stiffness) for wall specimen REG B, some guidance from Eurocode 2 [21] 

may be used. However, due to the unknown concrete quality class, 

adjustments are here limited to increased ultimate compressive strength, 

corresponding to the use of the ultimate cube compressive strength. The 

ultimate cube compressive strength is here simply taken as the 

experimentally determined ultimate cylinder compression divided by the 

factor 0.8. 
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Due to the similarities between the numerical simulations of specimen REG 

A and REG B, the results are at large similar. The REG B specimen, having 

slightly higher concrete compression specified, 

Figure 4-13 show a comparison of whole wall horizontal push over capacity 

functions for the REG B specimen experimental test and numerical 

simulations. Figure 4-14 show the monotonic horizontal push over response 

in terms of crack patterns, at crack initiation (around 1 mm) and maximum 

shear force capacity (at 7.4 mm horizontal displacement), for the REG B 

specimen numerical simulations. As differences from the REG A numerical 

simulation include an increased concrete compression only, differences 

between results from these simulations are expected to be fairly small for the 

loading situation studied, as only a moderate increase in capacity is 

predicted. The approximate maximum shear capacity for this loading 

situation is predicted to be 1.09 MN at 7.4 mm horizontal displacement. 

 

Figure 4-13 Comparison of whole wall horizontal push over capacity 

functions for the REG B specimen experimental test and 

numerical simulations. 
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Figure 4-14 Monotonic horizontal push over response at 1 mm and 7.4 

mm horizontal displacement, for the REG B specimen 

numerical simulations. 

4.3. Comparisons for specimen ASR A1 

In this section results from the numerical simulation of the affected 

specimen, ASR A1, are presented. Simulation input changes relative to the 

REG A specimen simulations include changed material parameters, and 

isotropic expansion, only. All other simulation input is identical between the 

simulations. See section 3.11 for more information about the assumed input 

changes for numerical simulations of ASR affected test specimen. Numerical 

modelling aspects of the ASR affected specimen are discussed in general 

terms in section 3.11. The free expansion at the ASR A1 test, 250 days after 

casting, is assumed to be 0.185 % in the numerical simulations, based on the 

experimentally measured expansion for small concrete samples presented in 

Table 2-2. 

4.3.1. Monotonic push over simulation results 

This section present results for the monotonic horizontal push over response 

simulation for the ASR A1 specimen. Figure 4-15 show a comparison of 

whole wall horizontal push over capacity functions for the ASR A1 and 

REG A specimen experimental tests, and numerical simulations. The 

numerical simulation results confirm the experimental observation that the 

ASR affected specimen, although having nominally weaker material 

properties (ultimate tension, compression and elastic stiffness), may possess 

a higher ultimate capacity than a structure made from regular concrete. This 

is confirmed to be due to the confining effects resulting from concrete 

material expansion, which is internally balanced by the post tensioning of 

the embedded reinforcement steel bars, see section 4.5.9. The whole wall 

initial elastic response is less stiff than the REG A structure, which is 

expected. This is however contradictory to the experimental results, which 

are currently not explained. The maximum shear capacity for this loading 

situation is predicted to be 1.08 MN at 4.2 mm horizontal displacement. A 

sensitivity study of the ASR induced confinement effect can be found in 

section 4.5.9. 
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Figure 4-15 Comparison of whole wall horizontal push over capacity 

functions for the ASR A1 and REG A specimen 

experimental tests and numerical simulations. 

Visualizations of crack patterns and development are shown in Figure 4-16. 

Horizontal tension cracks are initiated at the interface between the wall and 

the lower beam at the tension side (lower left side in Figure 4-16), but at a 

later stage and less pronounced than for specimen REG A. This is due to the 

confining effects of the concrete, caused by the material expansion in 

combination with the reinforcement. As prescribed horizontal displacements 

increase, a pattern of parallel shear crack form in the wall. Further 

displacement increase result in the development and progress of multiple 

cracks, parallel to the initial shear crack. The crack pattern appears to be 

more regular than for the REG A simulation. The ultimate failure mode 

seems to be a combined shear and tension mode. The visualization in Figure 

4-17 is believed to compare fair to experimental crack patterns in the wall, 

shown in Figure 2-13. The maximum shear capacity for this loading 

situation is here predicted to be at a prescribed horizontal displacement of 

4.8 mm, which is slightly earlier than for the REG A specimen, and the shear 

force is then 1.08 MN. The ultimate failure is here estimated to be slightly 

more ductile than the REG A specimen, beginning at approximately 10 mm 

prescribed horizontal displacement. 
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Figure 4-16 Monotonic horizontal push over response at crack 

initiation (1.2 mm) and maximum capacity around 4.8 mm 

horizontal displacement, for the ASR A1 specimen 

numerical simulations. 

    

Figure 4-17 Visualization of (close to) ultimate crack pattern and 

failure mode for the ASR A1 specimen, to be compared to 

experimental results shown in Figure 2-11. Left figure 

show tension damage, and right figure show compression 

damage, at 10 mm horizontal displacement. 

Figure 4-18 show the predicted equivalent reinforcement stress after 

isotropic concrete expansion (0.00185), and before initiation of the 

horizontal displacement push over event, for the ASR A1 specimen 

numerical simulations. Reinforcement stresses are shown at initial yield in 

Figure 4-19, and at 10 mm prescribed horizontal displacement in Figure 

4-20. The yield stress is defined to 430 MPa, as described in section 3.5.2. 

Initial yield occurs at an earlier stage in the ASR affected structure, 

compared to the regular concrete test specimen. This is due to the 

prestressing effect induced by the concrete expansion, causing the initial 

stress state in the reinforcement. Figure 4-21 show the predicted 

reinforcement equivalent plastic strain at 10 mm horizontal displacement. 

No experimental data is available for comparisons and verification of these 

predictions at present time. 
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Figure 4-18 Predicted equivalent reinforcement stress after isotropic 

concrete expansion (1.85 mm/m), before initiation of the 

horizontal displacement, for the ASR A1 specimen 

numerical simulations. 

 

Figure 4-19 Predicted equivalent reinforcement stress, at initial yield, 

at 0.8 mm horizontal displacement, for the ASR A1 

specimen numerical simulations. 
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Figure 4-20 Predicted equivalent reinforcement stress at 10 mm 

horizontal displacement, for the ASR A1 specimen 

numerical simulations. 

 

Figure 4-21 Predicted reinforcement equivalent plastic strain at 10 mm 

horizontal displacement, for the ASR A1 specimen 

numerical simulations. 

4.3.2. Cyclic loading simulation results 

Attempts at simulating the actual cyclic load event described in section 2.5 

are described in this section for the ASR A1 specimen, analogue to the REG 
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A specimen described in section 4.1.2. The numerical model used is 

identical to the model used for the simulation of monotonic loading, 

described in the previous section. The prescribed cyclic horizontal 

displacement sequence used for numerical simulations is shown in Figure 

4-8. 

In conclusion, as described in section 4.1.2, cyclic loading event simulations 

including advanced inelastic material responses, are less successfully 

simulated using the CDP material model for the studied shear loaded wall. 

Cyclic loading (whole wall force-displacement) response are shown in 

Figure 4-22. Analogue to what is described in section 4.1.2, the figure show 

an initially fair comparison, and then a premature and rapid loss of strength. 

 

Figure 4-22 Comparison of whole wall horizontal push over capacity 

functions for the ASR A1 specimen experimental test and 

cyclic loading numerical simulation. 

In terms of crack development and pattern, Figure 4-23 and Figure 4-24 

show the predictions during the first couple of load cycles. One observation 

is that the ASR A1 specimen initiate cracking at a later stage, and to a lesser 

extent, than the regular concrete specimen REG A. This is due to the 

structural post stressing effects from the steel reinforcement, originating 

from the concrete material ASR expansion. This lead to formation of 

considerably less horizontal crack planes in the ASR A1 numerical 

simulation, in the wall-lower beam junction, and in the barbell wall side 

parts. See Figure 4-10 and Figure 4-11 for a REG A numerical result 

comparison to the ASR A1 numerical results in Figure 4-23 and Figure 4-24. 

The ultimate failure mode predicted for the ASR A1 numerical model (see 

Figure 4-25) is quite similar to the REG A numerical simulation, resulting in 

a failure mode in the shape of an inverted flat U-shape across the wall, as the 

last vertical load carrying capacity of the outer barbell wall sides is 

exhausted. 
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Figure 4-23 Cyclic loading response at -0.8 mm (second cycle reverse 

direction) and 1 mm (third cycle) horizontal displacement, 

for the ASR A1 specimen numerical simulations. 

 

Figure 4-24 Cyclic loading response at 1.4 mm (fourth cycle) and 1.8 

mm (fifth cycle) horizontal displacement, for the ASR A1 

specimen numerical simulations. 

  

Figure 4-25 Visualization of ultimate crack pattern and failure mode for 

the ASR A1 specimen numerical simulations, to be 

compared to experimental results shown in Figure 2-11. 

Left figure show tension damage, and right figure show 

compression damage, at 2.5 mm total displacement (load 

cycle number 7). 

NEA/CSNI/R(2018)4/ADD1



58 
 

4.4. Blind predictions for specimen ASR B2 

In this section results from the numerical simulation of the affected 

specimen, ASR B2, are presented. The physical test specimen was tested at 

an approximate age of 1000 days, see section 2.2. Numerical modelling 

aspects of the ASR affected specimen are discussed in general terms in 

section 3.11. 

As the concrete is affected by ASR, code equations for material properties 

evolution over time are not available in Eurocode 2 [21]. The unknown 

evolution of material properties over time for wall specimen REG B is 

therefore not accounted for, as this would result in pure guesswork. To 

account for changed conditions over time, the free expansion of the 

specimen at the test is assumed to be 0.3 % in the numerical simulations, 

based on simplified guessing from information in section 2.3. The expansion 

is considered to be the controlling factor for the ultimate capacity, although 

changes from the ASR A1 specimen are predicted to be small in the 

sensitivity analysis presented in section 4.5.9. 

Due to the similarities between the numerical simulations of specimen ASR 

A1 and ASR B2, the results are at large similar. The ASR B2 specimen, 

having larger expansion and thus higher post tensioning specified, 

experience similar cracking but at a slightly later stage in the event. 

Figure 4-26 show a comparison of whole wall horizontal push over capacity 

functions for the ASR B2 specimen experimental test and numerical 

simulations. The approximate maximum shear capacity for this loading 

situation is predicted to be 1.12 MN at 4.8 mm horizontal displacement. 

 

Figure 4-26 Comparison of whole wall horizontal push over capacity 

functions for the ASR B2 specimen experimental test and 

numerical simulations. 

Figure 4-27 show the predicted equivalent reinforcement stress after 

isotropic concrete expansion (0.003), and before initiation of the horizontal 
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displacement push over event, for the ASR A1 specimen numerical 

simulations. The reinforcement in the wall is at this point in non-linear 

material response. The yield stress is defined to 430 MPa, as described in 

section 3.5.2. No experimental data is available for comparisons and 

verification of the predictions made at present time. 

 

Figure 4-27 Predicted equivalent reinforcement stress after isotropic 

concrete expansion (3 mm/m), before initiation of the 

horizontal displacement, for the ASR A1 specimen 

numerical simulations. 

4.5. Sensitivity analyses 

One major benefit of using numerical simulations is the possibility to quite 

easily vary input parameters to study what-if-cases, something often called 

sensitivity analysis. Results and conclusions from selected cases of such 

sensitivity analyses will be presented here. Unless otherwise explicitly 

specified, the base state model compared to the regular concrete (REG A) 

model presented in section 3.6. 

The general results show that numerical predictions for the studied shear 

wall problem in some situations may vary quite much for varied simulation 

input data. This result variability seems to arise due to differences in the 

load-path, which are here most apparent as graphical interpretations of the 

tensional damage parameter (here used as crack patterns). Initially stiffer 

whole wall response, which is not always intuitive, sometimes result in less 

ductile behavior. 
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4.5.1. Boundary conditions 

Numerical model boundary conditions most often have a significant impact 

on simulation results, and are typically important model input parameters. In 

the real world however, boundary conditions are rarely as straight forward as 

what often is conveniently assumed in numerical simulations. To illustrate 

the impact of two different cases of boundary condition assumptions for the 

structure used within this report, this section is included. Another reason to 

include this particular study is because no information, data acquired 

concerning actual conditions at the experimental situations, are available. 

Two extreme cases of rotational boundary conditions for the test specimen 

upper beam are selected, and presented, here. The two cases are; fully 

restrained in-plane rotations, and free rotation capability, as the base model 

described in section 3.6. 

The monotonic horizontal push over response for the two different boundary 

conditions, and crack pattern, at 2.8 mm horizontal displacement, can be 

seen in Figure 4-28. It is apparent from this figure that the restrained 

rotational motion of the upper beam strongly governs the crack pattern 

developed during the event. Instead of the combined effects of both shear 

and in-plane moment, resulting in an inclined crack pattern and extensive 

horizontal cracking at the base beam, for the unrestrained rotation (to the left 

in Figure 4-28), the development of multiple shear cracks can be noticed for 

the wall responding in shear only (to the right in Figure 4-28). 

Figure 4-29 is included to show the gradual increased response at 1.6 and 5.2 

mm horizontal displacement, for the wall having restrained in-plane rotation 

at the top beam. 

Figure 4-30 show a comparison of horizontal push over capacity functions 

for the two different extreme cases of upper beam rotation restraints models. 

Allowing in-plane rotations will result in a mixed mode shear and bending 

failure. A significant increase in whole structure ultimate capacity can be 

seen for the wall having restrained in-plane rotations at the top beam. This 

effect is valid for both elastic and in-elastic structural response. Just as for 

other parameters which increase the ultimate shear capacity, restrained 

rotations may cause a more brittle and less ductile whole wall response. 

It should be noted that the two selected cases are extreme cases, and the 

actual behavior of the structures are likely somewhere in between this 

behavior, but fairly close to the top beam free rotation condition. The applied 

vertical load also governs this response, to some extent. Unfortunately, no 

experimental data to confirm the actual experimental setup in this 

perspective are at present time available. 
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Figure 4-28 Monotonic horizontal push over response and crack 

pattern at 2.8 mm horizontal displacements for the free top 

beam rotation (left figure), and restrained in-plane rotation 

(right figure). Displacements are magnified 40x. 

 

Figure 4-29 Monotonic horizontal push over response at 1.6 and 5.2 

mm horizontal displacement, for the wall having restrained 

rotation at the top beam. 

 

Figure 4-30 Comparison of whole wall horizontal push over capacity 

functions for the two different upper beam rotation 

capabilities. 
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4.5.2. Solid element selection issues 

Within the work presented in this report, several types of solid element types 

available in the ABAQUS/Explicit solver have been tested; C3D8R (8-node 

brick element), C3D4 (4-node tetrahedron), and C3D10M (modified 10-node 

tetrahedron). These element types are described in more detail in the 

ABAQUS manual [4]. The reason for testing a variety of different element 

types were originally observed deviations in non-linear response, compared 

to the experimental results. The brick element model use element side 

lengths of 25 mm, and the tetra mesh models are split mesh from that model. 

Figure 4-31 show a comparison of whole wall horizontal push over capacity 

functions for the various tested element types. The top beam was free to 

rotate in-plane in all simulations, as this is expected to reflect actual 

conditions well. 

Solid and shell elements in the ABAQUS/Explicit solver use first order 

(linear) reduced integration elements. For first-order elements including 

reduced integration, hourglass control is required to avoid hourglass modes. 

The reduced integration 8-node brick element, of type C3D8R, suffers from 

such hourglass effects for the simulated shear problem, which normally may 

indicate that a mesh refinement is required. In combination with the CDP 

material model used, this result in a substantial swelling effect in the 

thickness direction of the non-linear regions of the wall. This also result in a 

much too soft response for the wall after crack initiation. As a result, these 

brick elements are not selected for use for the final model. 

Regular 4-node tetrahedron (type C3D4) elements are for many applications 

considered to result in an overly stiff structure. In addition, the resulting 

crack pattern formed a single diagonal band across the wall structure, which 

did not reflect experimental experience. The elements were not used further. 

Using modified tetrahedron (type C3D10M) elements as host elements for 

the embedded reinforcement bars, only the corner nodes of the elements are 

tied to the embedded elements, by software implementation. This may result 

in a softer behavior than if all nodes of the element were used to tie the 

embedded reinforcement elements. The importance of this feature is not 

investigated. In the simulations carried out, the artificial strain energy was 

kept at a moderate level. Together with a reasonable ultimate capacity, and a 

realistic crack pattern, this element type was selected for further use. 
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Figure 4-31 Comparison of whole wall horizontal push over capacity 

functions for tested element types. 

4.5.3. Concrete fracture energy 

Numerical simulations carried out as part of the sensitivity analyses predict 

that the concrete material Mode I fracture energy (GFI) influence the 

ductility, and crack pattern, of the studied shear wall. The ultimate shear 

capacity is not affected to the same degree, for the studied configurations. 

The tabular definition method of the concrete uniaxial tension as a function 

of crack width has been used in this work, as the two-parameter definition 

(ultimate uniaxial tension and fracture energy) include a linear decay shape 

of the tension stress. The inclusion of an exponential-type decay shape has 

for some conditions been observed to be important, whereas for other 

situations this has not been an important parameter. 

Figure 4-32 show a comparison of horizontal push over capacity functions 

for varied Mode I fracture energy of the concrete material. In the figure, it 

appears as defining too high fracture energy cause an excessive ductility 

capacity. The results may indicate that the used Mode I fracture energy, 

supplied from experimental data (see section 2.3), are over estimated. This 

may be one reason for the noted excess in ductility capacity in the REG A 

base numerical model used in this report. However, altering other material 

input simultaneously (not done here) may yield different results, which show 

the importance of having well defined physical material model input 

parameters, that are possible to determine experimentally. See discussion in 

section 3.5.1. The comparison in the figure also show something seen 

several times during the work within this project, that a seemingly logically 

“weaker” model (here lower GFI) may during some stage exhibit a stiffer 

behavior than a model that nominally should be “stronger”. This is here seen 

as increasing GFI not consequently result in a higher capacity of the shear 
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wall, but the load paths, and crack pattern and propagation, may vary as a 

result of the evolution of the wall response. 

Numerical predictions of the different crack patterns, crack initiation and 

crack propagation, for the studied cases are included below. The data shown 

origin entirely from numerical simulations, and how much of the response 

that are artefacts of the numerical implementation and material model, and 

how much correspond to actual physical response is not possible to 

determine currently. Experimental data to support, or reject, the predicted 

behaviors are not available at present time. However, the numerical results 

show that the shear loaded squat wall phenomena studied result in complex 

stress/strain patterns, which may be quite sensitive to input variations. 

 

Figure 4-32 Comparison of whole wall horizontal push over capacity 

functions for varied Mode I fracture energy. 

Figure 4-33 show visualizations of the monotonic horizontal push over 

response at 0.8 and 5.0 mm prescribed horizontal displacement, for the wall 

with a specified Mode I fracture energy of 60 N/m. Crack initiation start at 

the lower left junction between the bottom beam and the wall, as for all the 

other simulations. A 45-degree angle crack then form early in the event, 

reaching from the lower right side of the wall, and up to the junction with the 

top beam. This result in a triangle (base is upward) with primarily 

compression stress at the upper right side of the wall. Tensional crack 

progression then occurs along the lower left side of the wall, the left end 

barbell wall, and along the diagonal of the main wall. The final crack opens 

parallel to the initial 45-degree angle crack, crushing the lower base of the 

right barbell side wall. 
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Figure 4-33 Numerically predicted crack patterns at 0.8 and 5.0 mm 

horizontal monotonic displacement, for concrete having 

Mode I fracture energy (GFI) 60 N/m. 

Figure 4-34 show visualizations at 0.8 and 5.0 mm prescribed horizontal 

displacement, for the wall with a specified Mode I fracture energy of 120 

N/m. Crack initiation and progression is here somewhat different from the 

case described above, in that the crack pattern consist of major cracks 

primarily running along, or parallel to, the wall diagonal. 

 

Figure 4-34 Numerically predicted crack patterns at 1.0 and 8.0 mm 

horizontal monotonic displacement, for concrete having 

Mode I fracture energy (GFI) 120 N/m. 

Figure 4-35 show numerically predicted crack patterns at for the REG A test 

specimen base model, having Mode I concrete fracture energy of 179 N/m. 

The predicted crack pattern is here in general oriented at a larger angle than 

the other models predict. Multiple parallel cracks progressively form at the 

right (compressive) side of the wall. Ultimately, a band of cracks form along 

the wall diagonal. 
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Figure 4-35 Numerically predicted crack patterns at 1.0 and 8.0 mm 

horizontal monotonic displacement, for concrete having 

Mode I fracture energy (GFI) 179 N/m. 

4.5.4. Concrete compression side 

Experimentally derived data for the concrete materials indicate very high 

ultimate compression capacity for the concrete materials used. A limited 

study of the influence of the ultimate compression is included. Figure 4-36 

show a comparison of horizontal push over capacity functions for varied 

material ultimate compression in the numerical model. 

The base numerical model has a specified ultimate compression of 79 MPa 

(see experimental data in section 2.3), and the material assigned a low 

compression have a specified ultimate compression of half of that. This is a 

very big material parameter change, and the sensitivity study is carried out 

on a conceptual level, not indicating that the lower ultimate compression 

value must necessarily represent an actual concrete material, but more to 

illustrate the importance of the compression side in terms of entire wall 

capacity. 

Simulation results for ultimate compression specified from an equivalent 

cube test is also included. Here a rough assumption that the ultimate 

compression from a cylinder test is approximately 80 % of that of a cube 

test, has been used. Differences to the specified ultimate compression value 

from cylinder tests are seemingly small, for the configuration in this 

example, but may be important for other configurations. See section 3.5.1 for 

further discussion on material model input. 
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Figure 4-36 Comparison of horizontal whole wall push over capacity 

functions for varied material ultimate compression in the 

numerical model. 

4.5.5. Concrete elastic stiffness 

Experimentally derived data for the concrete materials indicate very high 

elastic stiffness for the concrete materials used. A limited study of the 

influence of the elastic stiffness is therefore also included. Figure 4-37 show 

a comparison of whole wall horizontal push over capacity functions for 

varied concrete material elastic stiffness in the numerical model. 

The base numerical model has a specified elastic stiffness of 47 GPa (see 

experimental data in section 2.3), and a model using a lower elastic stiffness 

of 40 GPa has been included. This is a realistic material parameter change, 

and illustrate the (low) importance of the elastic material stiffness in terms of 

entire wall capacity. 
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Figure 4-37 Comparison of horizontal whole wall push over capacity 

functions for varied concrete material elastic stiffness in 

the numerical model. 

4.5.6. Influence of vertical load 

The external vertical load has an influence on the ultimate shear capacity for 

the studied shear problem. Figure 4-38 and Figure 4-39 show a limited 

comparison of predicted horizontal push over capacity functions and crack 

patterns for varied vertical load. The base simulation has an external vertical 

load of 800 kN, and in the sensitivity analyses this load have been varied 

with a value of ±200 kN, to show example result differences. 

The most note-worthy result change is for the numerical simulations of the 

decreased vertical load. The ductile behavior has here reached a threshold 

value (cliff-edge effect) as the normal force were lowered. The resulting 

failure mode is here predicted to be in the form of a distinct diagonal crack, 

parting the wall in two relatively equal triangle shaped parts. The increased 

vertical load seems to result in more evenly spaced crack pattern than the 

case for the base simulation configuration, REG A. The predicted resulting 

crack patterns are shown in Figure 4-39.  
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Figure 4-38 Comparison of horizontal whole wall push over capacity 

functions for varied vertical load. 

  

Figure 4-39 Numerically predicted crack patterns at 4 mm horizontal 

monotonic displacement. Left figure show simulation 

result for decreased vertical load, and right figure 

increased load results. 

4.5.7. Shell element model 

For engineering simulations of entire nuclear structures, practical aspects, as 

for instance model size, and convenient concrete cross section output 

availability, sometimes make shell element models an attractive option. To 

consider this practical aspect of numerical model refinement level, shell 

element models has been created to compare results, in terms of shear failure 

mechanism and ultimate capacity, to the solid element model otherwise used 

and presented in this report. The shell models are not described in much 

detail here, but are created to be equivalent to the solid element base model 

otherwise used in this chapter. To illustrate the effects of FE mesh 

refinement, three different spatial discretizations are selected, using the S4R 

NEA/CSNI/R(2018)4/ADD1



70 
 

4-node general purpose shell element with reduced integration and hourglass 

control [4]. Element side lengths selected are; 100 mm, 50 mm, and 25 mm. 

The upper beam is free to rotate, as the base model described in section 3.6 

and 4.5.1. This free rotation result in a mixed bending and shear structural 

response where the prescribed horizontal motion, translating the upper beam 

to the right in the figures below, give tension on the left side and 

compression at the right side in the figures. 

The implementation of steel reinforcement modelling differs in the shell 

model, from the solid element model. In the solid element model, discrete 

bar elements are embedded into the solid elements, whereas in the shell 

element model this approach is not supported. Instead, smeared rebar layers 

are used. This result in a model in which reinforcement is available in every 

concrete element, and localized effects from cracking are less pronounced. 

Results from this study include the observation that even a fairly course 

spatial discretization for the shell element model, to some degree, capture the 

overall structural response, compared to models using short element sides. 

Responses in the walls are initially elastic, until crack initiation at the tension 

side (left in Figure 4-40) at the wall and lower beam junction. After that, a 

diagonal crack area propagates from the wall upper left side to the lower 

right (compression side), dividing the rectangular shaped wall into two 

triangles, as the horizontal movement of the upper beam progress. In the 

models using short element sides, an initial diagonal crack with an angle of 

more than 45° form, but as the horizontal force increase an entire band of 

such cracks develop, and the final horizontal crack span over the entire wall 

width. This final diagonal crack then has a much more slanted angle. As the 

lower end of the right end wall break in compression, the whole wall 

structural capacity is rapidly decreasing. For course element discretization, 

crack patterns are naturally smeared over a larger geometric area. As 

element size decrease, crack patterns tend to be more localized, which can be 

seen in Figure 4-40. 

Figure 4-41 show a comparison of horizontal whole wall push over capacity 

functions for the different tested spatial discretizations of the shell element 

numerical model. For the studied load case, the in-plane shear motion 

activates a considerable amount of artificial strain energy in the model due to 

the element formulation of the 4-node reduced integration shell elements. 

This result in unphysical non-linear responses in the numerical model for the 

load situation, which is the major contributing factor to the discrepancy 

between the observed numerical response and the experimental results. A 

typical indication of this problem, coarse element discretization give a softer 

structural behavior than fine element discretization, can be seen in the figure. 

In addition, for the coarse 100 mm element side model, the whole structure 

stiffness increase as damage progress, which is also an (un-physical) 

indication of this effect. The effect of dominating artificial strain energy for 

the problem may also result in an insensitivity to material parameter 

changes, not seen when using the C3D10M elements to model the wall. In 

conclusion, for the studied shear wall case, the used shell element modelling 

technique result in the prediction of a low ultimate nominal shear capacity 

for all the different spatial discretizations used, compared to the 

experimentally measured capacity. However, structural ductility may be 

overestimated, and a suitable ultimate shear deformation criterion should be 
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used to avoid this. As a consequence of the above, great care should be taken 

when using the studied reduced integration shell elements result in non-

linear material response, for structural assessments of in-plane shear 

dominated problems for squat concrete walls. 

As a practical note, for the three-dimensional shell elements available in 

ABAQUS/Explicit, transverse confining effects from ASR expansion are not 

possible to model. 

 

Figure 4-40 Monotonic horizontal push over response at 1 and 3 mm 

horizontal displacement, for a wall shell model using 

element side length 25 mm. 

 

Figure 4-41 Comparison of horizontal whole wall push over capacity 

functions for the different spatial discretizations of the 

shell element numerical model. 

4.5.8. Type of reinforcement modelling 

For the solid element model, two types of elements have been tested for the 

steel reinforcement model of the concrete structure; truss elements (type 
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T3D2 [4]), and beam elements (type B31 [4]). The truss element of type 

T3D2 is essentially equivalent to a spring element. 

Normally truss elements, having the capability to transfer forces in tension 

or compression only, are often used to model reinforcement in structural 

assessments. For most applications, this is an appropriate approximation of 

the steel reinforcement intended load transfer capability. Beam elements, 

being computationally somewhat more expensive but capable to transfer 

moment, are often not used because they are unnecessarily complex for the 

task. However, in the case of a shear dominated load situation for a relatively 

slender wall segment, and ultimate capacity evaluation, the beam element is 

here considered a more appropriate element selection due to differences in 

both ultimate capacity and crack patterns between the two modelling 

alternatives. This difference has been noted to be small, or large, depending 

on the specific problem conditions. 

Figure 4-42 show an example comparison of horizontal push over capacity 

functions for the two different reinforcement models. The models here 

compare well until the damaged volume in the wall is unable to transfer 

forces across the concrete material alone. For situations where this effect 

becomes important, most likely localized concrete-reinforcement interaction 

effects may also be of interest. The used numerical model does not include 

any interface nor bond-effects. 

 

Figure 4-42 Example comparison of horizontal whole wall push over 

capacity functions for the two different reinforcement 

model alternatives. 

4.5.9. Confining effects - ASR concrete expansion 

General conditions for the used numerical modelling of ASR effects are 

discussed in section 3.11. In the used numerical model, all concrete volumes 

including the elastically modelled upper and lower beams, are assumed to be 
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of the same reactive concrete type concerning the expansion. Uniform and 

isotropic material expansion is used in this study. 

The effects of including the ASR concrete expansion, to capture confinement 

effects, has been studied for the shear wall configuration under investigation. 

The over-all effects on structural shear resistance of ASR affected structures 

are not straight forward for the general case, but determined by material 

strength losses, combined with the possible positive effects of structural 

element confinement from material swelling in combination with structural 

element restraints. The structural element restraints are here limited to the 

reinforcement, as no external boundary conditions are applied (model free to 

uniformly expand during expansion phase). 

A few different uniform and isotropic material expansion ratios have been 

simulated, ranging from 0.05 %, to 0.3 % (see section 3.11), using the 

experimentally derived material parameters of the ASR A1 test specimen 

(see Table 2-1). In addition, expansion up to a very large value of 1 % has 

been simulated, to study the potential effects for the wall of this extreme. 

Figure 4-43 show a comparison of horizontal whole wall push over capacity 

functions for different ASR expansions. Expansion up to around 0.3 % 

increase the ultimate capacity of the shear wall in this limited study. Around 

that level of expansion, the reinforcement steel utilization become a limiting 

factor for the wall, and further expansion become negative for the wall 

ductility, and to a lesser extent for the ultimate capacity. This seem natural, 

as the yield stress often is related to the 0.2 % strain value. It appears as very 

large expansion is needed for the reinforcement to become a limiting factor. 

For practical applications, the long-term confining effect may decrease due 

to relaxation of the reinforcement steel. Note that no material parameters 

have been adjusted in this numerical study. 
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Figure 4-43 Comparison of horizontal whole wall push over capacity 

functions for the different ASR expansions. 

4.5.10. Influence of dilatation angle 

The dilation angle of the material model alters the volumetric behavior of the 

material model, and has an influence on the studied shear wall problem. The 

dilation angle ψ is measured in the p-q plane at high confining pressure, and 

indicates the ratio between the volume change and the shear strain. The 

dilation angle value for concrete is commonly specified in the range of 30° 

to 40°, according to [4]. This material model input parameter is considered 

difficult to experimentally determine, and is not by any means a usual 

material parameter to determine for concrete. See sections 3.4.2 and 3.5.1 for 

further discussions. 

The angle is chosen to be 38° for the base simulation otherwise used in this 

report, based on the work in [4]. In the sensitivity analyses carried out this 

value have been varied between 10° and 56°, to show example result 

differences. Figure 4-43 show a limited comparison of predicted horizontal 

push over capacity functions for varied input values of the dilation angle. It 

is concluded that the maximum shear force capacity of the wall seems to be 

less sensitive for variations of the dilation angle input parameter than the 

evolution of whole wall force-displacement function. 

The most note-worthy result change is for numerical simulations of chosen 

dilation angles between a range below and above around 34°. The resulting 

crack pattern and failure mode is in this range predicted to be substantially 

different for small changes of this parameter. Numerically predicted 

resulting crack patterns are shown in Figure 4-44. The two very different 
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responses of the shear wall seem to develop already in the earliest states of 

non-linear response, and the initial stress field is believed to have a great 

influence on the yield surface and this behavior. Whether this is purely a 

numerical feature, significant to the used material model, or if it may also be 

experimentally confirmed, is not known at present time. This issue is noted 

for this studied shear wall problem, and considered a great concern, but not 

pursued further within the work presented in this report. 

 

Figure 4-44 Comparison of horizontal whole wall push over capacity 

functions for selected input values of the dilation angle. 

 

Figure 4-45 Numerically predicted crack patterns for horizontal 

monotonic displacement. Left figure show simulation 

result for dilation angle set to 35°, and right figure 33°. 
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4.6. Comparisons to conventional design 

4.6.1. Introduction 

To assess design code margins for the studied case, experimental and 

numerical results are compared to a limited set of conventional design code 

capacity. For Swedish conditions design code is selected according to 

recommendations in the design guide DNB [24]. The studied wall was 

designed using code equations for shear friction, according to [2]. However, 

the studied experimental test specimens were constructed (cast) in one piece 

with no division into different casting parts during construction. 

There are no specific design code provisions for squat reinforced concrete 

shear walls included in the Eurocode EC2 [21], nor EC8 [25], design codes 

[26]. It should also, in this context, be mentioned that Eurocode for seismic 

design, EC8 [25], explicitly does not apply to nuclear structures. 

Code calculations in this section include regular, e.g. non-ASR affected, 

structures only, as no code equations for ASR degraded nuclear structure are 

currently available. Concrete material properties used in the calculations 

reflect equivalent design values estimated based on the 28-day experimental 

material data presented in section 2.3.  The favorable compressive vertical 

force of 800 kN is accounted for in the calculations. 

4.6.2. Result summary 

The design code capacity according to section 6.2.5 in EC2 is calculated to 

1360 kN for the wall as a whole (see section 4.6.3). Conservatisms lowering 

the capacity include the decrease of the parameter c by a factor of 2 

(dynamic loads), and a conservative assumption of active wall reinforcement 

in the barbell end walls, see section 4.6.3. The fact that this value still 

exceeds the experimentally measured shear force capacity (see Table 4-1) 

may come from the actual load situation in the experiments, and the resulting 

fracture mode, as this appears to have been a combination of shear and a 

bending moment. This due to the unrestrained in-plane rotation of the top 

beam as discussed in section 4.5.1 and visualized in Figure 4-2. This load 

situation is quite different from an assumed uniform shear stress in the 

capacity calculations. Nevertheless, this loading situation may be realistic for 

a shear wall as the one studied, and the code equation capacity here exceed 

the experimentally derived capacity of the studied wall. Using the shear 

friction design option is consequently non-conservative, and not 

recommended for the studied design situation. 

The beam shear capacity for a compressed section, VRd,c is calculated to 230 

kN for the studied case (see section 4.6.4). This value is considerably lower 

than the value obtained using the formula for shear friction, partly due to the 

uncertainty in the shear fracture mode, and considered a lower bound value 

for the shear capacity. This calculated shear capacity is also considerably 

less than the experimentally derived shear capacity. 
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4.6.3. Shear friction in SS-EN 1992-1-1 

No explicit design code provisions for shear capacity of reinforced concrete 

squat shear walls are included in the Eurocode 2 (EC2) [21]. However, in 

line with the work presented in [26], section 6.2.5 of EC2, “Shear at the 

interface between concrete cast at different times”, may provide an 

approximation of the design shear capacity between the wall and base beam 

part of the specimen. This EC2 design provision showed the highest 

sensitivity to the wall normal stress (vertical load) of the design equations 

studied in [26], and the highest shear capacity, regardless of concrete 

strength or reinforcement content in the wall. The fracture mode considered 

is an even shear fracture along the entire casting interface. 

To derive a conventional design shear capacity per EC2, a concrete quality 

class of a fairly high strength concrete, corresponding to C45/55 according 

to Table 3.1 in EC2, is assumed here for the calculations. This choice is 

based on the 33-day test results presented in [13], where the cylinder 

strength is given to 53 MPa. Calculations of the shear capacity using the 

shear stress at the interface between concrete cast at different times, section 

6.2.5 of EC2, are included below. 

vRdi is the design shear resistance at the interface, given by equation 6.25 in 

EC2: 

vRdi = c fctd + μ σn + ρ fyd (μ sin α + cos α) ≤ 0.5 ν fcd 

The design shear resistance in this equation consist of three parts, governed 

by; 1) the design concrete tensile strength (c fctd), 2) the normal stress at the 

interface (μ σn), and 3) the reinforcement crossing the interface (ρ fyd). With 

values discussed below, vRdi is calculated to 8.85 MPa for the studied case. 

This in turn give a whole wall design shear force capacity of (V = vRdi x Ai) 

1360 kN. Design shear resistance per equation 6.25 in EC2, divided into the 

different parts of the equation are shown in Table 4-2. Values used in 

equation 6.25 in EC2 are presented below. It is noted from the values in the 

table that the vertical load and the reinforcement content have large impacts 

on the wall capacity, and the tensile strength influence less. 

Table 4-2 Design shear resistance per equation 6.25 in EC2, divided 

into the different parts of the equation. 

Shear resistance part of equation 6.25 in 

EC2 [21] 

Shear stress at 

interface (MPa) 

Shear force at 

interface (kN) 

Design tensile strength dependent part 0.56 87 

Normal stress dependent part 4.77 734 

Reinforcement dependent part 3.52 542 

Summary 8.85 1360 

 

Calculation input variables 

The two factors depending on the roughness of the interface, c is set to 0.5, 

and μ to 0.9, to obtain the maximum allowable shear transfer capacity, as the 

section considered is not an actual construction joint, but rather cast at one 

NEA/CSNI/R(2018)4/ADD1



78 
 

time. Under fatigue or dynamic loads, the values for c in should be divided 

by a factor of 2 (i.e., c = 0.5 / 2 = 0.25). The used reduction of c reduces the 

wall shear capacity. 

The design compressive strength, fcd = αcc fck / γC = 37.5 MPa (equation 3.15 

in EC2), is calculated as defined in section 3.1.6 (1)P, where fct is 45 MPa. 

αcc is a coefficient taking account of long term effects on the compressive 

strength and of unfavorable effects, resulting from the way the load is 

applied. The recommended value in the National Annex is 1.0. The partial 

factor for the reinforced concrete material for ultimate limit state in an 

accidental design situation, γC, is 1.2, according to Table 2.1N. 

The design tensile strength, fctd = αct fctk,0.05 / γC = 2.25 MPa (equation 3.16 in 

EC2), is calculated as defined in section 3.1.6 (2)P, where fctk,0.05 is 2.7 MPa. 

αct is a coefficient taking account of long term effects on the tensile strength 

and of unfavorable effects, resulting from the way the load is applied. The 

recommended value in the National Annex is 1.0. 

Ai is the area of the joint/interface (0.154 m2), here calculated as the wall 

section width (bi = 0.1 m) times the wall length (1.3 m), and including the 

thickness of the barbell end walls (2 x 0.12 m). The wall length lw, is then 

1.54 m. Barbell sections outside of the wall thickness is disregarded from 

here, although this material does contribute slightly to the structural 

capacity. Geometric dimensions of the test specimen are visualized in Figure 

2-1. 

σn is stress per unit area caused by the minimum external normal force 

across the interface that can act simultaneously with the shear force, positive 

for compressive forces. The normal stress is calculated as the total vertical 

force divided by the interface area. The vertical forces at the lower wall-

beam interface are the external vertical force (800 kN) plus the weight from 

the wall and the top beam (16 kN), in all 816 kN. σn is then calculated as 816 

/ Ai = 5.3 MPa. This stress is considered relatively high, and at the end 

contribute considerably to the final shear capacity of the wall. 

As is the area of reinforcement steel crossing the interface. In all, 20 

vertically oriented M10 reinforcement bars exist in the wall, 12 bars in the 

actual wall element, and 4 bars in each of the two barbell end walls. The 

reinforcement here considered is the reinforcement of the wall element only, 

as this reinforcement is evenly distributed over the wall length. However, in 

practice, the vertical reinforcement of the barbell sections interacts with the 

wall and do increase the capacity to some extent. The radius of each M10 bar 

is 5.65 mm. As is then 12 cm2. In case all 20 bars are considered, As would 

increase to 20 cm2, and the shear capacity of the structure would increase. 

The reinforcement ratio, ratio between steel and concrete cross section area, 

ρ, is calculated as: ρ = As / Ai = 0.0012 / 0.154 = 0.0078 

The reinforcement steel design yield stress, fyd, is defined as fyd = fyk / γS. fyk 

is here set to 500 MPa. The partial factor for the reinforcing steel material 

for ultimate limit state in an accidental design situation, γS, is 1.0, according 

to Table 2.1N in EC2. fyd, is then 500 MPa. 

The condition that vRdi ≤ 0.5 ν fcd (11.1 MPa) is fulfilled. ν is a strength 

reduction factor for concrete including shear cracks (see section 6.2.2 (6) in 

EC2), calculated as (equation 6.6N) ν = 0.6 (1 – fck / 250) = 0.59. 
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The angle of reinforcement, α, is 90 degrees relative to the interface surface. 

4.6.4. Beam shear capacity SS-EN 1992-1-1 

As a lower bound of the design shear capacity, section 6.2.2 of EC2 [21], 

“Members not requiring design shear reinforcement”, is used as a 

complement to the calculations above. This expression is valid for beam type 

of structural members, which this wall not fulfill the geometric properties of. 

In addition, the expression does not consider the capacity increase due to 

shear reinforcement. 

The shear resistance of regions cracked in bending, of prestressed single 

span members without shear reinforcement, may be calculated using the 

expression (6.2a in EC2): 

VRd,c = [CRd,c k (100 ρI fck)1/3 + k1 σcp] bw d 

With values discussed below, VRd,c is calculated to 230 kN for the studied 

case. 

The calculation input variables used in the formula above (expression 6.2a in 

section 6.2.2 of EC2) are specified in section 4.6.3 above and therefore nor 

repeated here. 

4.6.5. Numerical simulation capacity comparison 

To compare the design code equation shear capacity to the predicted shear 

capacity using numerical simulation, a simulation using 28-day material 

parameters corresponding to the EC2 C45/55 concrete was carried out. This 

information is given as a compliment to the result otherwise given in this 

report, where best estimate material input are used for the numerical 

simulations. 

Concrete strength values used are given above. The elastic stiffness was set 

to 36 GPa, according to EC2. The concrete material was assigned a mode I 

fracture energy of 107 N/m for the used material model in the numerical 

simulation. Guidance for this material model parameter is not available in 

EC2. 

Figure 4-37 show a comparison of horizontal whole wall push over capacity 

functions between the experimental results, numerical results for the best 

estimate material, and the EC2 design code based C45/55 concrete material 

in the numerical model. The ultimate shear capacity of the studied wall is 

here 860 kN, using EC2 code based material input values for the numerical 

simulation. This value is concluded to result in a conservative estimate 

compared to code equations and experimental results. 

NEA/CSNI/R(2018)4/ADD1



80 
 

 

Figure 4-46 Comparison of horizontal whole wall push over capacity 

functions between the experimental results and numerical 

results for the best estimate material and the EC2 design 

code based C45/55 concrete in the numerical model. 
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5. Discussions 

5.1. Overview comparisons between experimental and 
numerical results 

Shear response of reinforced concrete structures include complex stress 

states, and a combination of experimental testing and numerical simulations 

may significantly increase the understanding of the phenomenon involved. 

In this report, presented results indicate a capability of the used numerical 

tool (ABAQUS/Explicit and CDP material model) to simulate the 

experimentally observed effects of advanced non-linear material behavior 

for a monotonic shear load event, see section 4.1. For a cyclic load event, the 

numerical prediction capability of the studied shear problem seems to be less 

satisfactory, depending on spurious features of the used material model. 

The intentions for the numerical simulations have been to accept 

experimentally derived and delivered material properties as is, and to 

consider these values best estimate material properties, without modifying 

these. Some questions related to experimentally derived material properties 

do however remain, and possibly the preformed sensitivity analyses indicate 

that different material property input would result in better correlation 

between experimental and numerical results. This path has however not been 

pursued, as experimental data and results are not statistically assured, and the 

experimental data has been considered as indicative results. This non-

adjustment of the material model input to some extent explains the ductile 

behavior seen in many the numerical simulations, when compared to 

experimental results. 

In addition, the use and acceptance of the commonly accepted material 

parameters as input for numerical simulations is also an open question, 

which is perhaps mostly interesting in the case of best-estimate numerical 

simulations (as opposed to a design situation, where conservative 

assumption are targeted). The only parameter investigated in some depth is 

here the use of the ultimate compressive stress from cylinder test specimens 

(see section 3.5.1). This is concluded not to be a material parameter, but a 

combined value from both material and specimen geometric shape, which 

can never be considered a material parameter to be used in a constitutive 

model. Instead, the compressive strength from cube specimen tests appear to 

be close to a true material parameter. For a design situation, the lower 

ultimate compression value produced by using cylinder specimen tests, 

instead of cube tests, may for most situations be considered a reasonable 

conservative approach for structural assessments. The same type of material 

model input assessments must however be made for all other input material 

parameters used, to provide the possibility to make informed decisions when 

selecting model input. 

Another very important, and not resolved issue, is the question of the exact 

interactions with surrounding structures and loading equipment during 

physical testing. This issue has been proven to affect numerical simulation 

output to a certain degree, and need to be understood quite well. This is an 
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observed factor of uncertainty in the comparisons between experimental and 

numerical results. 

5.2. Relevance for assessments of an actual NPP 
structure 

The studied, reduced scale, 100 mm thick shear wall specimens used in the 

experiments include a single layer of orthogonal web reinforcement, located 

at the wall center surface. For the ASR affected concrete walls in the 

experiments this mean no, or very little, confining pressure in the wall 

thickness direction. This reinforcement design differs from current design 

practice of reinforced concrete walls in safety related structures at nuclear 

power plants, but may agree better with the design of structures at some 

existing plants. 

The purpose of this numerical work is however to study to what extent the 

results produced by the used numerical tool compare to experimental results, 

to evaluate the suitability of the used numerical method for shear wall 

problems. In doing this, the limited amount of experimental results, not 

being statistically assured, should also be kept in mind. At a whole, it 

appears as the ultimate capacity in this shear wall problem may be predicted 

satisfactory, and crack patterns and the failure mode compare reasonably 

well in visual comparisons. The ductility of the wall for some input choices 

have been overestimated, which is a concern, and in practical cases some 

strain limitation criteria may be used to prevent this. 

5.3. Comparisons to design code capacity 

A limited study, including EC2 only, to assess conventional design code 

margins compared to experimental and numerical results for the studied 

case, were included in this work (section 4.6). It is concluded that the design 

shear friction code equation capacity exceeds the experimentally derived 

capacity of the studied wall. The reason for this is different load and fracture 

mode assumptions. It is recommended that further work along this direction 

is pursued, preferably including also nuclear codes ASCE 43-05 [27] and 

ACI 349 [28]. 

5.4. Comparisons between regular and ASR affected 
structure 

The experimental observations of the ASR affected structures, here meaning 

the increase in shear capacity although having a weakened material (see 

sections 2.3 and 2.6), were numerically confirmed, even for the simplified 

engineering approach used. Conceptual differences were studied and 

explained as mainly resulting from confinement effects due to the internal 

swelling induced by the chemical reactions. See sensitivity analysis in 

sections 4.5.9 and 4.3. The confinement effect origin from the post stressing 

of the embedded reinforcement steel, not from boundary concrete elements. 
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5.5. Numerical shear wall result variability 

It is noted in the numerical sensitivity analysis (section 4.5) simulations that 

sometimes fairly small input changes result in noticeable changes in output 

(wall response primarily in terms of crack pattern and wall ductility). An 

increase in shear capacity have for some situations been noted to 

simultaneously result in a decrease in whole wall ductility, which for some 

situations may be unfavorable. The working hypothesis for this result 

variability is that for this quasi-brittle material, the load path and progression 

over the event is dependent on the formation of initial crack pattern and 

crack propagation. This variability effect has been noticed on several 

occasions before, both for experimental and numerical work [8]. 

5.6. Experimental result variability 

Variability in experimental results are not investigated in the test campaign, 

as only one test specimen of each configuration was tested (see section 2.2). 

This situation is noted, and experimental data are regarded as indicative 

only. 

5.7. Wall ultimate ductility capacity 

The precise determination of the ultimate displacement (ductility measure) is 

non-trivial, and some criteria should ideally be used for evaluating this 

parameter. In the evaluations of this parameter within this report, a 

subjective approach is used, based on when the ultimate diagonal crack is 

formed. It should be noted that for implicit FE methods, the ultimate 

displacement capacity is not the same as non-convergence of the solver. 

5.8. Boundary conditions 

Because of what seems to be a free, almost unrestrained, rotation of the top 

beam during the experiments, pure shear response of the wall is not achieved 

at the physical tests. Instead, an in-plane bending motion develop, and a 

mixed mode failure is obtained. This phenomenon is clear from the 

boundary condition sensitivity analysis presented in section 4.5.1. The 

effects from this can easily be implemented in a numerical model, but 

choosing the correct design code equations to adjust for this response may 

not be as straight forward. 

5.9. Sensitivity analysis 

The studied shear load problem is a good example of the benefits of using 

sensitivity analysis for practical engineering problems. The variability of the 

problem results has shown that important cliff-edge effects may be 

discovered using varied input, and using sensitivity analysis are considered 

to be of good engineering practice. 
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5.10. CDP material model used 

The CDP material model seems to capture the monotonic loading well for 

this type of shear wall problems. Responses for cyclic loading of this squat 

wall is however less satisfactory for this shear dominated problem. 

The used CDP material model is quite complex, as virtually all other existing 

non-linear material models, and include several non-intuitive input 

parameters. When using such a model for practical cases, specialist 

knowledge is required. In addition, sensitivity analyses may help in 

understanding the implications of various input options chosen for the 

specific situation. This may however not be entirely sufficient, and 

comparative validation examples for the load situations analyzed should 

preferably be available. 

5.11. Requirements on material model input data 

It has not been possible, within the work presented in this report, to in detail 

investigate requirements on experimentally derived material test data and 

relevant test methods for the material input parameters needed for the used 

material model. However, it is concluded that well informed decisions need 

to be made and justified for all material model input parameters. Using 

experimentally derived material parameters, it is important to be aware of 

what is an actual material parameter, appropriate as material model input, 

and what is merely considered to be a material property by force of 

conventional practice. 

5.12. Reinforcement steel modelling 

The non-linear response of the reinforcement steel material is modelled in a 

rough fashion here, using an idealized plastic behavior. This may have a 

slight effect of the ultimate capacity, and more so on the ultimate ductility. 

The effects of this is not pursued within the scope of the work presented in 

this report. 

Reinforcement bars are here modelled using bar elements (including bending 

stiffness), instead of using truss elements (transfer force along element only), 

as this for some configurations proved to be an important factor for both the 

crack pattern and ultimate ductility in the numerical wall simulations. Using 

truss elements consistently resulted in lower ductile capacity for the affected 

configurations, which is then considered to result in a conservative ductile 

prediction. 

It should also be noted that the bond interaction between the concrete 

volume and the reinforcement bar model is completely tied together. This 

may be important for the numerical results, and maybe primarily so for the 

ASR affected models. The incorporation of bond-slip effects into a 

numerical model is non-trivial, and not regarded as current common 

engineering practice. 
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6. Conclusions 
The ability of the Concrete Damaged Plasticity material model in ABAQUS 

to simulate the behavior of the studied shear wall were investigated, and 

found to be reasonably adequate in the case of monotonic pushover loading, 

for the studied shear dominated problem. For a simulation of the reverse 

loading cyclic event, numerical result comparison to experimental results is 

however concluded to be less satisfactory. The reason is mainly due to the 

basic nature of the used material model, which does not mimic the behavior 

of real-world reinforced concrete well for this type of loading condition, 

although this approximation has been proven to work well for other loading 

situations. 

It should be noted that only a limited amount of information concerning the 

experimental test results are known to the ASCET Phase 2 benchmark 

participants. In addition, due to both the unresolved questions regarding the 

given experimental results for the reference shear wall specimen (discussed 

in section 2.6), and unknown interactions and boundary conditions as well as 

used material model input, it is considered not possible to in full validate that 

the used numerical model satisfactory reflect the actual experimental test 

setup. 

The research project participation has however resulted in the following 

observations and conclusions, mainly concerning numerical simulations of 

the studied squat shear wall: 

1. General: Not ignoring the statements concerning validation of 

models in [29], it appears as if the general structural behavior of the 

numerical model monotonic push over load simulations of the 

studied shear wall compare well to the limited experimental results 

available. The maximum shear force capacity of the wall seems to 

be predicted with better accuracy than the evolution of whole wall 

force-displacement function. The general response and failure of 

reinforced concrete shear walls may consequently be simulated with 

some level of confidence, using similar configurations of finite 

element analyses. It should be noted that the non-linear shear 

response of the squat wall studied appear to be quite complex, and 

sensitive to several of the model input parameters, both material, 

loads and restraints. 

 

2. Experimental result comparison: Numerical simulation results 

confirm the experimental observation that ASR affected wall 

specimens, although having nominally weaker material properties, 

may possess a higher ultimate capacity than a structure with regular 

concrete material. This appear to be the result of confining effects 

resulting from the concrete ASR material expansion. Numerical 

sensitivity studies, based on evenly distributed isotropic material 

expansion and limited to the studied structure, indicate that the 

positive confining effects may increase the shear capacity up to 

material expansion levels beyond the reinforcement steel yield 
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strain. Experimental validation of this is yet to be confirmed. 

 

3. Material input: Due to the very complex structural response of the 

wall for the shear load, quite different crack patterns, and failure 

modes, may develop for seemingly small variations in structural or 

material input. In addition, all of the required material input 

parameters needed for advanced numerical models are seldom 

experimentally derived. To further complicate the situation, material 

tests conventionally used and normally considered to produce 

material specific parameters, including the characteristics of the 

material only, must be challenged and investigated if appropriate as 

numerical material model input. For example, the use of concrete 

compressive strength from tests on cube specimens in the concrete 

damaged plasticity constitutive model seems to be most appropriate, 

for a best estimate simulation of the physical response of concrete 

structures. This as compressive strength derived from testing of 

standard cylinder specimen are the combined result of the material 

and the geometry of the specimen tested. For design code based 

simulations of actual structures, the conservatively lower cylinder 

specimen derived values given in the codes should be used. For the 

example problem studied here, unresolved questions regarding the 

suitability as numerical model input of the given material properties 

from material tests, remain. Shear load situations seem to be more 

sensitive to material input than situations dominated by bending 

moments. The use of sensitivity studies when numerical simulation 

tools are used in design situations are recommended. 

 

4. Ultimate capacity: The wall ultimate shear capacity was 

consistently underestimated in the numerical monotonic push over 

simulations, compared to available experimental data. This means 

that the wall structural capacity may be predicted in a conservative 

way, as the predicted shear capacity is less than in the experiments. 

However, using this numerical technique and the concrete damage 

plasticity material model for dynamic events, where high 

accelerations are capacity limiting, meaning to derive floor response 

spectrum for systems and components in nuclear structures, the used 

technique may result in non-conservative results. 

 

5. Design code margins:  It is concluded that code equation capacity 

for shear friction, calculated per section 6.2.5 in EC2, exceeds the 

experimentally derived capacity of the studied wall. 

 

6. Boundary conditions: The global boundary conditions and 

interactions, as restraints on the top specimen beam, are important to 

model correctly. Restrained in-plane rotation of the top beam 

significantly increase structural maximum shear stiffness for the 

specimen. Allowing in-plane rotations will result in a mixed mode 

shear and bending failure. Just as for several other parameters which 

increase the nominal value of the maximum shear capacity, 

restrained rotations (which increase the maximum shear capacity) 

cause a more brittle and less ductile whole wall response. No 
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information concerning the actual experimental conditions are 

currently available. 

 

7. For Swedish conditions, compiled operational experiences [5] for 

nuclear reactor containments include no instances of suspected or 

confirmed ASR at units still in operation. Consequently, with current 

knowledge, AAR related problems should be of no practical concern 

for nuclear reactor containments in Sweden. 

 

8. Material model: The concrete damaged plasticity (CDP) 

constitutive model in ABAQUS is found to work reasonably 

adequate for the simulation of the failure modes investigated, for a 

monotonic pushover load. However, careful specification of the 

material model input parameters is essential for this shear load 

situation, to a higher degree than for other types of loading 

conditions. For reversed load cycles, in combination with 

progressive non-linear material response, the response and 

associated plasticity induced swelling of elements appear to produce 

unphysical results. 

 

9. Reinforcement modelling: The sensitivity analysis show that 

reinforcement modeled using beam elements, as an alternative to 

truss elements, for some configurations proved to be an important 

factor for both the crack pattern and ultimate ductility in the 

numerical wall simulations. Using truss elements consistently 

resulted in lower ductile capacity for the affected configurations, 

which is then considered to result in a conservative, less ductile, 

prediction. 

 

10. Element type selection: This section may be particularly specific to 

element implementations in ABAQUS software. Sensitivity analyses 

show that 8-node reduced integration brick elements (C3D8R) were 

inappropriate for the studied in-plane shear dominated problem. This 

was also concluded to be the case for the 4-node reduced integration 

shell element (S4R). For these element types, excessive amounts of 

artificial strain energy resulted from the imposed in-plane shear 

deformation in the wall. First order four-node tetrahedron elements 

(C3D4) are usually considered to result in overly stiff structural 

response, which were confirmed in the elastic range. The 10-node 

modified tetrahedron element (C3D10M) performed well both in the 

elastic range, and resulted in conceivable crack patterns, although 

this has not been possible to in detail confirm with experimental 

data. The element type was finally considered the better element 

choice for the simulations. The used characteristic element length 

was approximately 25 mm for this 100 mm thick wall. 
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1. ANALYTICAL METHOD 
1.1 General 

An integrated analytical method was used in order to evaluate the structural performance of ASR damaged RC 

structures. In the analytical method, two different analyses, ASR expansion analysis and loading analysis, were combined. The 

ASR expansion analysis is for prediction of expansive behavior such as deformation, strain and stress due to ASR expansion. 

The loading analysis is so-called structural analysis and it is for evaluating the structural response subjected to the external 

load. Different constitutive models of concrete are assumed in each analysis and two analyses are combined by considering 

the consistency of stress and strain fields. 

 

1.2 Constitutive model of concrete in the ASR expansion analysis 
 It has been observed by many researchers that ASR expansion strongly depends on the reinforcement restraint, that 

is, expansive strain caused by ASR decreases as the reinforcement ratio increases. This means that the internal stresses and 

deterioration of mechanical property of concrete are also changed by the restraint situation. In order to considering this 

important characteristics, the ASR expansion model [1] proposed by author was applied to the ASR expansion analysis. The 

proposed model is based on the damage theory and described as Equation 1.  

 

))()(()1()( 00 ttEt cc       (1) 

 

where )(t , )(0 t  and )(tc  are stress induced on concrete, ASR free expansive strain and expansive strain under 

restraint, respectively. 0cE  is the Elastic modulus of concrete.   is the damage variable. In the model, it was assumed that 

the damage accumulated with ASR expansion so that   is initially 0 and close to 1.0 immediately as expansive strain )(tc  

increases. Then, the damage variable   is the function of )(tc  as defined by Equation 2. 
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where cr  is the strain at the cracking.  

 Figure 1 shows examples of the results of ASR expansion analyses using the model. The experiments were carried 

out by Yamura et al. [2] and Koyanagi et al. [3 ], in which the ASR expansive behavior under uniaxial restraint with different 

reinforcement ratio were investigated. Good agreements can be seen between the analytical and experimental results for both 

experiments. By applying this model to orthotropic material, ASR expansive behavior is evaluated not only for the magnitude 

but also the directionality. Note that this model is a macro model for ASR expansion including the time dependent 

deformation such as creep and shrinkage. Moreover, cracks are not evaluated directly but considered based on the damage 

theory. 
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1. INTRODUCTION  
 

Following ASCET phase 2 objectives, CNSC conducted FEA of two walls subjected to constant axial 
load and lateral cyclic load. The walls selected, testing procedure and test results are described in 
References [1, 2]. FEA was conducted in two stages as follows: 

• At the first stage existing tests [2] for non-ASR (regular) and ASR walls after 8 months of 
accelerated ageing were modeled to compare FEA and test results and calibrate FE models 

• At the second stage FEA was conducted to predict behavior of non-ASR and ASR walls after 
30 months of accelerated ageing (“blind analysis”) 
 

Additionally, two types of analyses were conducted as follows: 
• Verification analysis for FE mesh density and elements type (2-d versus 3-D) 
• Sensitivity analysis to analyze the effect of model parameters such as concrete strength and 

expansion coefficient, and 
 

2. FE MODELING 
 

2.1  Constitutive models for ASR and non-ASR concrete 
 

The objective of this work was to use commercial FE codes ANSYS and LS-DYNA for modeling of  
concrete walls with and without ASR. Adequate modeling of concrete with ASR involves complex 
chemo-mechanical constitutive models [3] that are outside the sets of available materials in 
commercial FE packages. The current work tries to analyze the effect of ASR in a simple 
phenomenological model by substituting concrete expansion due to ASR with identical thermal 
expansion. Consequently, concrete strains due to ASR expansion were modeled as thermal strains due 
to temperature increase of 1OC and thermal expansion coefficient αT equal to longitudinal concrete 
expansion ε0 due to ASR. 
 
The implicit code ANSYS has only one concrete material model with cracking possibility that can be 
used in conjunction with special 3-D (solid) FE SOLID65. However, the simulations conducted show 
that implicit modeling using ANSYS cannot reach the state of wall failure in shear due to non-
convergence. Therefore, the explicit FE code LS-DYNA was selected for all simulations described in 
the report. 
 
The LS-DYNA version 8.0 used has several material models suitable for modeling cracked and 
crushed concrete. To adequately capture cracks initiation and propagation until complete failure 
density of FE mesh should be much higher than in analysis of non-cracked concrete. This was shown 
in section 2.3 below. Therefore, only 2-D analysis of shear walls using shell FE was conducted in the 
current report.  
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Among all concrete models in LS-DYNA, only one material model 
 
*MAT_172/ *MAT_CONCRETE_EC2 
  
could be used for 2-D analysis of shear walls using shell FE. Material data and equations governing 
the behavior of this model are taken from Eurocode 2 Part 1.2 (General rules – Structural fire design).  
The material model can represent plain concrete only, reinforcing steel only, or a smeared 
combination of concrete and reinforcement. The model includes concrete cracking in tension and 
crushing in compression, and reinforcement yield, hardening and failure. Properties are thermally 
sensitive.  
 
Although the material model offers many options and, generally, requires input of more than 40 
parameters, a reasonable response may be obtained by entering only concrete density and strength in 
tension and compression for plain concrete; if reinforcement is present, Younge modulus, ultimate 
stress and reinforcement ratios in FE plane must be defined. The model cannot account for transverse 
reinforcement. 
 
As was stated earlier, the ASR expansion was modeled in this model as thermal expansion of 
concrete for temperature increase 1OC using values provided in References [1, 2]. No thermal 
expansion was assumed for the reinforcement to account for its “confining” action. For non-ASR 
(regular) wall no thermal expansion was assumed for both concrete and reinforcement thus resulting 
in actual values of coefficient of thermal expansion used in FE model for ASR concrete equal to the 
difference between ASR and non-ASR coefficients. References [1, 2] were used to obtain concrete 
expansion values. 
 
2.2 Finite Element Mesh, Loading and Boundary Conditions 
 
2-D Belytschko-Tsay 4-noded shell FE was used for wall modeling. The mesh density was selected 
based on several runs described below in section 2.3. As evidenced from section 2.3, high mesh 
density is required to adequately capture cracks initiation and propagation and subsequent wall 
failure. 
 
The loading was applied in two stages as follows: 
 
1. Thermal expansion due to temperature increase 1OC was applied at the first stage. 
2. Constant vertical (axial) loading and lateral cyclic loadings were applied at the second stage. The 

vertical loading was applied using appropriate distributed load on the upper edge of the wall.  
The lateral cyclic loading was obtained through contact interaction between two rigid plates 
representing actuators and the tested structure, see Fig. 1. 
The lateral cyclic loading was selected as described in Reference [2]: 
• For the first two cycles applied lateral displacement of 0.2 mm was applied in the plane of the 

wall in each direction. 
• Subsequent cycles were at maximum displacements of 0.4, 0.6, 0.8, 1, 1.4, 1.8, 2, 2.5, 3, 4, 

4.5, 5.5, 6, and 7 mm. For each displacement two complete cycles were applied. 
•  Additional cycles with displacements 8, 9, 10, 11 and 12 mm were applied to ensure wall 

failure and analyze the post-failure behavior. For each displacement two complete cycles were 
applied. 
 

LS-DYNA code used is an explicit code that treats quasi-static behavior as slow dynamic. Maximum 
allowable value of time step in explicit code is very small due to convergence restrictions. However, 
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the total simulation time often is smaller than in implicit analysis since each time step requires 
significantly less computer time. To reduce simulation time, cycle period was selected as 0.4s for all 
loading amplitudes. This resulted in total simulation time 16s.|Further decrease of cycle period could 
result in artificial oscillations caused by inertia forces.  Since walls behavior in tests was essentially 
quasi-static, the cycle frequency is not an important factor. 
 
 

 
 

 
 

Fig. 1 Outline of FE model showing applied loading and boundary conditions (BC)  
 

The imposed Boundary Conditions (see Fig. 1) were as follows: 
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• wall bottom was fixed in all directions, except x-direction, during both stages 
• both sides of the bottom beam were free during the 1st stage to allow unconstrained thermal 

expansion and fixed in x-direction at the beginning of the 2nd stage to reflect test set-up 
• y-displacement of anchor point (see Fig.2) was unconstrained during the 1st stage and fixed 

during the 2nd stage. Additionally, x-and z-displacements of anchor point were fixed during 
both states 

• out of plane (z-) displacements were fixed for all nodes. 
Additionally, small stiffness proportional damping of 5% and mass proportional damping of 4% were 
applied to suppress unwanted residual oscillations. 

 
2.3 Verification of FE model 

 
Verification of proposed FE model was conducted as follows: 
 

• 2-D shell and 3-D solid models were compared to assess the suitability of using 2-D model 
• Models with different mesh densities were examined to select the adequate mesh  density 

 
First, 2-D shell and 3-D solid models were compared, see Fig.2. Since concrete constitutive models 
are different for 2-D and 3-D FE, elastic material model was selected for all cases for this analysis. 
Simplified loading was also selected as follows: left side of the upper beam was subjected to uniform 
displacement in x-direction as shown in Fig. 2. The value of this displacement is growing linearly 
with time starting from zero at the initial time. Two different uniform mesh densities with mesh sizes 
~32mm and ~16 mm (40 and 80 FE along the top/bottom beams) were selected for this analysis. 
Displacements ux and uy of the right top corner of the upper beam in both x- and y-directions as well 
as the total reaction force for the left side of the upper beam Fx were selected for comparison.   
 
Table 1 summarizes FE predictions for the applied displacement in x-direction equal to 56.48mm 
(t=0.6s). This value is large enough to ensure geometrical nonlinearity of the model. Since LS-DYNA 
is an explicit code, the required time step value is very small: ~0.007ms for mesh size 32 mm and 
0.0035ms for mesh size 16mm for the elastic material selected. These values could be even smaller 
for the non-linear concrete analysis.  
 
The results show clearly that for the applied shear loading: 

• mesh size of 32mm is adequate  for the selected elastic material model, and 
• despite some difference between FE predictions for 2-D and 3-D models with identical mesh 

density, 2-D model seems to be adequate 
 

 3-D model 2-D 
FE size, mm ux, mm uy, mm Fx, MN ux, mm uy, mm Fx, MN 

16 56.27 -26.92 82.46 56.48 -26.65 92.19 
32 55.36 -26.19 82.52 53.29 -25.37 92.17 

 
Table 1 Comparison of FE predictions for the elastic material for the applied displacement in x-

direction equal to 56.48mm (t=0.6s). Similar outputs for 2-D and 3-D analysis were 
displayed in the same color for easier comparison. 
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(a) 

Fig. 2 2-D and 3-D FE models used for comparison: (a) uniform mesh size ~32mm, and (b) uniform 
mesh size ~16mm 

 

NEA/CSNI/R(2018)4/ADD1



 

 
(b) 

Fig. 2 (continue) 2-D and 3-D FE models used for comparison: (a) uniform mesh size ~32mm, and 
(b) uniform mesh size ~16mm 
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Second, different 2-D models with the selected concrete model *MAT_CONCRETE_EC2 and loading 
and boundary conditions as described in section 2.1 and 2.2 were compared.  ASR concrete with the 
properties after 8 months of curing was selected as follows [1, 2]: 
 
Compressive Strength fc= 63.7 MPa,  Tensile Strength ft= 3.24 MPa, Density = 2400 kg/m3,  
 
Reinforcement ratios:  
Top and Bottom Beams: ρx= ρy=2% 
Top and Bottom Beams: ρx= ρy=2% 
Shear Panel: ρx=0.8%,  ρy=0.77% 
Vertical Beams: ρx=0.67%,  ρy=2.1% 
 
Longitudinal expansion ε0 = 0.1850%-0.0332%=0.1518%, where non-ASR (regular) concrete is 
assumed to have zero expansion in proposed FE model. Therefore, only the difference in expansions 
between ASR and non-ASR concretes is treated as thermal expansion coefficient αT = 0.1518% .The 
corresponding temperature change to produce equivalent concrete expansion is ∆T=1ºC. 
 
Four different mesh densities were compared as follows: 

a) Uniform mesh density with mesh size of ~32mm  (40 FE along the top/bottom beams) 
b) Uniform mesh density with mesh size of ~16mm  (80 FE along the top/bottom beams)  
c) Uniform mesh density with mesh size of ~8mm  (160 FE along the top/bottom beams) 

 
Fig. 3 shows FE models with selected mesh densities. 
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(a) uniform mesh density with mesh size of ~32mm  (40 FE along the top/bottom beams) 

 

 
(b) uniform mesh density with mesh size of ~16mm  (80 FE along the top/bottom beams) 

 
Fig. 3 Selected mesh densities for comparative analysis of behavior of shear wall 
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(c) uniform mesh density with mesh size of ~8mm  (160 FE along the top/bottom beams) 

 
Fig. 3(continue) Selected mesh densities for comparative analysis of behavior of shear wall 

 
Fig. 4 shows time history of lateral force for selected mesh densities. As was stated before, using 
explicit code LS-DYNA resulted in very small time step values due to stability constrains. Therefore, 
all output results in the current report were interpolated using time window ∆t=1 ms to filter 
unwanted high-frequency oscillations.  
 
Table 2 summarizes FE predictions for the maximum value of applied lateral force leading to wall 
failure (maximum shear capacity). This value is the only one test result from Reference [2] easily 
available for comparison for both non-ASR and ASR walls. Both ASR and non-ASR concrete walls 
are represented in Table 2. For non-ASR concrete the properties were selected from Reference [1] as 
follows: 
 
Compressive Strength fc= 79 MPa,  Tensile Strength ft= 4.76 MPa, 
Longitudinal expansion ε0=0% 
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(a) uniform mesh density with mesh size of ~32mm  (40 FE along the top/bottom beams) 
 

 
 

(b) uniform mesh density with mesh size of ~16mm  (80 FE along the top/bottom beams) 
 

Fig.4 Time history of Lateral Force for selected mesh densities 
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(c) uniform mesh density with mesh size of ~8mm  (1600 FE along the top/bottom beams) 
 

 
Fig.4 (continue) Time history of Lateral Force for selected mesh densities 

 

FE size, 
mm 

FE prediction Test result [2] 
ASR 

concrete 
Non-ASR 
concrete 

ASR 
concrete 

Non-ASR 
concrete 

32 1367 1379 
1355 1180 16 1345 1247 

8 1307 not done 
 
Table 2 FE predictions for the selected mesh densities and test results [2] for the maximum value of 

applied horizontal force leading to wall failure (maximum shear capacity) 
 
The results in Table 2 show clearly that mesh size of 32 mm is adequate to capture the maximum 
value of applied horizontal force leading to wall failure. However, smaller mesh size of 16mm is 
needed to reflect the experimentally established fact that ASR wall fail at higher load despite lower 
concrete strength. Two times decrease in mesh size leads to approximately 8-15 times increase in 
computational time due to larger number of FE and smaller time step required. Therefore, using mesh 
sizes below 16 mm is impractical. 
 
Based on runs conducted in this section, 2-D shell FE model with mesh size of 16 mm was selected 
for all subsequent analysis. 
  

-1500

-1000

-500

0

500

1000

1500

0 2 4 6 8 10Fo
rc

e,
 k

N
 

time, s 

ASR concrete with 0.1518% expansion,  fc=63.7MPa 
mesh size 8mm 

NEA/CSNI/R(2018)4/ADD1



3. Detailed FE analysis of  ASR and non-ASR walls after 8 months of curing 
 

Based on results in section 2.3, FE model (b) with uniform mesh density and mesh size of ~16mm 
described in section 2.3 was selected for this analysis. FE predictions were compared with test results 
[2]. The following two cases were selected for FE analysis: 
 

a) ASR concrete with αT = 0.1518% and strength fc= 63.7 MPa, ft= 3.24 MPa, and 
b) Non-ASR concrete with αT = 0 and strength fc= 79.0 MPa, ft= 4.76 MPa 

 
Figs. 5 and 6 show Load versus Displacement curves for cyclic lateral loading obtained from FEA 
and tests [2] for non-ASR and ASR walls respectively. As mentioned earlier in section 2.3, all output 
results were interpolated using time window ∆t=1 ms to filter unwanted high-frequency oscillations.  
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(a) 

 
(b) 

 
Fig. 5 Load versus Displacement curves for cyclic lateral loading for non-ASR wall with strength 

 fc= 79 MPa, ft= 4.76 MPa: (a) FE prediction and (b) test results [2] 
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(a) 

 
(b) 

Fig. 6 Load versus Displacement curves for cyclic lateral loading for ASR wall with strength 
 fc= 63.7 MPa, ft= 3.24 MPa: (a) FE prediction and (b) test results [2] 

 
The results on Figs 5 and 6 show similar behavior for both FE predictions and test results. The 
difference is mostly evident in the final stage of loading after wall failure. FE analysis was conducted 
further into the failure stage than tests as evidenced from the Figs. 7 and 8 below showing time 
history of the total applied lateral force.  
 
The results also show the following: 

1. 2-D FEA conducted predicts stiffer wall response in accordance with analysis conducted in 
section 2.3. However, the maximum shear capacity is similar for the selected FE model (b) 
and tests.  
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2. Similar to tests results, FEA predicts higher shear capacity for ASR wall despite lower 
concrete strength. Table 3 summarizes the maximum shear capacity values for both FEA and 
tests. 
 

FE prediction Test result [2] 
ASR 
concrete 

Non-ASR 
concrete 

ASR 
concrete 

Non-ASR 
concrete 

1345 1247 1355 1180 

 
Table 2 FE predictions for the selected mesh density 16mm and test results [2] for the maximum 

value of applied horizontal force leading to wall failure (maximum shear capacity) 
 

Next Fig. 7 shows time history of the total applied lateral force and imposed lateral displacements (x-
direction) for non-ASR and ASR walls respectively. The results on Fig. 7 show clearly that, similar to 
tests results, FEA predicts more sudden failure for ASR wall comparing with just softening response 
after reaching maximum shear capacity for non-ASR wall. 
 

 

 
 

Fig. 7 Predicted time history of the total applied lateral force for both non-ASR and ASR walls 
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Finally, Figs. 8 and 9 show cracked state of both non-ASR and ASR walls at the time of failure. 
According to material model description in LS-DYNA, the output value on these Figs. is the number 
of cracks inside each FE: 0, 1 or 2. Similar to tests [2], Figs. 8 and 9 clearly show progressive 
creation of diagonal cracks in shear panel. Both FEA and tests also show the same location of wall 
failure (at the bottom of wall panel)  
 

  
(a) (b) 

 

  
(c)                                                                           (d) 

 
Fig. 8 Crack propagation for ASR wall at different time instances: (a) 1st diagonal crack appears 

(t=2.58s), (b) 2nd diagonal crack appears (t=2.79s), (c) the start of the softening (t=5s), and (d) the last 
step before complete wall failure (t=10s) 
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(a) (b) 

 

 
(b) (d) 

 
Fig. 9 Crack propagation for non-ASR wall at different time instances: (a) 1st diagonal crack appears 
(t=1.79s), (b) 2nd diagonal crack appears (t=1.99s), (c) the start of the softening (t=8.4s), and (d) the 

last step before complete wall failure (t=10s) 
 

4. FE Predictions  of  shear behavior after 30 months of accelerated aging  (“blind analysis”) 
 

The approach adopted in this report substitute the ASR phenomena by “equivalent” thermal 
expansion. Therefore, the values of ASR concrete properties and expansion cannot be predicted 
otherwise than by a simple extrapolation. Fig.10 shows progression of the concrete expansion with 
time from [1] and [4] respectively. The analysis of these graphs shows that the Fig. 10 (b) looks more 
representative, since it is expected that concrete expansion should have some asymptotic value [3]. A 
simple non-linear asymptotic extrapolation was conducted using data from [4] leading to asymptotic 
value (at T=∞) of concrete expansion ε0=0.0317% for the regular concrete and 0.2308% for the ASR 
concrete. The predicted values at 900 days are essentially the same as asymptotic values, see Fig. 11. 
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 (a)                                                                (b) 

Fig. 10 Longitudinal expansion for the concrete specimens representing the tested 
shear wall: (a) from Reference [1], and (b) from Reference [4] 

 

 
Fig. 11 Predicted rate of concrete expansion for the specimens based on Reference [4] 

 
Since strength properties for both non-ASR and ASR specimens were provided at 8 months only, no 
extrapolation could be done. Therefore, these properties were assumed to be the same as after 8 
months curing. Additionally, the same loading, described in section 2, was selected for FEA since the 
Fig. in Reference [1] showing loading sequence is not clear. Figs. 12 and 13 show predicted wall 
behavior for concrete expansion value ε0=0.2308% - 0.0317%=0.1991% corresponding to 900 days 
of accelerate aging. Finally, Fig. 13 shows crack propagation for ASR wall after 900 days of 
accelerated aging. 
 

 
Fig.12. Predicted time history of the total applied lateral force after 900 days of accelerate aging 
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(a) (b) 

 

  
(b) (d) 

 

 
(e) 

Fig.13. Crack propagation for ASR wall after 900 days of accelerated aging at different time 
instances: (a) 1st diagonal crack appears (t=2.60s), (b) 2nd diagonal crack appears (t=2.80s), (c) 

maximum shear strength (t=4.2s), (d) start of the softening (t=5.76s), and (e) the last step before 
complete wall failure (t=10s) 
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5. Sensitivity Analysis 

 
Some limited sensitivity analysis was conducted to access the effect of main concrete parameters: 
compressive and tensile strength. Additionally, the sensitivity to expansion value was also 
examined. 
 
Fig. 14 shows the effect of longitudinal concrete expansion caused by ASR upon the maximum 
shear capacity. The concrete strength was kept constant in this analysis as follows: 
 
Compressive Strength fc= 63.7 MPa,  Tensile Strength ft= 3.24 MPa 
 
The following expansion values were selected for this analysis: 
ε0=0 – regular concrete 
ε0=0.1518% – baseline ASR concrete at 240 days 
ε0=0.1991% – ASR concrete at 900 days 
ε0=0.2227% – ASR concrete with increased expansion (value from Fig. 11 at 900 days without 

subtracting expansion value for the regular concrete), and 
ε0=0.5% – ASR concrete with highly increased expansion 
 

The results in Fig, 15 suggest that the effect of an increase of shear capacity with an increase in 
concrete expansion caused by ASR is limited to a certain range of values of expansion ε0. Certainly, 
the high value of expansion ε0=0.5% introduces high initial strains that could lead to reduction in 
shear capacity, as evidenced in Fig.14. 

 

 
 

Fig. 14 Prediction of the effect of longitudinal concrete expansion caused by ASR upon the 
maximum shear capacity 

 
Finally, Fig. 15 shows effect of concrete strength upon the maximum shear capacity for ASR 
concrete at 900 days (linear expansion ε0=0.1991%). Compressive strength fc was selected as 
primary variable is this analysis with tensile strength recalculated as ft ~ (fc)½. The following fc 
values were selected for this analysis: 50, 63.7, 79 and 90 MPa. The predictions in Fig. 15 show a 
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limited effect of concrete strength between 63.7 MPa and 90 MPa. However, all these results 
should be treated with extreme caution, since, as stated in section 2.1, default concrete properties 
was used in FE model. Detailed measurement of concrete properties required for the material 
model selected for analysis is necessary to get a better understanding of model behavior. 
 

 
 

Fig. 15 Effect of concrete strength upon the maximum shear capacity for ASR concrete at 900 
days (linear expansion ε0=0.1991%) 

 
6. Conclusions 

 
Explicit commercial code LS-DYNA was successfully used to model shear behavior of regular and 
ASR walls subjected to quasi-static cyclic loading. 
 
Based on simulation runs, the adequate 2-D FE model was created with concrete constitutive model 
*MAT_172/ *MAT_CONCRETE_EC2 that account for the concrete cracking in tension and crushing in 
compression, and reinforcement yield, hardening and failure. Since this model does not include ASR induced 
expansion, equivalent initial thermal expansion was introduced in FE model to account for ASR. 
FEA conducted shows that FE predictions are well in line with test results. The main features of tests 
conducted were adequately captured by FE model as follows: 
 

• The shape of the Load versus Displacement curves for both regular and ASR concrete 
• The maximum values of lateral loading representing the maximum shear capacity of the wall 
• The established testing result that maximum shear capacity of ASR wall is higher than regular concrete 

wall despite lower concrete strength 
• The crack patterns corresponding to the wall failure 

 
ASR expansion at 900 days of accelerated aging was predicted using extrapolation technique. FE predictions 
show some increase in the maximum shear capacity at 240 days aging (1%) following by some decrease at 900 
days aging (3.4%). However, these results should be treated with extreme caution, since the data provided 
(both test results and material and testing properties) are clearly not sufficient for more adequate modeling. 
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Limited sensitivity analysis was conducted for 900 day aging. These results also should be treated with 
extreme caution and should be revised when additional tests will be available.  
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Fig. 1 Example of the ASR expansion analysis for uniaxial restrained specimen. (left: tested by Yamra et al.[2], right: tested 

by Koyanagi et al.[3]). 

 

2.3 Constitutive model of concrete in the loading analysis 
Lattice equivalent continuum model was applied to the constitutive model of concrete in the loading analysis [6]. 

Basic concept of the model is to represent the force flows in the cracked concrete as a system of lattices, which are consisted 

of main lattice and shear lattice. In each lattice, the uniaxial stress-strain relationships are assumed and the stiffness of the 

continuum model is built by combining the lattice system.  

 For stress-strain relationship in the compressive region, Saenz equation was assumed up to compressive strength 

and stress decreased linearly considering the compressive fracture energy [5] in order to reduce the mesh dependency. On the 

other hand, for the tensile region, tension softening branch of 1/4 model considering the tensile fracture energy was assumed 

after cracking. 

 

2.4 Reinforcement model and bond model 
 Reinforcement was discretized as a truss element in both the expansion analysis and the loading analysis. The 

stress-strain relationship of reinforcement was assumed as a bilinear model. After yielding, the stiffness of the hardening 

branch is 1/100 slope comparing with initial Young’s modules. 

 The bond interaction between concrete and reinforcement was represented by a bond element [6]. The bond 

stress-slip relationship, as shown in Fig.2, is introduced into the parallel direction to the reinforcement of bond element. The 

relationship up to the bond strength max  is modeled by Equation 3 [7]. 
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where s is slip, D is diameter of reinforcement and   is 0.4. The bond strength max is the bond stress corresponding to the 

slip of 0.2 mm and linear softening branch to the bond stress of 0.1 max  corresponding to the slip of 0.4 mm were assumed as 

shown in Fig. 2. Since the bond property does not decrease due to ASR expansion from the past study, it was assumed that the 

bond strength keeps constant value during ASR expansion analysis in this study. 
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Fig. 2 Bond stress and slip relationship. 

 

2.5 Procedure for combining the ASR expansion analysis and loading analysis 
 As described before, the constitutive models of concrete are different with the ASR expansion analysis and the 

loading analysis. To combine both analyses, two coordinate systems were assumed as shown in Fig. 3, that is,    

coordinate and ''    coordinate which are defined in the ASR expansion analysis and the loading analysis, respectively. In 

the ASR expansion analysis, since compressive stress occurs with positive strain described as Equation 1, stress and strain are 

placed in forth quadrant of   coordinate as shown in Fig. 3. Here, it is assumed that the stress and strain obtained by ASR 

expansion analysis are on the stress-strain relationship defined in ''    coordinate as an initial state of the loading analysis. 

Therefore, the loading analysis is regarded as the initial stress and strain problem. 

 Meanwhile, since the constitutive model of reinforcement is the same in both the ASR expansion analysis and the 

loading analysis, any assumptions are not needed in order to combine both analyses. 

 

 
Fig. 3 Assumption of the coordinate system in ASR expansion analysis and loading analysis. 

 

 

 

2.6 Consideration of ASR damage 
 In the loading analysis, ASR damages of concrete were taken into consideration by the deterioration of material 

properties and initial crack. It was assumed that the compressive strength, Young’s modulus and tensile strength decreased 

with an increase of the expansive strain. In order to consider the anisotropy, the deterioration of material properties was 

introduced to three directions of principal strain independently in each gauss point. Decreasing rate   of each property was 

assumed as Equation 4. 
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where *

c  is the principal strain of initial state in the loading analysis and   is a parameter. By changing the parameter  , 

the deterioration curve of each material property can be set depending on their tendency. Strain at the peak stress *

0c  was 

also changed in order to keep the consistency of stress-strain relationship in compressive region as Equation 5. 
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     (5) 

 

where 0c  is the strain at the peak stress of sound concrete. *

0c  becomes closer to 0cf    by increasing of *

c . 

 Since constitutive model in the loading analysis, lattice equivalent continuum model, is based on the fixed crack 

model, initial cracks were defined in each gauss point by fixing the coordinate system to the principal stress direction obtained 

from the ASR expansion analysis. However, initial crack width of these cracks set to 0 in the analysis. Note that, another 

cracking under loading was allowed by considering non-orthogonal coordinate system besides the initial crack coordinate in 

multi cracking model. 

 

 

2. ANALYTICAL MODEL 
2.1 Finite element mesh and boundary conditions 
 

 

      
Fig. 4 Concrete elements                      Fig5 modeling of reinforcing bars 
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Fig.6 Boundary conditions (left: ASR expansion analysis, right: loading analysis) 

 

2.2 Modeling of ASR expansion and deterioration of concrete 
On the basis of the experiment after 9 months, ASR expansion and deterioration model of concrete were assumed. 

ASR expansion was assumed by Larive’s Model shown in Equation 6. 

 

 
   



 



c

c
free t

t

exp1

exp1
                                       (6) 

 

where, c  and 
  are experimental parameter.  By fitting the experimental results measured during 9 months, two 

scenarios, optimism scenario and pessimism scenario, were assumed as shown in Fig.7. For optimism scenario, c  and 
  

were assumed to be set as 120 and 20, and   was assumed 0. 25%. On the other hand, for pessimism scenario, c  and 

  were assumed to be set as 270 and 70, and   was assumed 0. 50%. 

 

 
Fig.7 Assumed ASR expansion  

 

In the loading analysis, deterioration curves of material properties were assumed on the basis of the experimental 

results in 9 months, as shown in Figure 8,. The parameter γ in Equation 4 were set to -0.08, -0.10 and -0.13 for compressive 

strength, Young’s modulus and tensile strength, respectively. The parameter f  in Equation 5 was set to 2000μ. 
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Fig.8 Strength ratio related to concrete expansion 

 

3. Analytical results 
3.1 Simulation for the specimens after 9 months 

Figure 9 shows load-displacement relationships for the sound specimen (REG A) and ASR deteriorated specimen 

(ASR A1). The initial cracking load of ASR specimen was larger than sound specimen. This might be occurred by the 

chemical prestress due to ASR. However there was no significant difference for both specimens except this initial cracking 

load.  

 
(a) REG A.                                   (b) ASR A1 

Fig9. Load-displacement relationships for the specimens after 9 months. 

 
3.2 Prediction for the specimens after 30 months 

Figure 10 shows load-displacement relationships for the ASR deteriorated specimens. I assumed two scenarios 

such as optimism and pessimism as described above. Although the expansion and material deterioration were large for the 

specimen of pessimism scenario, structural performance was not degraded. Moreover, maximum load for pessimism scenario 

was slightly larger than the one of optimism scenario because of chemical prestress due to ASR.  
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(a) Optimism scenario.                         (b) Pessimism scenario. 

Fig11. Prediction for the specimens after 30 months. 

 

3.3 Failure situation for the specimens 
Figure 12 and 13 shows deformation and distribution of principal compressive strain at 10mm for each specimen, 

respectively. Damage areas were similar, however localized areas were different each other. For ASR deteriorated specimens, 

shear sliding behavior become dominant compare to sound specimen. 

 

       
(a) REG A.                                   (b) ASR A1 

 

 

(c) Optimism scenario.                           (d) Pessimism scenario 

Fig12. Deformation at 10 mm 
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(a) REG A.                                   (b) ASR A1 

 

        
(c) Optimism scenario.                           (d) Pessimism scenario 

Fig13. Distributions of principal compressive strain at 10 mm 

  

NEA/CSNI/R(2018)4/ADD1



3.4 Initial strain and stress  
Figure 14 and 15 show the distributions of initial strain of concrete just before loading analysis. And Fig. 16 and 17 

show the distribution of initial stress of concrete at the same time. Material properties such as compressive strength, tensile 

strength and Young’s modulus were degraded depending on the initial strain in each element by considering equation 4. 

 For optimism scenario, strain was around 0.01% and stress was less than 3.0 MPa. On the other hand, strain 

exceeded about 0.015% and stress was beyond 4.0 MPa for pessimism scenario. However, these different was not so large 

even though the difference of ASR expansion was about double. That’s why the results of load-displacement relationships 

were similar.  

 
 

          

(a) Horizontal direction                           (b) Vertical direction 

Fig14. Distributions of initial strain of concrete after 30 month (just before loading) for optimism scenario specimen 

 

            

(a) Horizontal direction                           (b) Vertical direction 

Fig15. Distributions of initial strain of concrete after 30 month (just before loading) for pessimism scenario specimen 
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(a) Horizontal direction                           (b) Vertical direction 

Fig16. Distributions of initial stress of concrete after 30 month (just before loading) for optimism scenario specimen 

 

           
(a) Horizontal direction                           (b) Vertical direction 

Fig17. Distributions of initial stress of concrete after 30 month (just before loading) for pessimism scenario specimen 
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1. Introduction 

Degradation by Alkali-Silica Reaction (ASR), which is one of the pathologies, is common 

problem in many concrete structures such as not only general structures but also nuclear facilities.  

The final report of the CSNI Activity Proposal Sheet (CAPS) of Assessment of Structures 

subjected to Concrete pathologies (ASCET) Phase I recommended the necessity of simulation tools 

of ASR degradation to predict the structural behavior. This report describes the results of numerical 

analyses of concrete structure degraded by ASR according to the CAPS of ASCET Phase II. 

In ASCET Phase II, the results of shell wall experiments of the age of 260 days aging (8 months 

aging) are used as calibration. Participating organizations analyze the deterioration for specimens 

of the age of 900 days aging (30 months aging), with reference to the experimental result with the 

age of 260 days aging. Participants are to compare the results of the analyses at the ASCET Phase 

II workshop to be held in CNSC headquarters on May 8th and 9th in 2017. 

This report aims to determine technical data useful to evaluate concrete structures performance 

by adding a basic constitutional rule of ASR deterioration in existing FEM analysis code. 

The FEM analysis was carried out by modeling the ASR concrete specimen with shell elements. 

In addition, material properties described in SAS 20160605 1), SMiRT-23 Paper ID 044 2) and paper 

ID 202 3) documents sent from the secretariat were used. 

Total four cases, in which two cases with the aging time of 260 days and 900 days under the 

conditions of both monotonic pushover and cyclic loading, were analyzed. 

 

 

2. Analysis Method 

2.1 Modeling of Concrete Characteristics 

To perform the benchmark simulation of ASCET Phase II, FEM code FINAS / STAR 4) was 

modified to be able to cope with the ASR degraded concrete structures. 

In the FINAS / STAR 4), the quasi-orthogonal bi-directional cracking model of Maekawa and 

Fukuura et al 5) is used to introduce a nonlinear material model of reinforced concrete. In this 

analysis, an ASR model based on V. Gocevski’s theory 6) which simply expressed the ASR 

degradation phenomenon was incorporated with the quasi-orthogonal bi-directional cracking model 

of the FINAS / STAR 4). In addition, the results of uniaxial experiment by Clayton et al 7) were 

applied to introduce the expansion strain due to ASR for concrete dependent on constraint stress. 

Detail explanation of the input parameters necessary for the modification of FEM code is given 

in section 6. 

 

2.2 Modeling of Test Specimen 

Prior to carrying out the FEM analysis for the degraded ASR concrete specimen, the applicability 
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of analysis by shell elements was confirmed through comparison with analysis by 3D solid element. 

The meshing for FEM analysis of models are shown in Figure 2-1 and Table 2-1. 

The material properties of the regular concrete specimen with the age of 240 days aging described 

in Refs. 1) and 2) as shown in Table 2-2 and Table 2-3 were used. For the boundary condition, the 

bottom and side of the base stub of the specimens was fixed. Since the 3D model is symmetrical in 

the central cross section of the thickness, half of the specimen shape was modeled. The specimen’s 

geometry and reinforcement details are the same as the ASR concrete specimen. For the loading 

condition, forced displacement of monotonic pushover was distributed to all nodes at the center of 

the loading stub’s height (Y-axis) for the 3D model as well as the shell model. 

The load-displacement responses between the 3D model and the shell model under the condition 

of monotonic pushover are shown in Figure 2-2. The crack patterns for the model under monotonic 

pushover are shown in Figure 2-3 for 3D model and Figure 2-4 for shell model, respectively. 

Since there was no significant difference in the results of load-displacement responses and crack 

patterns between the three-Dimensional solid element analysis and the shell element analysis, the 

shell element analysis was adopted for all calculations of ASR concrete specimen in this report. 

 

  
 

Figure 2-1 Meshing of the model of 3D solid element and shell element 

 

Table 2-1 The number of mesh divisions of 3D solid element and shell element 

 

 

 

 

 

 

 3D solid element Shell element 

 Width (X) Height (Y) Thickness (Z) Width (X) Height (Y) 

Shear wall 42 25 2 42 25 

Flange pillar 4 25 4 4 25 

Loading stub 58 12 10 58 12 

Base stub 58 12 10 58 12 

 

3D solid element (half thickness) Shell element X 

Y 

Shear wall 

Flange pillar 

Loading stub 

Base stub 
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Table 2-2 Mechanical properties of the concrete used in shear walls 1) 

Specimen 
Aging time 

(days) 

Uniaxial compressive 
strength 
(MPa) 

Uniaxial tensile 
strength 
(MPa) 

Modulus of 
elasticity 

(MPa) 

Regular concrete 
before testing 240 79.0 4.76 47,150 

 

 

Table 2-3 Mechanical properties of the steel bars 1), 2) 

Rebar type 
Area 
As 

(mm2) 

Yield 
strength 

fy 
(MPa) 

Ultimate 
strength 

fu 
 (MPa) 

Strain 
hardening 

εsh 
( μm/m) 

Ultimate 
strain 

εu 
( μm/m) 

Elastic 
modulus 

Es 
 (MPa) 

10M 100 430 638 8,000 150,000 182,000 

20M 300 465 550 15,000 200,000 190,000 

 

 

 

 
Figure 2-2 Comparison of 3D solid element and shell element for load-displacement responses of 

the Regular concrete specimen 
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Figure 2-3 Calculated of crack pattern and deformed shape (10x) of 3D solid element model 

 

 

 

Figure 2-4 Calculated of crack pattern and deformed shape (10x) of shell element model 

 

 

3. Analysis Cases for Models of ASR Concrete Specimen 

The four cases shown in Table 3-1 were analyzed from the following two points of view; 

(1) To conduct analyses for the ASR concrete specimen under two kinds of loading methods; the 

monotonic pushover and the cyclic loading. 

(2) To conduct analyses on two cases with the aging of 260 days and 900 days. 

 

 

At the horizontal displacement (dx) of +4 mm 

At the horizontal displacement of +4 mm 

X 

Y 

dx 
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Table 3-1 Analysis modeling cases 

No Aging time (days) Forced displacement 

Model 1-1 
260 

Monotonic pushover 

Model 1-2 Cyclic loading 

Model 2-1 
900 

Monotonic pushover 

Model 2-2 Cyclic loading 

 

 

4. Modeling of ASR Concrete Specimen 

4.1 Details of ASR Concrete Specimen 

The geometry and dimensions of the ASR concrete specimen provided by the ASCET Phase II 

Secretariat are shown in Figure 4-1. 

 

Figure 4-1 Geometry and Dimensions of the ASR concrete specimen (all dimensions in mm) 1) 

 

4.2 Model for FEM Analysis 

For the shape of the ASR concrete specimen in Figure 4-1, all of the shear wall specimen, flange 

pillar, loading stub and base stub were modeled with shell elements. The meshing for FEM analysis 

of the model is shown in Figure 4-2. 

(1) Shear wall    Width (X): 42 mesh divisions Height (Y): 25 mesh divisions 

(2) Flange pillar × 2    Width (X): 4 mesh divisions Height (Y): 25 mesh divisions 

(3) Loading stub    Width (X): 58 mesh divisions Height (Y): 12 mesh divisions 

(4) Base stub    Width (X): 58 mesh divisions Height (Y): 12 mesh divisions 

Loading stub 

Shear wall 

Flange pillar 

Base stub 
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Figure 4-2 FEM Mesh for ASR specimen 

 

 

5. Material Properties of ASR Concrete Specimen 

5.1 Properties of Concrete and Steel Bars 

Relevant material properties described in Refs. 1) and 2) are shown in Tables 5-1 and 5-2 for 

concrete and steel bars, respectively. In the analysis, only the loading stub and base stub in the X 

direction of the steel bars were set to Type 20 M, and the others were set to Type 10 M. 

In reinforced concrete tension stiffness model 5), the bond characteristic parameterC  were fixed 
to 0.4, which Maenkaki et al 8) used for deformed steel bars. 

 

Table 5-1 Mechanical properties of the concrete used in shear walls 1) 

Specimen Aging time 
(days) 

Uniaxial compressive 
strength 
(MPa) 

Uniaxial tensile 
strength 
(MPa) 

Modulus of 
elasticity 

(MPa) 
ASR concrete 
before testing 260 63.7 3.24 35,750 

 

Table 5-2 Mechanical properties of the steel bars 1), 2) 

Rebar type 
Area 
As 

(mm2) 

Yield 
strength 

fy 
(MPa) 

Ultimate 
strength 

fu 
 (MPa) 

Strain 
hardening 

εsh 
( μm/m) 

Ultimate 
strain 

εu 
( μm/m) 

Elastic 
modulus 

Es 
 (MPa) 

10M 100 430 638 8,000 150,000 182,000 

20M 300 465 550 15,000 200,000 190,000 

X 

Y 

Shear wall 

Flange pillar 

Base stub 

Loading stub 
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5.2 Reinforcement Details of Specimen 

Table 5-3 shows the rebar ratio in each axis described in Refs. 1), 2) and 3). Detailed geometry 

and reinforcement of the ASR concrete specimen are shown in Figures 5-1. Since our calculation 

model was modeled by shell elements, the steel bars in the direction of the thickness (Z-axis) for 

the flange pillar, the loading stub and the base stub were not considered. 

 

Table 5-3 Rebar ratio in each direction 1), 2), 3) 

 Material 
Thickness 

(mm) 
Rebar ratio 

 (%) 

Shear wall 
specimen Reinforced concrete 100 

X：0.80 
Y：0.77 
Z：0.00 

Flange pillar Reinforced concrete 200 

X：0.67 
Y：2.10 
Z：0.44 
(Z：0.0) 

Loading stub 
  

Base stub 
Reinforced concrete 550 

X：2.00 
Y：2.00 
Z：2.00 
(Z：0.0) 

(Z：0.0) values used in present analysis     

 

 

 
Figure 5-1 Test specimen’s geometry and reinforcement details (dimensions are in mm) 1), 2) 
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6. Parameters related to ASR Effect 
6.1 Parameters of Volumetric Expansion of Concrete ( , , 0t , 1A ) 

For the analysis, the input condition of expansion strain due to ASR was set form the document 

of V. Gocevski 6). 

The volume expansion strain in the case of free expansion is expressed by the following equation. 

 )( 01 ttet  (6-1) 
Here, 

 t  : Volume expansion strain at the time t 
  : Final volume expansion strain 
 0t  : Expansion starting time 

  : Parameters related to the degree of progress of the expansion 

   
Further, the function  is introduced. This function expresses the degree of progress of the 

expansion strain. 

 )1( )( 0tte  (6-2) 

  The function  is a coefficient that takes into consideration the reduction in volume expansion 

strain associated with the stress dependence of the ASR, and is represented by the Equation (6-3) in 

the document of V. Gocevski 6). 

 
cf

trA
3

))((exp 1
σ  (6-3) 

Here, the parameter 1A  is a material constant parameter and set as input condition. In addition, 

based on sensitivity analysis for uniaxial constraint, the parameter A1 was fixed to 5 (five). 
  And cf  is a uniaxial compressive strength of concrete. 

  In the case of the stress-free state (free expansion), 1. 

Therefore, the volume expansion strain at time t  is expressed by the following equation. 

 σσ ,1 )( 0 tet tt  (6-4) 

The Equation (6-4) turns out that the function  is expressed as follows and represents the degree 

of progress of the expansion strain. 

 
tt σ,  (6-5) 

 

Since Equation (6-1) is an expansion strain with respect to aging time, the input condition was 

determined by utilizing the longitudinal (reactive) values in the results of the concrete prism tests 
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shown in Figure 6-1. Digitized data of expansion strain for longitudinal (reactive) are listed in Table 

6-1. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-1 Results of the expansion strain by the concrete prism test 3) 

 

Table 6-1 Expansion strain used for fitting the data read from Figure 6-1 
Age 

(days) 
Expansion strain 

 Longitudinal (reactive) (%) 
Volume expansion strain 

(%) 

7 0.001 0.003 

28 0.010 0.030 

56 0.050 0.150 

91 0.100 0.300 

182 0.170 0.510 

273 0.210 0.630 

365 0.220 0.660 

 

  Since Figure 6-1 is the expansion strain in uniaxial direction, and the input conditions are needed 

to be set based on volume expansion, so the volume expansion strains were obtained by 

multiplication of three and the uniaxial expansion strain of longitudinal (reactive) as shown in Table 

6-1. 

  The input conditions were determined as follows through fitting the volume expansion data in 

Table 6-1. 

 7.0×10-3 ( - ) 
 0.007 (1/day) 
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 0t 0 (days) 

  Therefore, the volume expansion strain used in the analysis is expressed by the following 

equation. 

 tet 0.007-3 1107.0  (6-6) 
  Figure 6-2 shows the fitting results of the volume expansion strain. The solid dots in the figure 

are the values in Table 6-1, and the red line is the numerical curve of Equation (6-6) with 

extrapolation up to 1000 days. 

 

 
 

Figure 6-2 Fitting results of volume expansion strain (1000 days) 

 

 
6.2 Parameters of Material Properties ( 1G , 2G ) 

  In the theory of V. Gocevski 6), a function  for the progress of the expansion of the elements are 

proportional to the deterioration in the material properties. However, in the case of reinforcing steel 

restraint, the volumetric expansion strain occurring in the element is reduced as compared with the 
volumetric expansion strain for the function  without reinforcing steel restraint. Therefore, a 

function  considering reinforcement constraint was used in this analysis. 

  As for the input condition of the quasi-orthogonal bi-directional cracking model of Maekawa and 
Fukuura et al 5) for the deterioration, parameter 1G , 2G  and  are defined by Equations (6-7), (6-

8) and (6-9), respectively. 
 A material parameter 1G  for the deterioration in elastic modulus is defined by Equation (6-7). 

 )1( 10 GEE  (6-7) 

  And a parameter 2G  for the deterioration in compressive strength is defined by Equation (6-8). 
 20 1 Gff cc  (6-8) 

  And the strain at the maximum compressive stress is defined by Equation (6-9) using Equation 

(6-7) and Equation (6-8). 
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)1(

122

10

20

GE
Gf

E
f cc  (6-9) 

  Material properties at the age of 240 days are shown in Table 6-2, and change in the elastic 

modulus with ageing time discribed in Ref. 2) are shown in Figure 6-2. 

 

Table 6-2 Mechanical properties of the concrete used in shear walls (at the age of 240 days) 2), 3) 

Specimen 
Conpressive 

strength 
cf  (MPa) 

Tensile 
strength 
(MPa) 

Modulus of 
rapture * 

(MPa) 

Elastic 
modules 
E  (MPa) 

ASR concrete 63.7 3.24 4.64 35,750 

* refer to ASTM-C78   

 

 
Figure 6-2 Chronological change of the elastic modulus 2) 

 
  Here, the parameter 1G  during ASR degradation is set so that 37,500 (MPa) at age of 28 days is 

the initial elastic modulus and the elastic modulus at 240 days under the condition of no-reinforcing 
bars and no stress is 35,750 (MPa). The elastic modulus at 0 day, 0E , was defined as the same 

elastic modulus at 28 days. 
  Since  under the condition of no reinforcing bar and no stress, the function  is used for 

calculation of the parameter 1G . 

  From Equation (6-7). 

 
)240(

1))240((1
0

1 E
EG  (6-10) 

  Where, 

Regular specimen 

ASR specimen 
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 0E  = 37,500（MPa） 

 ))240((E  = 35,750（MPa） 

Also it is from Equations (6-2), 
 814.0)1(240 240007.0e  

  Then from Equations (6-10), 
 1G = 0.0574. 

 

  Chronological change in compressive strength with time (Days) described in SMiRT-23 Paper 

ID 044 2) is shown in Figure 6-3.  

 

 
Figure 6-3 Chronological change of compressive strength 2) 

 
  In Figure 6-3, it is shown that compressive strength ( cf ) does not deteriorate with time but it 

increased a little bit. Therefore, in the analysis, the deterioration in the compressive strength due to 
the ASR expansion is not considered, and the parameter 2G  during ASR degradation regarding the 

deterioration of the compressive strength was set to 2G = 0.0. And the constant value of 63.7 (MPa) 

for the uniaxial compressive strength was fixed during analysis. 

 
6.3 Parameter of Stress Constraint on Expansive Behavior ( ) 

  Graphic chart of the uniaxial constraint test by Clayton et al 7) were visually read and utilized to 
determine input parameter of the expansion strain reduction rate  due to the constraint stress. The 

expansion strain reduction rate between the two points of constraint stresses was determined with 
linear interpolation method. In addition, when stress is tensile, the value of  was fixed to 1.0. 

Regular specimen 

ASR specimen 
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The parameter  versus constraint stress for the input conditions is shown in Table 7-4 of 

subsection 7.1 to be described later. 

  The expansion strain reduction rate acts as a weight for distributing the volume expansion strain 

in each principal stress direction according to the magnitude of the principal stress, and the 
expansion incremental strain A  in each principal stress direction is given by the following 

equation. 

 
321

A  (6-11) 

Here, 
 A  :  Expansion strain increment due to ASR degradation for each principal stress 

  : Expansion strain reduction rate for each principal stress . 

 

 

7. Conditions of FEM Analysis 

7.1 Input Conditions 

  The input conditions used for the present analyses are shown in the following Tables 7-2 to 7-5 

which are referred from the material properties of section 5 and the input parameters of section 6. 

 

 

Table 7-1 Initial mechanical properties of ASR concrete 

Initial elastic 
modules 

0E  (MPa) 

Uniaxial 
compressive 

strength 
cf  (MPa) 

Strain at 
uniaxial 

compressive * 
0  ( - ) 

Uniaxial tensile 
strength 
tf  (MPa) 

Initial poisson's 
ratio 
0  ( - ) 

37,500 63.7 3.40×10-3 3.24 0.17 
*  00 /2 Efc    

 

Table 7-2 Mechanical properties of steel bars 

Rebar type 
Elastic modules 

E  (MPa) 
Yield strength 

yF  (MPa) 
Bond characteristic parameter 

C  ( - ) 

10M 1.82×105 430 0.4 

20M 1.90×105 465 0.4 

 

 

Table 7-3 ASR related parameters 

 ( - )  (1/day) 0t  (days) 1G  ( - ) 2G  ( - ) 1A  ( - ) 

7.0×10-3 7.0×10-3 0 0.0574 0 5 
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Table 7-4 Parameters of expansion strain reduction rate 
Constraint stress  

(MPa) 
Expansion strain reduction rate 

  ( - ) 

0 1.00 

1 0.60 

2 0.30 

3 0.19 

4 0.10 

5 0.05 

6 0.00 

7 0.00 

 

 

Table 7-5 Parameters of rebar ratio  

 Material 
Thickness 

(mm) 
Rebar ratio 

(%) 

Shear wall 
specimen Reinforced concrete 100 

X：0.80 

Y：0.77 

Flange pillar Reinforced concrete 200 
X：0.67 

Y：2.10 

Loading stub 
  

Base stub 
Reinforced concrete 550 

X：2.00 

Y：2.00 

 

 

7.2 Loading Conditions 

  The loading conditions are shown in Figure 7-1. 

(1) Density: Density was given to all elements as 2,400 kg / m 3 for weight load. 

(2) Vertical load: Equally distributed loads in the downward direction (total amount of 800 kN) 

were added to all nodes of the top of the loading stub and kept constant. 

(3) Forced displacement: Forced displacements were distributed to all nodes at the center of the 

loading stub’s height (Y-axis). 

 

  The maximum value of forced displacement of the monotonic pushover was set to 8.0 mm. 

The forced displacement history of the cyclic loading in Ref. 1) was visually read and fitting data 

was used for the analysis. Figure 7-2 shows the forced displacement history of the cyclic loading. 

The maximum values of forced displacement of the cyclic loading were set to ±7.0 mm. 
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Figure 7-1 Loading conditions 

 

 

  
Figure 7-2 Forced displacement history of the cyclic loading 1) 

 

 

7.3 Boundary Conditions 

  The boundary conditions are shown in Figure 7-3. 

(1) Bottom surface of the base stub: Fixed vertically 

(2) Center of gravity of the base stub: Fixed horizontally 
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Figure 7-3 Boundary conditions 
 

7.4 Analysis Procedure 

  In order to simulate a process in which ASR expansion strain occurs under stress distribution due 

to its own weight, own weight after stress is loaded at the start point of expansion (expansion time 

= 0), the following analysis procedure for the ASR concrete was applied. 

Step 1:  Stress analysis (due to own weight and distributed load of total amount of 800 kN) 

Step 2:  ASR expansion strain analysis 

Step 3:  Forced displacement 

 

 

8. Results of FEM Analyses 

8.1 Monotonic Load-Displacement Responses 

  Figure 8-1 shows the load-displacement responses for Model 1-1 (the age of 260 days) and Model 

2-1 (the age of 900 days) under the monotonic pushover condition. 

As reference to our analysis results, Figure 8-1 also shows the experimental load-displacement 

data visually read from the experimental results at monotonic pushover for ASR concrete specimen 

with the age of 260 days aging measured by F. Habibi et al. shown in chapter 5 of the thesis authored 

by A-C. Jurcut of University of Toronto 9). 

  There was no significant difference in both initial stiffness and the maximum load between the 

analysis results of Model 1-1 and Model 2-1. The predicted maximum loads were 1,183 kN at the 

displacement of 3.8 mm in Model 1-1 (the age of 260 days) and 1,192 kN at the displacement of 

3.4 mm in Model 2-1 (the age of 900 days). The initial stiffness of the analysis results was almost 

the same as the experimental result. The analysis result of 1,183 kN (the age of 260 days) on the 

maximum load was about 13% less than the experimental result of 1,355 kN 9). 

Bottom surface of the base stub: Fixed vertically 

Center of gravity of the base stub: 
Fixed horizontally 

X 

Y 
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Figure 8-1 Comparison of the results among Model 1-1, Model 2-1 and experiment 9) 

for monotonic load versus displacement relationship 
 

 

8.2 Cyclic Load-Displacement Responses 

Figure 8-2 shows the load-displacement responses of cyclic loading (Model 1-2) and monotonic 

pushover (Model 1-1) with the 260 day aging, and Figure 8-3 shows the load-displacement 

responses of cyclic loading (Model 2-2) and monotonic pushover (Model 2-1) with the 900 day 

aging. The maximum capacities of the cyclic loadings were 1,123 kN in Model 1-2 and 1,126 kN 

in Model 2-2 at the same displacement of +3.0 mm. 

Figure 8-4 shows the load-displacement responses of Model 1-2 (the age of 260 days) and Model 

2-2 (the age of 900 days). It is observed that although the waveform at the initial stiffness area and 

the plasticity zone before the maximum capacity for Model 1-2 have almost the same pattern as 

those for Model 2-2, the load values predicted for Model 2-2 were rapidly reduced at the zone of 

the progress after exceeding the maximum capacity for Model 1-2. 

Figure 8-5 shows the comparison between the results of cyclic loading analysis for Model 1-2 

and the results of cyclic loading experiments for ASR concrete specimen with the ageing time of 

260 days which were conducted by F. Habibi et al 9). Although the analysis result of the initial 

stiffness was approximately the same as that of the experimental result, the maximum load of the 

experimental result gradually increased after exceeding the maximum capacity of the analysis. The 

analysis result of the maximum capacity of 1,123 kN (the age of 260 days) was about 17% less than 

the experimental result of 1,354.5 kN 1),2) (and 1,355 kN 9)). 
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Figure 8-2 Cyclic versus monotonic behavior of the ASR concrete specimen 
with the age of 260 days 
 
 

  
 

Figure 8-3 Cyclic versus monotonic behavior of the ASR concrete specimen 
with the age of 900 days 
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Figure 8-4 Comparison of the analysis results between Model 1-2 (the age of 260 days) and 
Model 2-2 (the age of 900 days) for cyclic load versus displacement relationship 
 
 
 
 
 
 
 
  
 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 8-5 Comparison of the results between analysis of Model 1-2 and experiment 9) 

for cyclic load versus displacement relationship 
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8.3 Crack Pattern and Deflection due to Monotonic Pushover 

Figure 8-6 shows the results of the deformation and crack pattern calculated at the displacements 

of 2 mm and 4 mm for Model 1-1 (the age of 260 days) under the monotonic pushover condition. 

Figure 8-7 shows the calculated results for Model 2-1 (the age of 900 days). The red vector line 

expresses the direction of cracking. The longer the vector means the larger the crack width. The 

scale of the vector length between the displacement steps in each figure is not the same, but it is 

normalized based on the maximum crack width in each displacement step. 

There was no significant difference in crack pattern and deformed shape between the results for 

Model 1-1 and Model 2-1, even at displacement of 2 mm and 4 mm. The crack pattern presented a 

typical pattern to shear loading. Although the crack widths were almost uniform until the 

displacement of 2 mm which was before the maximum load, the cracks were concentrated in the 

diagonal planes and the base of the shear wall at the displacement of 4 mm which was after the 

maximum load.  

 

8.4 Crack Pattern and Deflection due to Cyclic Loading 

Figure 8-8 shows the results of the deflections and crack patterns calculated at the displacement 

of ±2 mm and ±4 mm for Model 1-2 (the age of 260 days) under the cyclic loading condition, and 

Figure 8-9 shows the results calculated for Model 2-2 (the age of 900 days). 

There was no significant difference in crack pattern and deflected shape between the results for 

Model 1-2 and Model 2-2. The crack pattern indicated a typical pattern to shear loading.  

Figure 8-10 shows the comparison results between the predicted analysis at the displacement of 

-2 mm for Model 1-2 and the experimental shear wall at failure of the ASR concrete specimen with 

the age of 260 days described in Ref. 2). The results of predicted analysis on the direction of crack 

pattern or Model 1-2 (the age of 260 days) indicated the similar crack pattern to the experiment. 

       
 
Figure 8-6 Calculated of crack patterns and deformed shapes (10x) 

of Model 1-1 (the age of 260 days) under monotonic pushover 

At the horizontal displacement of +4 mm At the horizontal displacement (dx) of +2 mm 

X 

Y 

dx 
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Figure 8-7 Calculated of crack patterns and deformed shapes (10x) 
of Model 2-1(the age of 900 days) under monotonic pushover 
 

     
 

    

 
Figure 8-8 Calculated of crack patterns and deformed shapes (10x) 

of Model 1-2 (the age of 260 days) under cyclic loading 

At the horizontal displacement of +4 mm At the horizontal displacement (dx) of +2 mm 

At the horizontal displacement of -2 mm At the horizontal displacement (dx) of +2 mm 

At the horizontal displacement of -4 mm At the horizontal displacement of +4 mm 

X 

Y 

dx 

X 

Y 

dx 
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Figure 8-9 Calculated of crack patterns and deformed shapes (10x) 

of Model 2-2 (the age of 900 days) under cyclic loading 
 

 
 

 
Figure 8-10 Comparison results between the analysis result at the horizontal displacement of -2 mm 

of Model 1-2 (the age of 260 days) and the experimental result 2) at failure of ASR 
concrete shear wall with the age of 260 days after accelerated curing. 

At the horizontal displacement of -2 mm At the horizontal displacement (dx) of +2 mm 

At the horizontal displacement of -4 mm At the horizontal displacement of +4 mm 

Predicted analysis result 
at the displacement of -2 mm 

Experimental result 
 at failure 2) 

X 

Y 

dx 
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9. Summary 

(1) An ASR degradation model based on V. Gocevski’s theory 6) which simply expressed the ASR 

deterioration phenomenon by the equation was incorporated with the quasi-orthogonal bi-

directional cracking model of the FINAS / STAR 4). The analysis was carried out using shell 

element with analysis conditions as modeling of the ASR concrete specimen based on the 

information from ASCET Phase II secretariat. 

(2) The four cases, in which two cases with the age of 260 days and 900 days aging under the 

conditions of both monotonic pushover and cyclic loading, were analyzed. 

(3) There was no significant difference in the monotonic pushover analysis results in both initial 

stiffness and the maximum load between Model 1-1 (the age of 260 days) and Model 2-1 (the 

age of 900 days). And the analysis results of the maximum loads were 1,183 kN at the 

displacement of 3.8 mm in Model 1-1 (the age of 260 days) and 1,192 kN at the displacement 

of 3.4 mm in Model 2-1 (the age of 900 days). 

(4) Comparing the predicted analysis results (the age of 260 days and 900 days) with the 

experimental result under the monotonic pushover, the initial stiffnesses of the analysis results 

were almost the same as the experimental result, and the analysis result with the age of 260 

days on the maximum load was about 13% less than the experimental result. 

(5) Although the waveform at the initial stiffness area and the plasticity zone before the maximum 

capacity for Model 1-2 have almost the same pattern as those for Model 2-2, the load values 

predicted for Model 2-2 were rapidly reduced at the zone of the progress after exceeding the 

maximum capacity for Model 1-2. And the analysis results of the maximum capacities of the 

cyclic loadings were 1,123 kN in Model 1-2 (the age of 260 days) and 1,126 kN in Model 2-2 

(the age of 900 days) at the same displacement of +3.0 mm. 

(6) Comparing the analysis result of Model 1-2 (the age of 260 days) with the experimental result 

(the age of 260 days) of the cyclic loading, the analysis result of the initial stiffness was 

approximately the same as that of the experimental result, and the maximum load of the load 

of the experimental result gradually increased after exceeding the maximum capacity of the 

analysis. The analysis result of the maximum capacity with the age of 260 days was about 17% 

less than the experimental result. 

(7) There was no significant difference in crack pattern and deformed shape between the results for 

Model 1-1 (the age of 260 days) and Model 2-1 (the age of 900 days) under the conditions of 

monotonic pushover, even at displacement of 2 mm and 4 mm. The analysis results of the crack 

pattern presented a typical pattern to shear loading. Although the crack widths were almost 

uniform until the displacement of 2 mm which was before the maximum load, the cracks were 

concentrated in the diagonal planes and the base of the shear wall at the displacement of 4 mm 

which was after the maximum load. 
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(8) There was no significant difference in crack pattern and deflected shape between the results for 

Model 1-2 (the age of 260 days) and Model 2-2 (the age of 900 days) under the conditions of 

cyclic loadings. The analysis results of the crack pattern indicated a typical pattern to shear 

loading. 

(9) Comparing the analysis results at the displacement of -2 mm for Model 1-2 (the age of 260 

days) with the experimental shear wall at failure of the ASR concrete specimen (the age of 260 

days) under the monotonic pushover condition, the direction of crack pattern of the analysis 

result indicated the similar crack pattern to the experimental result. 

 

 

10. Future works 

In order to improve and optimize the analysis method related ASR degradation, it is expected to 

confirm the following items at the ASCET Phase II workshop. 

(1) Fitting method of volume expansion strain as a function of accelerated curing days. 

(2) Setting method of coefficient of static elasticity of accelerated curing days. (This point of view 

applies not only ASR concrete specimen but also Regular concrete specimen.) 

(3) Setting method of compressive strength according to passage of accelerated curing days. (The 

compressive strength of ASR specimen is increasing with passage of accelerated curing days in 

the data from the secretariat.) 

(4) Setting method of the reduction of expansion strain against passage of constraint stress. 

(5) Loading conditions. (In this analysis report, the displacement was forced horizontally to all 

nodes at the center of the loading stub’s height.)  

(6) Boundary conditions. (In this analysis report, it was fixed in the horizontal direction with the 

center of gravity of the base stub.) 

(7) The reason that the analysis results of maximum loads and capacities were smaller than the 

experimental results under both monotonic pushover and cyclic loading conditions. 

(8) Consideration of self-drying on material properties of concrete specimen. 

(9) Consideration of extent of alkali leaching in expansion behavior during concrete prism test. 

(10) Relationship between temperature and expansion behavior of ASR concrete specimens. 
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1. INTRODUCTION 
 

In general, when concrete expands due to alkali silica reaction (ASR) and cracks initiate, the mechanical 
properties such as elastic modulus and strength decrease. On the other hand, depending on the degree of 
deterioration, it has been reported that ASR degradation improves the performance of concrete structural 
members. For example, Koyanagi et al. (1989) have reported that the RC beam which exhibits the shear failure 
mode in a sound case shifts to the bending failure mode in a deteriorated case due to ASR, and the deformation 
performance has improved. The reason why this phenomenon occurs is considered to be the influence of initial 
cracking due to ASR in addition to the increase of the diagonal cracking load due to chemical prestress. 
Furthermore, Ueda (2011) shows by numerical analyses that initial cracks due to ASR do not necessarily reduce 
the structural performance of RC members depending on their direction and also indicates that the initial crack 
width affect to the deformation capacity and failure mode. That is, in order to predict the performance of the 
ASR deteriorated RC structure including the above behavior, it is necessary to reproduce not only macroscopic 
and average expansion behavior and deterioration behavior of mechanical properties but also detailed 
information of each crack (crack spacing, width, angle, etc.) must be reproduced. 

On the other hand, there are two prominent types of numerical methods for concrete structures, which are 
continuum methods and discrete-type numerical methods. Discrete-type numerical methods have advantages in 
modeling localized and oriented phenomena, such as cracking, its propagation, frictional slip and so on, in RC 
structures, relative to smeared-crack continuum models. The Rigid-Body-Spring Model (RBSM) developed by 
Kawai (1978) is one of the discrete-type methods. The authors have already developed constitutive models for 
the three-dimensional RBSM which is introduced a random geometry using Voronoi tessellation, in order to 
quantitatively evaluate the mechanical responses including softening and localization failure behaviors under 
various stress conditions (Yamamoto et al., 2008). The authors have also demonstrated that the proposed model 
can well simulate the detailed cracking information and the failure modes of RC beams (Gedik et al., 2011, 
2012) and the RC wall (Yamamoto et al., 2014) under monotonic and cyclic loads. Therefore, by introducing the 
ASR model into the proposed model, it is expected that it will be possible to reproduce the detailed crack 
information and to predict the structural performance including the above phenomenon. 

In this report, the numerical simulation method including the model of the ASR phenomenon, which is based 
on the RBSM mentioned above are presented. The numerical simulations of ASR degradation tests are 
conducted using three types of ASR expansion models in order to discuss the reproducibility for not only the 
constraint pressure dependence behavior of ASR expansion but also the crack pattern. Furthermore, the 
numerical simulations of the cyclic loading tests of ASR-affected RC walls conducted in the context of ASCET 
phase II using the model validated by the ASR degradation tests mentioned above are also presented. The 
validity and usefulness of the proposed model, in particular, the mechanism for the different failure mode of the 
sound specimen and the ASR-affected specimen observed in the test are discussed. 
 
  
2. NUMERICAL MODELS 
 
2.1 Rigid Body Spring Model (RBSM) 

The RBSM developed by Kawai (1978) is one of the discrete element methods. Bolander and Saito (1999) 
introduced a random geometry to the RBSM element mesh using Voronoi tessellation and have shown that the 
model can simulate the crack patterns, the deformation and the load capacity of concrete materials and RC 
structures successfully. The authors have already developed constitutive models for the three-dimensional 
RBSM (Yamamoto et al., 2008) as mentioned above, in order to quantitatively evaluate the mechanical 
responses including not only detailed cracking information but also softening and localization failures, and have 
shown that the model can well simulate the cracking and failure behaviors of reinforced concrete members 
(Gedik et al., 2011, 2012, Yamamoto et al., 2014, Fu et al. 2017).  

In the RBSM, concrete is modeled as an assemblage of rigid particles interconnected by springs arranged 
along their interfaces (Figure 1). The crack pattern is strongly affected by the mesh design since the cracks 
initiate and propagate through the interface of particles. Therefore, a random geometry of rigid particles is 
generated by a Voronoi diagram (Figure 1), which reduces mesh bias on the initiation and propagation pass of 
potential cracks. Each rigid particle has three translational and three rotational degrees of freedom defined at the 

NEA/CSNI/R(2018)4/ADD1



centroid of the particles (Figure 1). The interface of two particles is divided into several triangles with a center of 
gravity and vertices of the surface as seen in the figure. One normal and two shear springs are set at the center of 
each triangle. By distributing the springs in this manner the model accounts for the effects of bending and 
torsional moment without any rotational springs (Yamamoto et al., 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.2 Constitutive models of springs for concrete material 

The constitutive models for normal and shear spring are shown in Figure 2. The tensile model for normal 
springs is shown in Figure 2a. t, gf and h represent tensile strength, tensile fracture energy, and distance 
between the centroids of the particles, respectively. Figure 2b shows the stress–strain relation for compression of 
normal springs that was modeled as an S-shape curve. The shear stress–strain relation represents the combination 
of two shear springs. The combined shear strain is defined by Eq. (1), in which l and m represents the strains 
of the springs in each direction shear to the boundary surface. Then, combined shear stress  is calculated from 
the shear stress–strain relation, and the shear stresses for each direction (l and m) are distributed by Eq. (2). 

22
ml     (1) 








 m
m

l
l  ,   (2) 

The envelope of the stress–strain relationship for shear is given in Figure 2c, Eq. (3) and Eq. (4). In the 
model, f, f and max represent shear strength, strain corresponding to strength and the maximum value of  in 
loading history, respectively. The stress elastically increases up to the shear strength with the slope of shear 
modulus G and softening behavior is also assumed. K is the shear-softening coefficient that is defined by Eq. (4). 
It is assumed that the shear softening coefficient K depends upon the stress of the normal spring as represented in 
Eq. (4) and Figure 2d, where, 0, max and  are the parameters of dependency on the normal spring for the 
shear-softening coefficient. 
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Figure 2. Constitutive model for concrete (Yamamoto et al., 2008) 

Figure 1. RBSM and Voronoi diagram 
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 max0 ),/(min  b   (4c) 

where the brackets  in Eq.(4a) is defined as )0,max(xx  . The Mohr–Coulomb criterion is assumed as the 

failure criteria for the shear spring (Figure 2e and Eq.(5)), where c and  are cohesion and the angle of internal 
friction, respectively. The shear strength is assumed to be constant when the normal stress is greater than b, 
which is termed the compression limit value. 
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Moreover, it is assumed that the shear stress decreases with an increase in crack width at the cracked surface, in 
which tensile softening occurs in a normal spring by taken into consideration the shear deterioration coefficient 
cr as represented in Eq. (6), which is similar to Saito’s model (Saito & Hikosaka, 1999). Here, t and tu are 
cracking strain and ultimate strain in a normal spring, respectively. 

 








 t
tu

t
cr 







 -exp   (6) 

In the proposed model, compression model of the normal spring does not consider strain-softening 
behavior. However, macroscopic softening and localized failure behavior of a standard test specimen of concrete 
under compression can be simulated with a confinement effect by means of a combination of the tension and 
shear softening of the springs in the assembly of the elements, which are shown as follows. In addition, the both 
normal and shear springs contribute to a crack initiation and propagation, since the random mesh shape is 
applied in the proposed model. Therefore, the material parameters of the models are not directly corresponding 
to the characteristic values obtained by standard test specimens. 

The material parameters as described above have been calibrated by conducting parametric analyses 
comparing with the test results of uniaxial tension, uniaxial compression, hydrostatic compression and tri-axial 
compression. The parametric analyses include a variety of specimen size, shape, the mesh size and concrete 
strengths. The calibrated parameters are shown in Table 1. These parameters are recommended for normal 
strength concrete. For the simplification, the material parameters are assumed to be uniformly distributed over a 
discretized concrete region. From a practical application perspective, although the mesh size is preferable to be 
larger for the sake of reducing computational cost, it has been confirmed that the proposed model can simulate 
the crack propagation and the localized compression failure in post-peak region in the case of that the average 
mesh size is around approximately 10–30 mm (Yamamoto et al., 2008). Figure 3 shows examples of the results 
of the calibration analyses. Figure 3(a) shows the numerical and test results of the direct uniaxial test with 
notched prism specimens carried out by Cornelissen et al. (1986). Figure 3(b) shows the results of the uniaxial 
compression test (for specimens with 100mm diameter and 200mm and 400mm height) carried out by Fujikake 
et al (1999). Figure 3(c) shows the results of the tri-axial compression test carried out by Kotsovos and Newman 
(1978). As shown in the figures, a good agreement is obtained for the strength as well as the softening and 
localization behavior under the various stress conditions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(a) Uniaxial tension (b) Uniaxial compression (c) Tri-axial compression 

Figure 3. Average stress - strain response of the model  (Yamamoto et al., 2008) 
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Elastic modulus Elastic modulus

E  t g f  c c   b

N/mm2 N/mm2 N/mm2 N/mm2 N/mm2 degree N/mm2

1.4E* 0.8f t * 0.5G f * 1.5f c '* -0.015 0.15 0.25 0.35 0.14f c '* 37 f c '* -0.05 -0.02 -0.01 -0.3

Shear spring

 c2 a c1 a c2

Normal spring



Tensile response Compressive response Fracture criterion Softening behavior

* The macroscopic material parameters obtained from the concrete specimens tests

   E* : Young's modulus,  f t * : Tensile strength, G f * : Fracture energy,  f c '* : Compressive strength

 0  max h =G /E

Table 1. Model parameters (Yamamoto et al., 2008) 
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Figure 4a shows the typical hysteresis loop of the normal spring under reversed cyclic loading. The 
stiffness of the unloading is initial elastic modulus E. In addition, after the stress reaches zero on the unloading 
path, the stress keeps zero until the strain reaches zero. The reloading paths pass toward the start point of the 
unloading. Figure 4b shows the typical hysteresis loop of the shear spring. The stiffness of the unloading and 
reloading is initial elastic modulus G. In addition, after the stress reaches zero on the unloading path, the stress 
keeps zero until the strain reaches the residual strain of the opposite sign. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3 Modeling of reinforcing bar and bond interface 

Reinforcing bar is modeled as a series of regular beam elements (Figure 5) that can be freely located 
within the structure, regardless of the concrete mesh design (Bolander and Saito, 1998). Three translational and 
three rotational degrees of freedom are defined at each beam node. The reinforcing bar is attached to the concrete 
particles by means of zero-size link elements that provide a load-transfer mechanism between the beam node and 
the concrete particles. For the reinforcing bar, the bilinear kinematic hardening model is applied. The hardening 
coefficient is 1/100. Crack development is strongly affected by the bond interaction between concrete and 
reinforcing bar. The bond stress–slip relation is provided in the spring parallel to the reinforcement of linked 
element. Figure 6 shows the relation that is defined by Eq. (7) up to peak strength (Suga et al., 2001), and the 
curve proposed by CEB-FIB is assumed after peak strength (CEB, 1990). 

     2132
40exp1'36.0 Dsfc    (7) 

where D is the diameter of the reinforcement and s represents slippage. 

 

2.4 Modeling of ASR deterioration (Sugimoto et al. 2017) 
The proposed ASR model is composed by chemical model and expansion model. In the chemical model, 

the amount of ASR gel (Vgel) is estimated. The input parameters of the model are aggregate size, reactive 
aggregate rate and alkali amount. In addition, the model considers the reaction rate of aggregate as described 
later. In the expansion model, expansion strain is estimated. The expansion strain is described by Vgel and 
expansion reduction effect due to absorption area surrounding each aggregate and expansion crack itself. Then, 
the expansion strain is introduced to normal springs and expansion cracking behaviors will be simulated by the 
RBSM described above. Furthermore, in order to discuss the reproducibility of the phenomenon that the 
expansion amount of ASR remarkably decreases under confinement pressure, three different models with regard 
to the application of the calculated expansion strain into the RBSM element are proposed and validated. 

Figure 4. Hysteresis of stress – strain relation 
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Figure 5. Arrangement of beam and link elements 
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Figure 6. Bond stress – slip model 
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2.4.1 Chemical model 
The initial Alkali amount is estimated by the following formula proposed by Diamond et al. (1989). 

017.0699.0 2  eqin ONaC  (8) 

where Cin is the initial Alkali amount, Na2Oeq is Alkali amount of pore solution. 
The effect of the initial consumption of alkali due to rapid reaction of alkali and reactive aggregates 

during casting is described by the following formula modified the model proposed by Uomoto et al. (1992). 

iiconin kCC a   (9) 

where ω is the ratio of Alkali amount contributed to reaction to initial Alkali amount, kcon is coefficient of Alkali 
amount consumed by the reaction, ai represents volume reaction rate of aggregate of radius Ri at time t(hour), βi 
is the ratio of aggregate of radius Ri to total aggregate. 

The amount of ASR gel (Vgel) is estimated by the following formula considering the surface area of 
reactive aggregate in contact with alkali, which is based on the reaction rate proposed by Uomoto et al. (1992).  

tCkx TR  (10a) 

3)1(1 ii Rxa  (10b) 

 iiex kAT a 1  (10c) 

exgel TV a  (10d) 

where x (mm) is the thickness of the reaction layer on the aggregate surface, kTR (mm2/hour) is the reaction rate 
constant, t (hour) is the age. Tex (mol/l) is the amount of product causing expansion, A(g/l) is the amount of 
reactive aggregate per unit volume, k1(mol/g) is coefficient to be converted from the reaction rate to the product 
amount, a (mm3/mol) is a coefficient for converting the product amount into a volume. 
2.4.2 Expansion model 

The expansion strain which is introduced to normal springs of RBSM is estimated by the following 
formula. 

ele

crackITZgel
ASR V

VVV 



  (11a) 

  3
,

3
,3

4
iaggITZiaggITZ DTDV 

  (11b) 

where εASR is the expansion strain, VITZ (mm3) and Vcrack (mm3) is reduction amount of the expansion strain due to 
ASR gel penetrating to the interfacial transition zone (ITZ) and cracks. Vele (mm3) is volume of each RBSM 
element. Before cracking, it is known that expansion due to ASR at the first stage tends not to dramatically increase. Some 
researchers interpreted this retarded effect is attributed to gel penetration into circumstance pores (Multon (2009) and 
Alnaggar (2013)). After cracking stage, ASR gel should go through expansion crack and expansion will be retarded as well 
as ITZ. The proposed model considers this effect of interfacial zone (ITZ) and expansion crack by using VITZ and Vcrack. Here, 
TITZ (mm) is thickness of the ITZ from the surface of aggregate and it assumed 0.03mm. Dagg,i is the radius of 
aggregate assumed as a sphere. The proposed RBSM can directly evaluate crack width, therefore Vcrack can be 
directly obtained by using the model. 

2.4.3 Model for constraint pressure dependency of ASR expansion 
As mentioned above, in order to discuss the reproducibility of the phenomenon that the expansion amount 

of ASR remarkably decreases under confinement pressure, three different models are prepared as follows.  
(1) Isotropic expansion model 
(2) Stress-dependent expansion model 
(3) Distributed expansion model 
 The isotropic expansion model is that the expansion strain εASR is simply introduced to the normal springs 
of all RBSM elements.  

The stress-dependent expansion model is that the expansion strain εASR is also introduced to the normal 
springs of all RBSM elements, however, for the normal spring in the compression stress state, the expansion 
strain εASR multiplied by the reduction coefficient h shown in the following formula and Figure 7 is introduced. 

)exp( h c  (12) 

The distributed expansion model (Figure.8) is that the expansion strain εASR is only introduced to the 
normal springs of the reactive elements which are randomly selected. The reactive elements are selected by using 
the minimum distance between reactive elements R (mm) in order to arrange the elements at a constant interval.  
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2.4 Model validation for expansion behaviors due to ASR (Sugimoto et al. 2017) 
 The proposed model is validated through simulations of ASR expansion test which is used uniaxially 
constrained specimens conducted by Yamura et al. (1994). Figure 9 shows the overview of the test specimens. 
The sizes of specimens are the length of 400mm, the height of 100mm and the width of 100mm. The total 
amount of alkali in the concrete is 2.0% in terms of Na2O equivalent. The specimens are cured for 24 hours in a 
thermostatic chamber at a temperature of 20°C and a humidity of 80%. Thereafter, it was demolded and cured in 
storage tanks each having a humidity of 100% and a temperature of 20°C/40°C.  Three cases of D10 
(Reinforcing bar ratio is 0.71%), D13 (1.27 %), and D16 (1.99 %) are used as the restraining reinforcing bar. 
The cases used the unconstrained specimens are also conducted, and free expansion strain are measured. 

Figure 10 shows the numerical model. The average element size is approximately 20mm. A loading plate 
element is placed at both ends of the specimen, and it is rigidly connected with a beam element modeling the 
reinforcing bars. In addition to the simulation with above three ASR models, simulations with the distributed 
expansion model and a creep model simultaneously are also carried out. For the creep model, a step by step 
method is applied and the general model recommended in the Standard specifications for concrete structures of 
the Japan Society of Civil Engineers is used. The parameters of each model are determined so that the free 
expansion distortion of the unrestrained experiment can be reproduced. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11 show the relationship between strain in axial direction of the reinforcing bar and the age, which 
is obtained by the simulations of the each models. As shown in the figure, the isotoropic expansion model cannot 
reproduce the effect of restraining reinforcing bar. On the other hands, the other models can reproduce the effect 
of the reinforcing bar. Here, the parameter c in the stress-dependent expansion model is set to 3.0 and the 
minimum distance between reactive elements R (mm) in the distributed expansion model is set to 23.5. Note that 
when the reactive aggregate distance was R = 23.5 (mm), the volume ratio of the element containing the reactive 
aggregate is consistent with the volume ratio of the reactive aggregate in the test. Furthermore, as shown in 
Figure 11(d), it can be confirmed that the distributed expansion model considering the creep model is closer to 
the test results as compared with the case that the creep is not considered. 

Figure 12 shows the surface crack patterns at two years (730 days) obtained by the test and the 
simulations using the stress-dependent expansion model and the distributed expansion model. It can be seen that 
the stress-dependent expansion model cannot reproduce the cracks of the constrained specimen, although, as 
described above, the average expansion amount can be reproduced. On the other hand, the distributed expansion 
model can simulate the average expansion amount and crack patterns. Therefore, although the problem remains 
in the reproducibility of the detailed information such as the crack width etc., in the simulation described below, 
the distributed expansion model and the creep model are applied. 
 

Figure 9. Overview of the uniaxially constrained 
tests (Yamura et al., 2008) 

Figure 10. Numerical model of the uniaxially constrained tests 

Figure 7. Reduction coefficient h

of the expansion strain εASR 
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Figure 13 shows the normal stress distribution in the direction of the reinforcing bar in the central cross 
section of the specimen with a reinforcing bar ratio of 1.99% at two years (730 days). In the stress-dependent 
expansion model, the normal stress in the direction of reinforcing bar axis is uniformly distributed, whereas in 
the distributed expansion model, the uneven expansion, the expansion cracks, and the deformation in the 
direction perpendicular to the reinforcing bar axis occur, consequently the cross-section area transmitting the 
normal stress in the direction of the reinforcing bar axis decreases. As a result, the expansion in the direction of 
the reinforcing bar axis decreases.  

 Test 
Stress-dependent  
expansion model Distributed expansion model 

Without 
Rebar 

   

  

D16 

   

  

0.25mm 0.10mm 
* Magnification of deformation : 10 

Figure 12. Surface crack patterns and deformed shape at 2 years (730 days) 

Figure 11. Expansion strain in axial direction of the reinforcing bar 
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(c) Distributed expansion model (d) Distributed expansion model  
and creep model 

NEA/CSNI/R(2018)4/ADD1



 
 
 
 
 
 
 
 
 
 
 
3. SIMULATIONS OF ASCET Benchmark test 
3.1 Numerical model 

The model mentioned above is applied to simulate the crack propagation and failure behaviors of ASR-
affected RC shear walls subjected to cyclic loadings, which were tested in the context of ASCET phase II.  

Figure 14 shows the numerical model of the RC shear wall. The color solid lines represent the reinforcing 
bar. In the testing wall and column, the average mesh size set to approximately 30mm. In order to reduce the 
computational cost, the particle sizes are increased gradually with coming closer to the top and bottom sides of 
the test specimen. The stab parts are model by a liner elastic material.  

The model parameters of RBSM are calculated by table 1 and the material property obtained in the test. 
Each model parameters of the ASR models are determined by calibration to fit the results of the free expansion 
test using the same concrete as the target RC wall. Figure 15 shows the results of the free expansion simulation 
and test results. It can be seen that the proposed model reproduces the test results. Although cracking information 
obtained by the test are not shown, the distributions of crack width obtained by the simulation are shown in 
Figure 15b. Typical crack pattern due to ASR deterioration can be seen. 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

00..0055mmmm 00..4455mmmm 

Figure 15. Results of the free expansion simulation of the test specimens  

Test (ASR case, Axial dir.) 
Test (ASR case, Lateral dir.) 
Test (Reg. case, Axial dir.) 
Analysis (ASR case, Axial dir.) 
Analysis (ASR case, Lateral dir.) 

(a) Responses of the expansion strain in each direction (b) Deformed shape and crak patterns 

260 days 680 days 

Figure 14. Numerical model of the RC shear wall 

-5[MPa]05

Figure 13. Normal stress distribution in the direction of the reinforcing bar in the central cross section of 
the specimen with a reinforcing bar ratio of 1.99% at 2 years (730 days) 
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3.2 Comparison of numerical and test results 
 The load–displacement curves of the test and numerical results of the regular specimens are compared in 
Figure 16. In the figure, the results of both the monotonic and the cyclic loading simulations results are shown. 
In addition, the load-displacement curves obtained by the test are shown as the envelope curve of the hysteresis 
loop. The simulation results show that in the case of cyclic loading the load capacity and the ductility is slightly 
lower than the case of monotonic loading. Comparing the simulations results with the test results, a roughly 
agreement can be seen. Figure 16b shows the results of ASR affected cases. The simulation results show that the 
load capacity and the ductility decrease due to ASR deterioration. While, in the test results, ASR degradation 
slightly increases the stiffness and the load capacity.  

Figure 17 shows the failure mode obtained by the simulations and the tests. It can be seen that the 
simulations well reproduce not only the failure mode but also the location where the failure is localized. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
3.3 Evaluation of crack propagation behaviors and failure mechanisms 

Figure 18 shows the crack propagation process obtained by the simulation of regular specimen. It can be 
seen that the proposed model reproduces the typical non-orthogonal cracks patterns. Furthermore, it is found that 
the crack spacing at the center portion in the height direction of the wall is roughly equal to the length of the 
diagonal line of the reinforcing bar grid, and the crack spacing near the upper and lower end portions of the wall 
is smaller. As a result, the failure localization occurs in the lower corner of the wall, furthermore the failure 
localization progresses laterally on the lower side. 

Figure 16. Comparison of the simulations and tests results on the load displacement curves 
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Figure 17. Comparison of the simulations and tests results on the failure modes 
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The inner and the surface crack patterns of the ASR-affected specimen before the loads is applied are 
shown in Figure 19. It can be seen that the cracks uniformly distribute and its width is approximately 0.05mm. 
Figure 20 shows the crack propagation process of the surface of the ASR-affected specimens. It can be seen that 
the crack spacing is smaller than the regular specimens.  

Figure 21 shows the normal stress distribution in the direction of horizontal and vertical axes. In the case 
of the regular specimen, it can be seen that the width of the compression strut in the diagonal direction is wider 
in the center part and narrower in the lower part. For this reason, the localization occurs at the lower corner part 
of the wall, furthermore the failure localization progresses laterally on the lower side. On the other hand, in the 
ASR-affected specimen, the width of the compression strut is uniform over the entire wall. However, the damage 
did not proceed at the upper and lower parts and corners of the walls due to the restraint by the stub and the 
column, and the failure localization occurs in the central region of the wall height. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. CONCLUSION 

 
In this report, the proposed numerical simulation method including the ASR model, which is based on the 

RBSM that can quantitatively reproduce the detailed cracking information, the softening and localization 
behavior under various stresses of concrete were presented. Furthermore, the numerical simulations of the cyclic 
loading tests of ASR-affected RC walls conducted in the context of ASCET phase II were also presented. In 
particular, the validity and usefulness of the proposed model were demonstrated and the mechanism for the 
different failure mode of the sound specimen and the ASR-affected specimen observed in the test were discussed. 
Specifically, the following conclusions were obtained. 

Figure 18. Crack propagation process of the regular specimen 
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Figure 19. Inner and surface crack pattern of the ASR-affected specimen before loading 
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Figure 20. Crack propagation process of the ASR-affected specimen 
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Figure 21. Normal stress distributions and crack patterns 
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(1) The numerical simulations of ASR degradation tests were conducted using three types of ASR expansion 
models, which are 1) Isotropic expansion model, 2) Stress-dependent expansion model and 3) Distributed 
expansion model, in order to discuss the reproducibility for not only the constraint pressure dependence 
behavior of ASR expansion but also the crack pattern. As a result, it was found that the distributed 
expansion model can reproduce both the average expansion behavior and the crack behavior under different 
uniaxial constraint pressure. 

(2) With regard to the simulations of the cyclic load tests for the sound and the ASR-affected RC walls, the 
proposed model can reproduce not only the load capacity and ductility but also the failure mode and the 
location where the failure localization occurs. 

(3) As a result of evaluation of the crack pattern and the stress distribution of the sound specimen, it was found 
that the crack spacing at the center portion in the height direction of the wall is roughly equal to the length 
of the diagonal line of the reinforcing bar grid. In addition, the crack spacing is smaller near the upper and 
lower end portions of the wall. Consequently, the width of the compression strut in the diagonal direction is 
wider in the center part and narrower in the lower part. This is why the localization occurs at the lower 
corner part of the wall, furthermore the failure localization progresses laterally on the lower side. 

(4) On the other hand, in the case of the ASR-affected wall, the width of the compression strut is uniform over 
the entire wall, however, the damage did not proceed at the upper and lower parts and corners of the walls 
due to the restraint by the stub and the column. Consequently, the failure localization occurs in the central 
region of the wall height. 
 
As a conclusion, it was found that it is important to reproduce crack detail information for prediction of load 

capacity, deformation performance and failure mode of ASR-affected RC structures. The proposed model has 
the possibility to reproduce the behaviors.  

On the other hands, there are not enough test results focusing the detailed crack information due to ASR. 
Therefore, in the future, we should conduct the tests focusing the cracking and validate the model under wide-
range conditions in more detail. 

In addition, the distribution characteristics of material deterioration and cracks due to ASR are thought to 
change three-dimensionally within the specimen depending on ambient humidity, temperature, specimen size, 
shape, and rebar arrangement and so on. Therefore, now, we are developing a coupled hygro-thermo-mechanical 
model based on the proposed model in order to reproduce the above effects. The validity and usefulness of the 
new model will also be investigated in the future 
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