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Although much attention has been directed toward modeling
alkali-silica reaction (ASR) since its first deleterious effects on
concrete structures were identified 75 years ago, there remain
many unresolved issues. Among them, according to CSA A864-00,
is that conventional methods of analysis become invalid for the
assessment of ASR-affected structures due to the induced anisot-
ropy with regards to the mechanical properties of concrete. To
address this need, an alternative procedure for nonlinear analysis
of ASR-affected reinforced concrete structures is presented, imple-
mented within the framework of finite-element programs developed
for the analysis of membrane and three-dimensional structures.
Reinforced concrete is treated as an orthotropic material based on
a smeared rotating crack model within the context of a total-load
secant-stiffness macro-modeling approach. Verification is provided
through analyses of reinforced concrete beams with behavior
governed by either flexural or shear mechanisms.

Keywords: alkali-silica reaction; analysis; assessment; finite element;
nonlinear analysis; reinforced concrete; structures.

INTRODUCTION

Chemical deterioration of concrete in the form of alkali-
aggregate reaction (AAR) is a slowly-evolving and progres-
sive process leading to expansion and cracking of concrete.
AAR is a chemical reaction between alkali hydroxides
(sodium and potassium) from portland cement or from an
external source and certain reactive aggregates. Two main
types of AAR are currently recognized based on the type of
reactive minerals involved in the reaction: alkali-silica reac-
tion (ASR) and alkali-carbonate reaction (ACR).

Problems due to ASR were first identified in California
in the 1920s and 1930s when several structures developed
cracks early in their service life, although the proper stan-
dards of the time had been applied during their construction.
Studies conducted by Stanton? showed that the expansion
of concrete was caused by the chemical reaction between
alkali from cement and siliceous aggregates. Stanton also
identified the role of alkali content in the reaction, and the
capacity of pozzolanic material to prevent the expansion.

Reported for the first time in Ontario in the 1950s,> ACR is
a chemical reaction between the alkali from the cement paste
and certain carbonate rocks, particularly calcitic dolomite
and dolimitic limestones. The reaction is usually accom-
panied by dedolomitization and expansion of the affected
aggregate particles, leading to abnormal expansion and
cracking of concrete in service. In 1982, another mechanism
of chemical deterioration of concrete was reported: delayed
ettringite formation (DEF), a form of sulfate attack common
in concrete exposed to high temperatures during the curing
process. The presence of products of both ASR and DEF has
been identified during structure diagnosis.* As such, several
experimental studies have been carried out to investigate the
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interaction of the two reactions,>® identifying similar delete-
rious effects on concrete.

The ASR mechanism, the far more widespread of the AAR
reactions, is the focus of this work. One of the most exten-
sively used methods for quantitatively assessing the deteri-
oration caused by ASR is the Damage Rating Index (DRI).
Studies”® have shown a good correlation between the DRI
and the expansion levels measured. The DRI grading proce-
dure has proven to be a reliable performance indicator and a
solid starting basis for structural assessment in cases where
coring is permitted. The subsequent step should consist
of evaluating the mechanical properties of the concrete.
Previous studies’® using nondestructive testing (NDT)
techniques have shown that a relatively good correlation
can be found for the modulus of elasticity of the concrete;
however, the compressive and tensile strengths of ASR-
affected concrete cannot be accurately determined using
NDT. Another option for approximating the concrete’s
mechanical soundness, based on ISE* recommendations,
involves use of expressions relating the estimated linear free
expansion and the unaffected mechanical property values
at 28 days. However, for anisotropic expansion levels and
concrete subjected to different stress state conditions, ISE*
does not provide comprehensive guidance.

A series of challenges arise when evaluating the behavior
of structures affected by ASR, as follows:

1. The influence of restraint on the structural effects of
ASR is not yet fully understood.

2. In the case of complex stress states, the anisotropy of
the mechanical properties of concrete caused by the aniso-
tropic ASR expansion is expected to be increased.

3. A comprehensive mathematical model to describe the
anisotropy of the expansion as a result of casting direction
and geometric configuration of the concrete element is not
currently available.

4. The in-place material properties are usually difficult to
obtain; destructive testing may not be an option, and nonde-
structive testing methods may face challenges due to high
steel congestion, accessibility, presence of liners, or large
thickness of the sections.

Several theoretical, semi-empirical, and numerical consti-
tutive models have been developed to reproduce the ASR
effect at a material or structural scale. Depending on the level
at which the ASR is described, three types of models can be
identified: micro-models, meso-models, and macro-models.
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reactive aggregates

Fig. I—ASR-induced strain calculation.

In micro-models, the emphasis lies in developing transport
equations for the reactants and the diffusion processes to
quantify the gel formation and its swelling; the aggregate
and the cement paste are typically modeled separately.'?14
The meso-models are focused on dimensions between 10
and 100 mm (0.394 and 3.94 in.)—a scale that encom-
passes the aggregates, the interfacial transition zone, and
the cement paste. At this level, the concrete is modeled as
a heterogeneous material to better understand and capture
the local mechanisms of deformation and their effect on the
changes on the microstructure.'®

The emphasis of macro-models lies with the global
behavior of a structure affected by ASR, taking into consid-
eration the deformations, the stresses, and the deleterious
cracking. There are numerous models in the literature;
most of them were formulated within the framework of a
finite element method. Some models decouple the structural
modeling from the reaction mechanism, other models couple
them, and yet some others ignore reaction kinetics. The reac-
tion kinetics is typically based on experimental studies while
the behavior of concrete is simulated as either linear elastic
or nonlinear. Some approaches previously presented in the
literature adopt an elasto-plastic behavior for concrete'¢ or a
visco-elasto-plastic damage model,'” while others are based
on a smeared fixed crack model.81°

An alternative approach for structural assessment,
based on a smeared rotating crack formulation within
a macro-modeling framework, is proposed herein. The
two-phase analysis consists of first evaluating the ASR
strains based on long-term stress conditions, followed by the
calculation of the specimen’s behavior and capacity under a
specific short-term loading scenario. The analytical proce-
dure has been devised to account for the effects of lateral
expansion, cyclic loading, tension stiffening, tension soft-
ening, compression softening, and bond-slip mechanisms
among others.

RESEARCH SIGNIFICANCE

Structures identified as suffering from ASR require,
in most cases, structural assessment. There is a need for
improved analysis tools and ASR numerical models to deci-
pher the observed behavior, predict long-term effects, assess
potential damage or failure mechanisms, and facilitate reha-
bilitation works. This paper presents an analytical procedure
suited for the nonlinear analysis of ASR-affected structures.
The procedure is validated through simulations of behavior
for reinforced concrete beams affected by ASR. Important
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mechanisms that need to be captured in the analysis are iden-
tified, and future research recommendations are made.

FINITE ELEMENT IMPLEMENTATION

Two distinct (but not independent) mechanisms have to be
considered to model the effectsof ASR onreinforced concrete:
the nature and magnitude of the chemically-induced expan-
sion, and the resulting changes in the mechanical properties
of the concrete. In both respects, models currently available
in the literature were successfully implemented into two
in-house nonlinear finite element programs developed at the
University of Toronto for the analysis of reinforced concrete
structures. The programs employ a smeared rotating crack
model for concrete suitable for a macro-modeling approach;
one is applicable to concrete membrane structures, while the
other is appropriate for the analysis of three-dimensional
(3-D) structures. The Modified Compression Field Theory
(MCFT)® and the Disturbed Stress Field Model (DSFM)*
form the theoretical basis for both programs. The solution
procedure uses an incremental total-load, iterative secant
stiffness formulation with the constitutive, compatibility,
and equilibrium relationships formulated in terms of average
stresses and average strains.??23

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
(that is, representing average long-term in-place loading
conditions) according to a procedure previously developed
for elastic and plastic offset strains.?* Six different models
for the evaluation of ASR-induced expansion were imple-
mented: uniform in all directions, Charlwood model >
Curtis model (personal communication, Aug. 19, 2014),
Saouma and Perotti model,*® Sellier model,?” and Gautam
model.” Apart from the model that distributes ASR strains
uniformly in all directions, the others calculate anisotropic
expansion along the principal directions as a function of the
stress state (Fig. 1). 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 et al.?’
models, which include a kinetics component. Thus, provided
that experimental data describing the reaction, specific to
each model, are available from laboratory tests, the free
expansion may be determined.

The total strains [€] at a point in a reinforced concrete
continuum represent the summation of: the net concrete
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stress-induced strains [&.]; the elastic concrete strain
offsets [¢2] due to mechanisms such as thermal expansion,
prestrains, shrinkage, and lateral expansion; the plastic
concrete strain offsets [ef] due to cyclic loading or damage
effects; and the strains due to shear slip along the crack [€°].
Consequently, the compatibility relationship for concrete in
two dimension is

[e] = [ec] + [e€] + [ef] + [€°] (D
8.\/ eL‘X 82) EL[‘)’( S;
[e)=| &, |ife.]=| &, [{er]=| e [er]=|er [{e]=] &
- Yoo Yeuy Yoo Yo

2

The relationship was modified to accommodate the aniso-
tropic expansion due to ASR, which is handled in the same
manner as the thermal or shrinkage strains. ASR-induced
strains are evaluated for a stress condition representing the
average long-term loading condition during which ASR
expansion occurred; these strains and their orientations are
then held constant and carried through subsequent analyses
as elastic strain offsets in the prestrain vector [¢0]. They are
determined with respect to the principal axes according to
one of the ASR constitutive models implemented; thus €%,
ASRs €22.45%> and €%3 45z are found. If angle 0 defines the orien-
tation of the principal axes, the following relationships are
used for transforming the strains to the x,y reference system

R R (I4+cos20) (1-co0s26)
€usk =Causk 7 Teouw 7 3)
2 2
" , (I—cos20) (14 cos260)
T 2 I S A S R S — (4)
2 2
Yonasr = €21.45r81N20 — €% 45rS1N20 5
€% sk = €%3.45R (6)
Thus, the prestrain vector for ASR is
SZX.ASR
(€0 4sx]= EZV.ASR )
'szy,ASR

The total prestrain vector [&{] is constructed through the
summation of the thermal, shrinkage, post-cracking dilata-
tion, and ASR-induced strains. Similar modifications can be
performed for the three-dimensional case. The solution is
then carried forward in the manner previously developed for
the Disturbed Stress Field Model.?

Degradation of mechanical properties

Experimental data available in the literature show a reduc-
tion in strength and stiffness for ASR-affected concrete as
compared to nonreactive concrete. Two options are available
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to handle the changes in mechanical properties, reported to
be influenced by the type of reactive aggregates, the envi-
ronmental conditions, and the stress state. One alternative
consists of directly using the value of the tested material
properties in the analysis. The other option evaluates the
compressive and tensile strengths, and the modulus of elas-
ticity, as a function of the free expansion based on the ISE!
prescriptions. With the latter, lower bounds to the mechan-
ical properties have been defined using values from tests
performed on cubes, prisms, and cylinders, and on cores
extracted from structures. Both options disregard the direc-
tional nature of the degradation in mechanical properties
caused by the stress level. Both approaches were imple-
mented in the analysis programs.

VERIFICATION STUDIES

To verify that the ASR constitutive models and the
analytical procedure were correctly implemented, and to
explore their accuracy, analyses were conducted on repre-
sentative ASR-affected specimens reported in the liter-
ature. The verification studies were performed at both the
material and structural levels. The material-level investiga-
tion consisted of modeling the behavior of cylinders tested
under uniaxial compression, and middle-notched prisms
subjected to the three-point bending flexural loading, tested
by Giaccio et al.?® As part of the structural-level investi-
gation, analyses were performed on flexural-critical rein-
forced concrete beams tested by Fan and Hanson,? and on
shear-critical beams tested by Deschenes et al.*

Material-level investigation

Giaccio et al.?8 studied the mechanical behavior of concrete
affected by ASR in comparison with the response of nonreac-
tive concrete. Three different types of reactive concretes were
designed with the same mixture proportions but with different
reactive aggregates. Cylinders and prisms were cast and
stored in saturated conditions at 38°C (100°F) to encourage
ASR development. Longitudinal expansion measurements
were performed on 75 x 75 x 300 mm (2.95x2.95x 11.81 in.)
prisms. Uniaxial compression tests were performed on 150 x
300 mm (5.91 x 11.811 in.) cylinders. Additional 100 x
200 mm (3.94 x 7.87 in.) cylinders were used to determine
the compressive strength and modulus of elasticity at 28 days
and their evolution with time. The stress-strain behavior
in tension was studied through three-point bending tests of
middle-notched prisms. The tests were performed at different
ages of the specimens, for different levels of expansion. A
major conclusion of this study was that specimens exhibiting
the same level of expansion may reach substantially different
compressive strength and stiffness, as shown in Table 1 for
150 x 300 mm (5.91 x 11.81 in.) cylinders.

The ASR developed in plain concrete under stress-free condi-
tions and, thus, the expansion was uniform and the expansion
model selected for the analyses had no influence on the results.
As such, for both the compression and tension analyses, no
distinction was made regarding the ASR model used.

One rectangular element was used to model the uniaxial
compression tests. Nodal displacement-controlled loads
with an increment of 0.01 mm (0.00039 in.) were applied
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Table 1—Concrete properties?®

Specimen | Age, days | /', MPa E., MPa | Expansion (x1073)
C1l 250 46.2 39,700 —
R2 200 37.3 19,900 1.45
R3 120 29.7 18,400 1.45
R4 745 49.7 28,800 1.35

Note: 1 MPa = 0.145 ksi.

Table 2—Default material properties

Concrete properties

Thickness, mm | Required input C. (/°C) 10 x 10
. N Maximum
1/, MPa Required input aggregate size, mm 20
', MPa 0.33f;’ Density, kg/m? 2400
Bazant
2 ! ]

E., MPa 3320,// +6900 G/, kKN/m (2002) model
€0, MmM/m 1.8 +0.0075 - £ SX, mm 1000

Vo 0.15 Sy, mm 1000

Notes: Program limits to 1000 mm spacing of cracks parallel to y-axis, Sx and parallel
to x-axis, Sy. Crack spacing is calculated based on CEB-FIP 1978 model; 1 kg/m® =
1.686 Ib/yd3; 1 kN/m = 68.522 Ibf/ft.

at the two top nodes. The cylinder compressive strength and
the modulus of elasticity were used as the concrete input
parameters; the other properties were left as default values
of the finite element program. For the reactive cylinders, the
initial value of the displacement-controlled loads had to be
adjusted according to the level of expansion of each mixture.

Shown in Fig. 2 are comparisons between the stress-strain
relationships of four concrete specimens experimentally
tested by Giaccio et al.?® and those obtained numerically
using three alternative concrete compression stress-strain
response models—namely, Hognestad parabola, Attard and
Setunge model,*® and Popovics HSC model.®* As shown,
the responses of Specimens C1, R2, and R3 computed with
either the Hognestad or Attard and Setunge® models traced
the observed response relatively well. The Popovics HSC
model®! for high-strength concrete proved to be more appro-
priate for the R4 specimen, as it had a somewhat higher
strength at 49.7 MPa (7.2 ksi).

Nine middle-notched prisms, 75 x 105 x 430 mm (2.95 x
4.13 x 16.93 in.), were used to determine the stress-strain
behavior in tension. The prisms were modeled with a 5 x
5 mm (0.2 x 0.2 in.) mesh. A total of 1817 rectangular
elements were used to represent the prisms, all having
the same thickness of 105 mm (4.13 in.). Displacement-
controlled load with 0.01 mm (0.00039 in.) increments was
applied at the midspan. The material input parameters speci-
fied were the concrete compressive strength and modulus of
elasticity, as determined from the cylinder tests performed
on 100 x 200 mm (3.94 x 7.87 in.) cylinders. The other
concrete properties were kept as program default values
(Table 2). For the reactive specimens, the expansion deter-
mined on the 75 x 75 x 300 mm (2.95 x 2.95 x 11.81 in.)
prisms was used to determine the strains caused by ASR.
Shown in Table 3 are the material properties and expansion
values for each prism specimen. Comparisons between the
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Fig. 2—Stress-strain behavior in compression. (a) nonreac-
tive mixture C1,; (b) reactive mixture R2; (c) reactive mixture
R3; and (d) reactive mixture R4. (Note: 1 kN = 0.2248 kip;,
1 mm = 0.0394 in.)

analytical results and the experimentally observed behaviors
are shown in Fig. 3 for four specimens. Good correlation
between the theoretical calculated behavior and the actual
determined behavior can be observed; similar results were
obtained for the remainder of the specimens.

The material-level finite element simulations show the
behavior of reactive concrete subjected to pure compression
or tension may be simulated to about the same level of accu-
racy as can be obtained for nonreactive concrete.

The accuracy of the ISE recommendations to predict the
degradation of mechanical properties was evaluated against
the specimens tested by Giaccio et al.?® Table 3 presents
the comparison between actual compressive strength and
modulus of elasticity of the reactive concrete, and the ones
estimated using the ISE reduction factors, as function of the
free expansion and the concrete properties of nonreactive
concrete at 28 days. It may be observed that ISE procedure
underestimates the compressive strength, with the ratio of
actual to calculated strengths having a mean of 1.79, and a
coefficient of variation (COV) of 22%. The modulus of elas-
ticity is estimated somewhat more accurately with a mean of
0.99 and a COV of 28%.

Reinforced concrete beams

Three beams, cast with reactive concrete, and three others
with nonreactive concrete, were tested by Fan and Hanson.?
Details of the specimens’ properties are presented in Table 4.
Two of the beams (#5N1 and #5N2) were loaded during the
conditioning period such that cracks of approximately 0.2 mm
(0.0079 in.) width developed on the tension face. After 1 year
of accelerated conditioning, the beams were tested to failure.

A mesh sensitivity analysis was performed for Beam #3N,
considered to be representative for all specimens. Shown
in Fig. 4 is the comparison between the load-deflection
behavior calculated with two different mesh densities. The
analysis performed with a mesh size of 15 mm (having a
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Table 3—Experimental®® versus ISE estimated concrete properties

. Experimental ISE Exp./ISE
Expansion
Specimen Age, days (x107) f¢', MPa E., MPa f¢', MPa E., MPa e E.
C1-28d 75 0.04 28.6 35,700 — — — —
C1-250d 250 0.07 47.4 37,900 — — — —
C1-745d 745 0.54 49.4 37,400 — — — —
R2-200d 200 1.45 37.8 17,100 21.2 22,848 1.78 0.75
R2-250d 250 1.80 29.1 13,100 19.8 21,182 1.47 0.62
R3-75d 75 1.15 30.8 25,100 22.3 24,276 1.37 1.03
R3-120d 120 1.45 32.8 21,700 21.2 22,848 1.55 0.95
R4-485d 485 1.25 51.2 31,300 21.9 23,800 2.34 1.32
R4-745d 745 1.35 48.2 30,100 21.5 23,324 2.24 1.29
Mean 1.79 0.99
COV™, % 22 28
“COV is coefficient of variation.
Note: 1 MPa = 0.145 ksi.
3 : 3 100
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25 25 f 1 1
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S, S Fig. 4—Mesh sensitivity analysis for beam specimen
os os #3IN: Mesh 1 performed with 1852 elements; and Mesh 2
) performed with 3766 elements. (Note: 1 kN = (0.2248 kip; 1 mm
0 t F 0
= 0.0394 in.
(c) : Delﬂettlou (mn%) 3 (d) 0 I;eﬂeclinn (mzm] : )

Fig. 3—Load-deflection behavior of prism specimens: (a)
nonreactive mixture at 75 days,; (b) reactive mixture R2
at 250 days; (c) reactive mixture R4 at 485 days; and (d)
reactive mixture R4 at 745 days. (Note: 1 kN = 0.2248 kip,
1 mm = 0.0394 in.)

total of 1852 rectangular elements and 200 truss bars) and
the analysis performed with a mesh size of 10 mm (with
a total of 3766 rectangular elements and 292 truss bars)
showed a maximum difference of 2.5% in calculated load
and an insignificant difference in displacement. The results
were considered acceptable, and the denser mesh was chosen
for the rest of the analyses.

The longitudinal reinforcement was represented as discrete
reinforcement, while the transverse reinforcement (that is,
stirrups) was modeled as smeared. A bearing material with
unidirectional stiffness was modeled at the interface between
the bearing steel plates. Monotonically increasing nodal
loads with 1.0 mm (0.039 in.) increments were applied to
investigate the behavior of the beams. For the reactive spec-
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imen conditioned under service load, loading was applied
during the first load stage of the analysis, corresponding to
the ASR expansion development. An increasing monotonic
loading was then applied, representative of the test condi-
tions. The results presented herein were obtained using the
Saouma and Perotti model? for the ASR strain calculation.
Similar results were obtained with all other implemented
expansion models, except the model that evaluates the
expansion uniformly in all directions, which yielded higher
ASR strains.

Figure 5 presents the computed load-deformation response
of the beam specimens compared to the experimentally
measured behavior. As shown also in Table 4, the ultimate
loads were estimated reasonably well with a mean of 1.08
and a COV of 3.1%. The computed responses overestimate
the initial stiffness of the reactive beams, which may be a
consequence of several factors: the prestressing effect of
ASR on the reinforcement, the compressive stresses induced
in concrete due to ASR expansion, and/or the overestima-
tion of the modulus of elasticity for ASR-affected concrete.
Although the analysis procedure inherently considers these
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Table 4—Properties and results: Fan and Hanson?® specimens

Dimensions” Material properties’ Results
Specimen b, mm h, mm Span, mm Plong.» %o Prerts Y0 f's MPa P exps KN P..caics KN Exp./Calc.
#3N 0.4 34.7 89.6 85.4 1.05
#3R 0.4 27.2 86.5 79.4 1.09
#5N1 1.0 34.7 184.3 177.4 1.04
150 250 1473 0.34

#5R1 1.0 27.2 178 161.4 1.10
#5N2 1.0 34.7 190 177.4 1.07
#5R2 1.0 27.2 188.2 165.4 1.14
Mean 1.08

COVH, % 3.08

“b is cross-sectional width; h is cross-sectional height.
" Diong is longitudinal reinforcement ratio; p,.,. is vertical reinforcement ratio.
*COV is coefficient of variation.

Notes: 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi; 1 kN = 0.2248 kip.

100 100
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Fig. 5—Load-deformation responses of Fan and Hanson”

beam specimens. (Note: 1 kN = 0.2248 kip; 1 mm = 0.0394 in.)

factors, the currently available constitutive models may not
adequately represent them.

Further corroboration was done through the tests conducted
by Deschenes et al.* Six specimens, and a pilot specimen, were
constructed: four of them were cast with reactive concrete
and cured at high temperatures while the remaining two
nonreactive specimens were used as a basis for comparison
of long-term structural performance. Two independent shear
tests—a deep beam shear test and a sectional shear test—were
performed on each specimen, one at each end. Details of the
specimens are summarized in Table 5.
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The typical finite element mesh is shown in Fig. 6, with a
total of 3842 rectangular elements and 672 truss bar elements.
The mesh size was chosen according to previous studies on
shear-critical beams,* by dividing the beam into at least 15
elements through the depth and maintaining a maximum
aspect ratio of 2.0. Increasing the number of elements to
5646 did not have a significant effect on the results, for
neither the sectional shear tests nor the deep beam tests, with
a maximum difference of 2.2% for the calculated capacity.

Two analyses were performed for each shear test, the
variables being the concrete properties. In the first case,
the compressive strength, as determined from cylinders at
the time of the beams tests, together with the initial tangent
modulus of elasticity, were the input values. For the second
analysis, the targeted compressive strength at 28 days was
used together with the initial tangent modulus of elasticity;
to account for the changes in mechanical properties due to
ASR, the reduction functions suggested by ISE were used.
Four of the specimens were tested with respect to damage
severity: undamaged, mild, and moderate. The development
of ASR/DEF was dominated by the in-plane expansion in
the transverse direction, similar to the behavior reported in
other studies.® Two factors were considered to contribute
to this anisotropy: the amount of reinforcement in the
longitudinal direction, significantly larger than the amount
of reinforcement in transverse direction, and the vertical
casting direction. The comparison between the calculated
ASR-induced strains and the measured strains is shown in
Table 6, as obtained using Saouma and Perotti model.?® No
significant difference in results was observed as a result of
the choice of expansion model, except for the model that
assumes uniform strain distribution, which yielded higher
expansion. This was consistent with the results obtained for
the Fan and Hanson? specimens.

The ultimate loads obtained from the theoretical analysis are
compared with the experimental values in Table 5. The free
expansions at the time of testing, determined from corre-
sponding cylinders, were input for both reactive beams. It
may be observed that the use of the ISE ASR-correlated
reduction factors for the compressive strength, tensile

ACI Structural Journal/September-October 2017



Table 5—Properties and results: Deschenes et al.* specimens

Deep beam shear spans

Dimensions* Material properties’ Pcater KN Exp./Calc.
b, mm h,mm | Span, MM | puug. % | Pren> % | S, MPa | P, kN Actual* Factoreds Actual* FactoredS
Pilot 35.2 2630 1981 1.32
nR1 50.3 2500 2235 1.12
533 1067 1697 3.1 0.31
R1 31.7 2309 2754 2176 0.84 1.06
R2 26.9 2440 2910 2363 0.84 1.03
Mean 1.03 1.13
covl, % 22.7 11.5
Sectional shear spans
Dimensions Material properties Pcate KN Exp./Calc.
b, mm h,mm | Span, MM | puug. % | Pren> % | S MPa | P, kN Actual* Factored® Actual Factored®
Pilot 35.8 1303 1359 0.96
nR1 49.6 1230 1504 0.82
533 1067 2753 3.1 0.15
R1 31.0 1496 1767 1486 0.85 1.00
R2 28.9 1570 1890 1576 0.83 0.99
Mean 0.87 0.93
covl, % 7.5 8.9
“b is cross-sectional width; h is cross-sectional height.
fp,,mg_ is longitudinal reinforcement ratio; p,., is vertical reinforcement ratio.
*Actual: concrete properties obtained from cylinder tests.
SFactored: concrete properties calculated using ISE reduction functions.
ICOV is coefficient of variation.
Notes: 1 mm = 0.0394 in.; 1 MPa = 0.145 ksi; 1 kN = 0.2248 kip.
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Fig. 6—Finite element model for Deschenes et al.* reinforced concrete beam specimens. (Note: 1 mm = 0.0394 in.)

strength, and modulus of elasticity led to better correlations
to the experimental values than was obtained by using mate-
rial properties determined from tests on cores or cylinders.

An experimental program is currently ongoing at the
University of Toronto, investigating the behavior of reactive
shear walls. Further verification studies will be performed in
the future by simulating their response.

ASPECTS IN NEED OF FURTHER RESEARCH

The primary purpose of this paper was to develop and
verify a numerical procedure for modeling and assessment
of ASR-affected structures. In doing so, some limitations
and deficiencies were found; these stemmed not so much
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from deficiencies in the analytical approach, but rather in
the constitutive models for ASR-affected concrete currently
available in the literature. Accordingly, the following recom-
mendations are made for further improving our computa-
tional capabilities:

1. Reductions in the concrete mechanical properties are
likely non-uniform in the principal directions due to the
anisotropic expansion.”*3 This aspect was not accounted
for in the work presented herein, nor is it in other analyses
reported in the literature. Relationships that capture the
ASR-induced anisotropy of the material are required.

2. It is known that the aggregate type has an influence
on the mechanical properties. This influence has not been
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Table 6—-ASR/DEF expansion: experimental* versus calculated strains

Experimental Calculated
Specimen | g (x107%) g’ (x107%) gq (x107) g% (x107) g (x107) g’ (x107%) gq (x107) g% (x107)
R1 DB 1.70 0.60 1.00 0.40 1.40 0.45 1.02 0.45
R2 DB 4.50 0.70 4.50 0.90 4.50 0.65 4.50 0.90
R1SS 1.90 0.70 1.80 0.50 1.70 0.60 1.75 0.45
R2 SS 6.90 0.20 6.80 0.70 5.00 0.70 6.90 0.80

“gq IS transverse concrete strain.
Tey is longitudinal concrete strain.
*gq is transverse steel strain.

8gq is longitudinal steel strain.

properly captured by experimental studies, nor is it currently
considered in analytical procedures.

3. Bond degradation is expected to occur as a result of
ASR, but this issue is not currently addressed in the litera-
ture. The development and implementation of appropriate
bond models for ASR-affected concrete would be of value
for structural elements that are susceptible to bond slip.

4. The influence of tensile stresses on the induced expan-
sion is currently considered in only one of the models imple-
mented: the Curtis model. However, it was formulated based
on cursory field observations and is only suitable for linear
elastic analysis procedures where post-cracking behavior
is not explicitly considered. Further investigation into the
influences of tensile stresses and cracking are required.

5. The influence of ASR on Poisson’s effect is not currently
quantified. An appropriate model that captures this influence
is required, as it would have a significant effect on the levels
of confinement calculated.

6. The increase in strength of some shear-critical speci-
mens may be attributed to the confinement effect caused by
either the transverse reinforcement in the case of beams or
the boundary elements in the case of shear walls. However,
the ductility in shear-critical concrete structures affected by
ASR is also a potential concern. Thus, it would be of interest
to study the response of ASR-affected concrete subjected to
shear stresses that were allowed free expansion during the
ASR development phase.

CONCLUSIONS

Based on the results of the analyses performed, several
conclusions and observations can be made:

1. A smeared rotating-crack conceptual model for concrete,
incorporated into a total-load secant-stiffness macro-modeling
framework, is a viable NLFEA strategy for modeling ASR
effects on reinforced concrete structures.

2. The Disturbed Stress Field Model provides a workable plat-
form 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 on long-
term loading conditions, and must be appropriately consid-
ered for the ASR analysis.

4. Strength and stiffness degradation can be taken into
account by either employing reduction factors, as recom-
mended by ISE, or by using the measured properties from
samples or cores. Current evidence suggests that neither
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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 have a significant influence
on the results. Special care should be taken in modeling
confinement related mechanisms, such as Poisson’s effect
and strength and stiffness enhancement, in a realistic fashion.

7. The flexural-critical specimens?® analyzed did not
exhibit a significant reduction in either capacity or ductility
due to ASR.

8. Some shear-critical specimens, such as shear walls and
reinforced concrete beams provided with transverse rein-
forcement, showed an increase in strength caused by ASR;
an opposite effect was observed in beams with no stirrups.

9. The strains developed due to ASR were predicted rela-
tively well. The mean experimental-to-calculated ratio of the
ASR-induced strains for the analyzed specimens was 1.03
with a COV of 16.3%.

10. At the material level, with the exception of the model
that evaluates ASR-induced expansion uniformly in all
directions, the models yielded similar results. Additionally,
no significant difference in accuracy of results was observed
between the expansion models at the structural level.

11. Currently, the developed procedure shows reasonable
accuracy in modeling the response of ASR-affected struc-
tures. For the flexural-critical specimens?® analyzed, it gave
strengths with a mean experimental-to-calculated ratio of
1.08 and a COV of 3.1%. The mean experimental-to-calcu-
lated ratio for the ultimate loads of the shear-critical beams*
analyzed was 0.99 and a COV of 12.6%.

12. To achieve improved accuracy and reliability in the
analysis capabilities, additional work is required in better
describing the constitutive response of ASR-affected concrete.
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