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Results from testing two shear walls made with normal concrete
and three walls with concrete containing reactive aggregate
causing alkali-silica reaction (ASR) are presented. To accel-
erate the ASR and deterioration of the concrete, the walls were
stored in an environmental chamber, specially constructed
with the capacity to store large specimens in a controlled high-
temperature and high-humidity condition. Shear walls were tested
in three stages to investigate the effect of ASR over time. These walls
were tested under reversed cyclic lateral loads while at the same
time subjected to constant axial load simulating earthquake loads.
Small companion specimens revealed that ASR caused free expan-
sion of approximately 0.23%, but the load capacity of the walls
was not adversely affected. The performance of the walls, however,
deteriorated significantly over time with respect to ductility and
energy dissipation capacity. The absorbed strain energy capacity
of the ASR shear wall at full exhaustion was approximately 25% of
that of the regular concrete wall and the displacement ductility was
reduced by approximately 30% due to ASR.

Keywords: alkali-silica reaction; nuclear power plants; reinforced concrete;
seismic performance; shear capacity; squat shear wall.

INTRODUCTION

Alkali-silica reaction (ASR) is a common form of concrete
degradation mechanism in many structures such as bridges,
dams, and roadways. This phenomenon involves a chemical
reaction between reactive aggregate and the alkali hydrox-
ides in portland cement in the presence of sufficient mois-
ture. Recently, this problem was identified in some nuclear
power plants in North America. As an example, the license
extension of Seabrook Station nuclear power plant has been
delayed because of the discovery of concrete degradation
due to ASR in four buildings.! The Gentilly-2 nuclear power
plant in Canada has been shut down for similar reasons.
Consequently, ASR deterioration in nuclear power plants has
become a concern in terms of serviceability and remaining
life expectancy. ASR takes years to develop. Although its
mechanism and chemistry are well understood, its effects on
the behavior of structural elements are not. Several studies
have been done on small-scale plain concrete specimens
to quantify the effect of ASR on concrete. However, there
are few results available in the literature on the effects of
ASR on the behavior of large-size reinforced concrete struc-
tures. Therefore, numerous uncertainties and questions arise
regarding nuclear containment structures affected by ASR.

Among the first researchers in this area, Kobayashi
et al.? tested 10 prestressed concrete beams. One nonre-
active concrete mixture and two mixtures with different
degrees of reactivity were used. All the beams had similar
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geometry and were post-tensioned after being cured for 28
days in a chamber with a temperature of 20°C (73.4°F) and
a relative humidity of 80%. Then, the specimens were cured
under the accelerated condition for up to 405 days. Tensile
strength and modulus of elasticity of the beams with ASR
concrete showed a noticeable reduction. Beams were tested
under four-point loading with simply supported boundary
conditions. Results from these tests showed that the flexural
strength and deflection of the beams affected by ASR were
within 10% of nonreactive concrete beams, even when the
expansive strain in vertical stirrup exceeded 1000 x 10°° and
many longitudinal cracks occurred. Fan and Hanson® also
tested six reinforced concrete beams, of which three were
cast with nonreactive aggregate and three with reactive
aggregate. These specimens were kept in an alkali solution
for 1 year under controlled conditions before testing. At the
age of 1 year, the longitudinal expansion of the top of the
beams was between 800 and 1700 microstrain, depending on
the amount of reinforcement used in each beam. All beams
were tested to failure using four-point loading. The flexural
capacity of the ASR specimens was found to be almost the
same as the capacity of the normal concrete beams.

Reactor containments are designed to withstand major
seismic loads. Thus, one of the main concerns about ASR
is its effects on the performance of concrete structures
under reversed cyclic loading simulating seismic effects.
Deschenes et al.* investigated the effect of ASR on nominal
shear strength capacity of deep beams. Six structurally iden-
tical specimens were constructed where four were cast with
reactive concrete and two with nonreactive concrete. Results
revealed that the shear capacity of the deep beams was not
affected by the deterioration caused by ASR. In fact, the
nominal shear capacity of the ASR beams exceeded that of
beams not affected by ASR. This experiment showed that
confinement plays a critical role in the maintenance of struc-
tural integrity as any potential loss of material strength due
to ASR was offset by the compressive stress imposed by the
shear reinforcement.

Shear walls are commonly used structural elements to
resist lateral loads such as earthquake. A survey of the liter-
ature also shows a common use of shear wall specimens to
study the member behavior under shear. To investigate the

ACI Structural Journal, V. 115, No. 5, September 2018.

MS No. S-2017-331.R1, doi: 10.14359/51702238, was received September 6,
2017, and reviewed under Institute publication policies. Copyright © 2018, American
Concrete Institute. All rights reserved, including the making of copies unless
permission is obtained from the copyright proprietors. Pertinent discussion including
author’s closure, if any, will be published ten months from this journal’s date if the
discussion is received within four months of the paper’s print publication.

1329



shear behavior of concrete squat shear walls affected by
ASR, a research program was undertaken at the University
of Toronto with the sponsorship of the Canadian Nuclear
Safety Commission (CNSC). As a part of this project, six
squat shear wall specimens were constructed: four used
reactive (ASR) concrete and two were constructed with
normal concrete. Five of these wall specimens were struc-
turally tested to failure. One ASR shear wall was used for
material level study and nondestructive testing. Squat shear
walls were chosen to minimize the flexural effects so that the
behavior of the wall specimens will be dominated mostly by
shear loads. In addition, to further evaluate and compare the
behavior of the squat shear walls, the geometry and the rein-
forcement details of the six wall specimens were identical
and similar to those of the nonreactive wall specimens tested
by Bouchon et al.’

RESEARCH SIGNIFICANCE

Among all the available studies on the effects of ASR on
concrete, only a few focused on the effect of ASR on rein-
forced concrete specimens. Information on the effect of ASR
on shear behavior of reinforced concrete members is even
scarcer. Large-scale reinforced concrete squat shear walls
tested under reverse cyclic loading and constant axial load
can provide a better indication of shear strength and shear
response of structural members that undergo ASR. This paper
presents results from the structural tests of five shear walls
of which three were constructed with ASR concrete and the
other two with regular concrete. The goal of this research
is to contribute to a better understanding of the long-term
impact of ASR on the health of reinforced concrete struc-
tures and their useful life.

EXPERIMENTAL INVESTIGATION

Because the focus of this experimental program was to
investigate the effects of alkali-silica reaction on the shear
behavior of reinforced concrete structures, similar squat
shear walls were constructed using both regular and ASR
concretes for this study. CSA A23.3-14% and ACI 349-137
define squat walls as having vertical height (h,) to hori-
zontal length (l,) ratio equal to or less than 2. Two regular
concrete and four ASR concrete shear wall specimens were
constructed along with several control specimens, including
21 cylinders, six modulus of rupture (MOR) beams, three
expansion prisms, and six dog-bone specimens for each
type of concrete mixture to monitor the material properties
over time. To examine the shear performance of these walls
during an earthquake, it was decided to test them under
reverse lateral cyclic displacements and axial load.

Test phases

One of the most common characteristics of ASR is cracking
of the concrete. These cracks first develop in reactive aggre-
gates and then propagate to the paste and eventually become
visible on the surface of the concrete.® In this experimental
program, cracks are used as a means of assessing damage to
the shear walls over time. Three phases were thus planned
for the testing of the shear walls: early stage, intermediate
stage, and exhaustion stage. The stage at which the ASR

1330

cracks are visible on any part of the specimen is called early
stage. Intermediate stage refers to the stage when cracking is
extensive and cracks are visible throughout the entire spec-
imen. Finally, the exhaustion stage refers to the stage when
concrete expansion has been exhausted and no significant
further expansion is expected.

Acceleration chamber

Under normal circumstances, the effects of ASR on struc-
tures are visible only after 10 or more years of service,
depending on the availably of moisture and the variation of
temperature.” The reaction can be accelerated under high
temperature and high humidity.!® To accelerate the effects
of ASR on the shear walls and other control specimens, this
project also involved construction of an acceleration chamber
capable of maintaining temperatures up to 80°C (176°F) and
near 100% relative humidity. The chamber provided a clear
space of 5.6 x 3.4 m (18.4 x 11.2 ft) with height clearance
of 2.2 m (7.2 ft). Three heaters and a fan capable of creating
humidity using a fog system were installed inside the room.
Both the temperature and the humidity of the room was
constantly monitored using six digital temperature sensors
and a humidity sensor. Data from these sensors were then
displayed on the control unit that was installed outside of the
room. All the shear walls and specimens were moved to the
chamber 48 days after they were constructed. In this paper,
the age of shear walls and specimen refers to the age of shear
walls and specimens since they were cast.

The system could maintain the temperature within
+0.5°C (0.9°F) of target temperature. All the specimens,
including shear walls and small control specimens, placed
in the chamber were monitored every month to evaluate the
damage caused by the ASR. Acceleration methods recom-
mended by ASTM,!! CSA,'? and RILEM" suggest 38°C
(100°F) curing temperature for the ASR specimens. The
ASR reaction at this temperature usually takes approxi-
mately 2 years to reach its exhaustion level. Considering the
size of the shear wall specimens, the exhaustion would take
even longer, perhaps 5 or 6 years.

Researchers have tried to increase the temperature to
60°C (140°F) to further accelerate the ASR in concrete.!*!
However, many problems arose, including reduced expan-
sion compared to when it was exposed to 38°C (100°F).'!7
Based on the findings by Folliard et al.'” and Gautam,'? it
was suggested that the accelerating temperature for inves-
tigating the large-scale specimens without compromising
ASR in the concrete, should be limited to 50°C (122°F).
Therefore, the temperature of the chamber was maintained
at 50°C (122°F) with a relative humidity of at least 95%.

Concrete mixture

The concrete mixture design for the shear walls and the
control specimens was done according to the ASTM C1293!!
standard. The coarse aggregate was sieved and graded to
meet the gradation requirements as per ASTM C1293.!!
Mixture designs for both ASR and regular concretes are
shown in Table 1. In the ASR concrete, only the coarse
aggregate was reactive. Sand used in both regular and ASR
concretes was tested for reactivity to ensure that it did not
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Table 1—Mixture design of ASR and regular
concrete

ASR concrete | Regular concrete
Total concrete volume, L (gal.) 3500 (925) 2000 (528)
Total mass, kg (Ib) 8539 (18,824) | 4879 (10,757)
Cement, kg (Ib) 1470 (3241) 840 (1852)
Coarse aggregate, kg (Ib) 3932 (8668) 2247 (4953)
Water, L (gal.) 647 (171) 390 (103)
Sand, kg (Ib) 2490 (5489) 1423 (3137)
Alkali pallet, kg (1b) 3.8(8.4) 2.2(4.9)
ngzgxiiuﬁtf (;Z‘Ecmg 12.0 3.2) 7.0 (1.8)

contribute to the expansion of the concrete. Except for the
type of coarse aggregate used, the mixture design is iden-
tical for both ASR and regular concretes with one minor
difference. To increase the workability and flowability, 20 L
(5.3 gal.) of water was added to the truck containing regular
concrete on site, which is included in the mixture shown in
Table 1. This addition of water is not expected to affect the
properties of the concrete significantly.

Test specimens

Six shear wall specimens were designed and cast using the
two types of concrete discussed above. In addition, numerous
control specimens were also cast, which included 42 cylin-
ders, 12 modulus of rupture (MOR) beams, six expansion
prisms, and 12 dog-bones. In the design of the shear wall
specimens, three regions were considered: the wall panel
and two columns acting as boundary elements at each end
of the panel; the foundation beam; and the top beam. All six
wall specimens were cast on one day and casting was carried
out in a way to avoid cold joints.

The main variables investigated in this test program were
the type of the concrete and the age of the specimens. The
geometry and the reinforcement details for all six shear wall
specimens were kept identical and were based on the design
of the wall specimens tested by Bouchon et al.’> Figure 1
shows the geometry of the shear walls.

In the wall panel, one layer of reinforcement was used in
both vertical and horizontal directions, providing reinforce-
ment ratios of 0.77% and 0.80%, respectively. The arrange-
ment of the reinforcement was such that the vertical bars
were placed in the center of the panel, creating a clear cover
of 34 mm (1.34 in.) for the horizontal reinforcement and
45 mm (1.77 in.) for the vertical reinforcements. All the bars
in the panel were spaced uniformly.

The panels were 1300 mm (51.18 in.) long and 750 mm
(29.52 in.) high with a thickness of 101 mm (4 in.). Boundary
elements, foundation, and the top beam were designed with
a high reinforcement ratio to prevent any premature failure
of a specimen in those regions before the wall panel failure.
The reinforcement for the boundary elements was designed
using vertical bars and stirrups with 45-degree hooks. This
provided 0.67%, 2.10%, and 0.44% reinforcement ratio
in the horizontal direction, vertical direction, and out-of-
plane direction, respectively. The columns at the ends were
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Fig. 1—Geometry of shear walls. (Note: All dimensions in
mm;, 1 mm = 0.0394 in.)

120 x 200 mm (4.7 x 7.9 in.) in cross section and 750 mm
(29.52 in.) long. Both top beam and the foundation beam
were designed using similar reinforcement ratio and
geometry. The top beam and the foundation beam were
1800 mm (71 in.) long with a cross section of 345 x 550 mm
(13.6 x 21.6 in.) and a reinforcement ratio of 2.00% in all
three directions. All the vertical reinforcements from the
panel, and the boundary elements were extended to the foun-
dation beam and terminated with 180-degree hooks. Refer to
Fig. 2 for reinforcement details.

Two types of strain gauges were used on reinforcing steel
bars to allow continuous monitoring of the behavior of the
specimens through the aging process. It was also hoped that
these strain gauges would provide critical information for
strain in reinforcing bars during structural testing. However,
during the curing process, most of these strain gauges did not
last through the hot and humid conditions of the acceleration
chamber and only three and five strain gauges were func-
tioning in REG B and ASR B2 shear walls, respectively, at the
time of testing in the last phase. Locations of the strain gauges
used on each specimen are shown in Fig. 3. As seen, beside
the reinforcing bars, strain gauges were also placed on the
surface of concrete to monitor the behavior of specimens on
the outer surface. These strain gauges were helpful in ensuring
that the axial load was evenly applied on the specimens.

Test setup and instrumentation

Each shear wall specimen was anchored and post-
tensioned to the ground using two 76.2 mm (3 in.) diameter
bolts. These bolts were inserted through the steel sleeve in
the holes located at midlength of the bottom beam on either
side, as shown in Fig. 2. The gap between the bolts and the
steel sleeves were filled with custom-made steel collars that
were placed through the entire height of the bottom beam.
The shear wall’s bottom beam was restrained on both sides
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to prevent any slippage during the tests. Based on the anal-
ysis, which was carried out using the software VecTor2,'®
the ultimate capacity of the shear walls was predicted to be
approximately 1200 to 1300 kN (270 to 292 kip). It was
therefore decided to use two actuators with capacity of 1000
kN (225 kip) each working simultaneously. Each actuator
was supported by a frame at each end of the wall specimen
and a small hydraulic jack placed at the middle point of each
actuator (Fig. 4). This support system allowed the actuator
to move freely to allow shear deformation of the specimen.
Moreover, an axial force was applied on the wall, using a
hydraulic jack. With the help of servo-valves, load cells, and
a control software, this jack was able to maintain a constant
axial load of 800 kN (180 kip) throughout the test. Figure 4
shows a sketch of the entire test setup.

The lateral load was applied by imposing displacements
on the shear walls. To simulate the effect of seismic loading,
incremental reverse cyclic displacements were imposed on
the walls. A series of linear voltage differential transducers
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Fig. 4—Test setup. (Note: 1 kN = 0.225 kip; 1 in. = 25.4 mm.)

(LVDTs) and also the displacement transducers in the two
actuators were used to control the lateral displacement of
the walls. Figure 5 shows the location of the LVDTs. One
LVDT was attached to an A-frame to directly measure the
displacement at the vertical centerline of the wall at the
bottom of the top beam with respect to the top of the bottom
beam. Two LVDTs were placed on each side of the boundary
elements—one at the top and the other at the bottom. Finally,
one LVDT was placed at the center of the bottom beam on
each side to measure any slippage of the bottom beam with
respect to the strong floor. At each stage of loading, the
lateral displacement captured from the LVDT attached to
the A-frame was compared against the relative displacement
between the four LVDTs attached to boundary elements and
displacement readings from actuator’s transducers to check
any error in readings. After applying the geometric correc-
tions to account for the height difference between LVDTs,
the relative displacement readings in the bottom and the
top LVDTs (TW-W and BW-W; TW-E and BW-E) showed
consistency throughout the test for all five specimens with
respect to the A-frame reading.

Loading protocol

As mentioned previously, the shear walls were subjected to
reverse cyclic lateral displacement-controlled loadings. The
force-displacement plot was obtained using the summation
of the forces from both actuators against the displacement
on top of the shear wall panel (bottom of the top beam) with
respect to the bottom of the shear wall panel (top of the lower
beam). The rate of loading began with 0.005 mm/s and was
increased to a maximum of 0.15 mm/s (0.006 in./s) as cycles
progressed. The first two cycles applied 0.2 mm (0.008 in.)
lateral displacement in the plane of the wall in each direc-
tion and the subsequent planned cycles were at maximum
displacements of 0.4, 0.6, 0.8, 1, 1.4, 1.8, 2, 2.5, 3, 4, 4.5,
5.5,6,7,and 8 mm (0.0157, 0.0236, 0.0315, 0.0394, 0.0551,
0.0709, 0.0787, 0.0984, 0.118, 0.157, 0.177, 0.217, 0.236,
0.276, and 0.315 in.). The displacement protocol, shown in
Fig. 6, was developed based on the results obtained from
VecTor2'® analysis to capture complete behavior of the walls
under the reverse cyclic loading. For each displacement,
two complete cycles were applied. The lateral load excur-

ACI Structural Journal/September 2018

\-Concrete Pedestal

LVDT A-Frame
LVDT TW-W

LVDT BW-W /]\ LVDT BW-E
A // j

-
Locations of A-Frame being
Anchored to Bottom Beam

Fig. 5—Instrumentation of wall.

=

I 1 I
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29 31 33
Cycle Numbers

Displacement (mm)
o & b oo b o o=

=

= Loading Protocol
= « = ASR B2
= + + ASR Bl

Fig. 6—Loading protocol. (Note: 1 mm = 0.0394 in.)

sions were continued until a significant drop in the axial
load was noted and the walls could not maintain the axial
load capacity. From that point forward, the wall was pushed
monotonically until the complete failure. Failure point was
considered where the shear wall was no longer capable of
taking 40% of applied axial load.

Loading protocol provided was used as a general guid-
ance during the structural testing. This loading protocol was
based on the pretesting finite element analysis. However,
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Table 2—Summary of test results

Concrete compressive ASR free Peak force, | Maximum displacement,
Wall Age, days strength, MPa (ksi) expansion, % kN (kip) mm (in.) Mode of failure
REG A 240 79.0 (11.5) 0.0329 1180 (265) 8.2 (0.322) Diagonal shear with sliding between wall
REG B 975 80.1 (11.6) 0.0331 1187 (267) 7.3 (0.287) panel and the bottom beam at end
ASR Al 260 63.7(9.2) 0.19 1355 (305) 7.1 (0.280) Diagonal shear
ASR Bl 610 67.1(9.7) 0215 1240 (279) 4.9 (0.193) Diagonal shear
ASR B2 995 63.0 (9.1) 0.223 1243 (280) 2.6 (0.102) Diagonal shear

during the test, in some circumstances, this protocol had to
be modified due to equipment problems, human error, and
other factors such as unique behavior of each wall.

EXPERIMENTAL RESULTS AND DISCUSSION
Wall behavior

A summary of results from the structural testing of five
shear walls is presented in Table 2. It must be noted that
the expansion values, which are reported for each specimen,
were measured on plain concrete prisms according to ASTM
C1293." The force applied on the wall was determined
from the load cells in the actuators. The lateral displacement
along the height of the specimen from bottom beam to the
top beam on both sides of the specimen was obtained using
seven LVDTs.

In Fig. 7, lateral force-lateral displacement relations for
shear walls REG A and REG B are shown. Between these
two walls, the only variable is their age and duration for
which these walls were cured. REG A was tested at the
age of 240 days while REG B was tested after 995 days of
casting. Both walls displayed similar hysteretic responses.
The peak load of wall REG A was measured as 1180 kN
(265 kip) with the corresponding lateral displacement of
8.2 mm (0.322 in.), while REG B shear wall had a capacity
of 1187 kN (267 kip) at a lateral displacement of 7.3 mm
(0.287 in.). By comparing the force-lateral displacement
responses of the three ASR walls shown in Fig. 8, their
degradation over time can be clearly observed. It should be
noted that walls ASR A1, ASR B1, and ASR B2 were tested
260, 610, and 995 days after casting. The time of curing in
the control chamber is 52 days less than the wall age.

ASR Al, which was tested 260 days after casting,
displayed shear strength of 1355 kN (305 kip). At the age of
610 days, the shear capacity of wall ASR B1 was measured
to be 1240 kN (279 kip). The last shear wall in the ASR cate-
gory was ASR B2, which was tested 995 days after casting,
showed the peak shear strength of 1243 kN (280 kip).
Although the concrete compressive strength of specimen
ASR BI1 was greater than that in ASR B2, both specimens
had approximately the same shear strength. Also, the initial
stiffness of the walls and loss of stiffness in cycles beyond
the peak strength are similar. In cycles, close to where the
maximum peak strength is attained and cycles beyond this
point, significantly large cracks started opening up horizon-
tally along the bottom of the shear panel of the regular walls,
resulting in slight pinching in the hysteresis loops. Small
lift-off at the base of the walls from the ground was noticed
close to the end of all the tests and it was measured to be
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Fig. 7—Hysteresis responses of: (a) REG A; and (b) REG
B shear walls. (Note: 1 kN = 0.225 kip; 1 mm = 0.0394 in.)

between 0.5 and 0.75 mm (0.02 and 0.03 in.) accompanied
by vertical cracks in the bottom beams.

Crack patterns

Crack patterns for all the shear walls were quite similar
for most of the duration of testing. Diagonal shear cracks
appeared on the shear wall panel as the test was proceeding.
However, overall, ASR shear walls showed narrower cracks
compared to those in the regular shear walls up until the
middle stages of the structural testing. At that stage (60%
of the maximum lateral displacement), large cracks were
noticed initiating on the boundary elements of both ASR
and regular shear walls. From this stage onward, the spacing
between the cracks in ASR shear walls reduced while cracks
became wider. However, in the regular shear walls, once initi-
ated, cracks maintained their spacing as they were becoming
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Fig. 8—Hysteresis responses of: (a) ASR Al; (b) ASR Bl;
and (c) ASR B2 shear walls. (Note: 1 kN = 0.225 kip; 1 mm =
0.039%4 in.)

wider. In late stages of the testing (85% of maximum lateral
displacement), crushing of the concrete was noticed on the
bottom of the boundary elements as well as in the panel
close to bottom beams for regular shear walls, as highlighted
in Fig. 9(a). At this point, large cracks and spalling of the
concrete initiated at the bottom of the panel parallel to the
bottom beam. These cracks eventually led to the failure of
the regular shear walls, as shown in Fig. 9(b). On the other
hand, ASR shear walls did not show any sign of spalled
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concrete on the boundary elements or shear wall panel along
and close to the bottom beam until very late stages of the
test, just before failure. In ASR shear walls, large diagonal
cracks resulted in the failure as shown in Fig. 9(c) and 9(d).

Strain gauge results

Strain gauge data from Phase 1 of the structural testing
revealed that reinforcing bars behaved differently in regular
and ASR shear walls. In the regular wall, first vertical rein-
forcement in the boundary element of the tension side,
started to yield at approximately 1.95 mm (0.0768 in.) of
lateral displacement. At lateral displacement of 5 mm
(0.2 in.), all the vertical reinforcements in the boundary
element of the tension side yielded. In the shear wall panel,
only three vertical reinforcing bar sclose to the boundary
elements yielded at later stage of the testing. However,
none of the horizontal reinforcing bars yielded until a lateral
displacement of approximately 7 mm (0.28 in.) was achieved.
Just before failure, the two horizontal reinforcing bars close
to the bottom beam experienced yielding. In the ASR Al
shear wall, vertical reinforcements in the boundary element
experienced yielding at approximately 1.35 mm (0.0531 in.)
of lateral displacement. Eventually, all the vertical reinforce-
ment in the boundary element of the tension side yielded at
3.5 mm (0.14 in.) of the lateral displacement. As displace-
ment cycles were progressing, more vertical reinforcing bars
in the wall panel were yielding. All the vertical reinforcing
bars in the shear wall panel yielded at lateral displacement of
5.5mm (0.22 in.). At this stage, vertical bars in the boundary
elements were experiencing large plastic deformations.
Horizontal reinforcing bars in the ASR A1 wall panel started
to yield at a lateral displacement of approximately 3 mm
(0.12 in.). At lateral displacement of 5 mm (0.2 in.), almost
all the horizontal bars in the shear wall panels yielded. ASR
expansion caused the reinforcing bars in ASR walls to expe-
rience prestraining before the structural testing. Also, due to
the existence of microcracks and lower tensile capacity of
concrete in ASR walls, reinforcing bars were engaged at an
earlier stage of loading. As mentioned previously, depend-
able strain gauge data are not available for the walls tested in
Phase 2 and Phase 3 due to the damage experienced by strain
gauges over time in the accelerating chamber.

Shear capacity

The ultimate shear capacity of the walls was not signifi-
cantly affected due to the type of aggregate or the age of
the walls in this study. In the low-aspect-ratio shear walls,
vertical reinforcement plays a more significant role than the
horizontal reinforcement and the compressive strength of
the concrete in determining the maximum shear strength. !%-2°
Many codes and standards such as CSA A23.3-14° neglect
or minimize the contribution of the concrete shear resistance
in calculating the maximum shear strength of the low-aspect
shear walls. It was thus expected that all the tested walls
would show similar peak shear strength because all these
walls had identical vertical reinforcement ratios in both
panel section and the boundary elements. In addition, heavily
reinforced boundary elements in low-aspect-ratio shear walls
help maintain peak shear strength at cycles of displacement
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Fig. 9—Failure mechanism of: (a,b) REG B shear wall; and (c,d) ASR B2 shear wall.

beyond peak strength.?! As a result, similar shear degradation
beyond the peak was observed in the specimens that had not
sustained serious damage (such as complete debonding of rein-
forcing bars from concrete, spalling of cover) due to ASR.

The factored shear strength of the tested walls is calcu-
lated based on the guidelines and equations available in CSA
A23.3-14,% ACI 349-13,7 and ASCE 43-05?? and compared
to the measured shear strength for each shear wall. In CSA
A23.3-14,° the shear resistance of the concrete is neglected.
Thus, the shear capacity of the squat shear walls is solely
depending on the reinforcement ratio. The angle of incli-
nation of diagonal compressive stresses can be chosen
between a maximum value of 45 degrees and a minimum
of 30 degrees. Thus, the shear capacity of the wall would
vary between two values. In Fig. 10, the measured and
the predicted shear values using different formulations are
plotted for each specimen. In this figure, CSA 30 and CSA
45 represent values using the CSA equation with the angle
of inclination of diagonal compressive stresses of 30 and
45 degrees, respectively.

Significant scatter in the prediction of shear strength of
the walls is noted from Fig. 10. The CSA equation provides
a range of values between two limits of CSA 30 and CSA
45 based on the angle chosen. Therefore, carefully choosing
the angle of inclination of diagonal compression will likely
give a more accurate prediction among the compared codes.
The ACI procedure’ provides an unconservative estimate of
the peak shear strength with up to 17% overstrength. Among
the methods evaluated, the ASCE procedure? significantly
overestimated the peak shear strength.
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Fig. 10—Shear strength comparison between different codes
and experiment. (Note: 1 kN = 0.225 kip.)

Post-peak response

The post-peak response and ductility performance of the
wall would generally depend on the horizontal reinforce-
ment and the bond between the bars and concrete. REG A
and REG B shear walls showed similar behavior, including
the peak shear load and the ultimate lateral displacement.
The reduced lateral displacement of wall REG B may be
due to slightly higher stiffness of concrete and some dete-
rioration of bond between the horizontal reinforcement
in the panel and the concrete over time. While peak shear
strengths of five walls were similar, hysteresis responses of
shear walls showed significant differences in their perfor-
mance. Figure 6 shows the maximum lateral displacement of
each specimen with respect to the loading protocol. Vertical
lines in Fig. 6 show the cycle numbers at which different
test specimens failed to continue resisting the applied axial
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load. Subsequently, the walls were pushed monotonically to
the failure.

To compare the ductility of the walls, parameters such as
strain energy absorption and ductility factor of each wall
from their hysteresis responses were calculated. The total
amount of energy that had been imposed on the test spec-
imen was calculated as the sum of areas enclosed under the
load-displacement curves for each cycle. Equation (1) was
used to obtain the external work done on a specimen

3

w=3[P-ds, (1)

i
1

i

where n is the number of cycles; P is applied load; and 6 is
displacement in the loading direction.

Because the tests were carried out with a slow rate of
loading, the kinetic energy and any viscous damping can
be neglected. Therefore, the external work done on the
specimen can be assumed to be equal to the strain energy
absorbed by the specimen.

Another way to characterize the shear walls for their
ability to deform is to calculate the displacement ductility
factor. This parameter is defined as

All
By = A 2
where A, is ultimate displacement at a point when the applied
axial load reduced by 60%; and A, is yield displacement.

The ultimate displacement is referred to the maximum
displacement that the shear wall experienced before the
failure. The yield displacement was defined as the lateral
displacement of the shear wall at which the outermost vertical
reinforcement yielded in any of the boundary elements.
Table 3 shows the strain energy capacity and ductility factors
for each specimen.

As shown in Table 3, the energy absorption capacity and
the displacement ductility factor of the ASR shear walls
reduced significantly with time as the walls were aging in
the curing chamber. ASR shear wall A1 was the most ductile
wall among all the walls tested, even though its ultimate
lateral displacement was lower than the maximum displace-
ments experienced by REG A and REG B shear walls. As
seen previously in the hysteresis behavior of the walls, at
early ages, the ASR shear walls showed better performance
compared to the regular shear walls. For instance, ASR
Al showed higher peak shear strength and higher energy
capacity compared to REG A. Both these walls were tested
in Phase 1. It was postulated that factors such as confine-
ment and prestressing of reinforcement due to ASR expan-
sion affected the ultimate capacity of the ASR shear wall that
was approximately 14% higher than that of the regular shear
wall specimen. At this stage, steel bars in the ASR A1 wall in
both vertical and horizontal directions were prestressed to a
certain degree due to the internal expansion of the concrete.
As a result, a stiffer behavior of this wall was observed
compared to REG A shear wall. This also resulted in ASR
Al experiencing a higher peak shear strength and better
ductility response. In both regular shear walls, A and B, the
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Table 3—Ductility behavior of shear walls

Displacement at yielding | Displacement | Absorbed strain
Wall point, mm (in.) ductility factor energy, J
REG A 1.95 (0.0768) 4.21 31,081
REGB 1.80 (0.0709) 4.06 28,759
ASR A1 1.35(0.0531) 5.26 37,766
ASR BI 1.30 (0.0512) 3.77 17,278
ASR B2 0.90 (0.0354) 2.89 7183
Table 4—Axial load drop rate
Specimen REGA | REGB | ASRAI | ASRBI | ASRB2
rigide/ﬁq 460 | 807 | 2940 | 4150 | 4820
(k’ip/in.) (-2628) | (-4612) | (-16,802) | (-23,717) | (-27,546)

axial load was maintained by the specimens up to the failure
and gradually decreased after the failure initiated and the
base of the wall panel slid from the bottom beam. In contrast,
the drop of axial load in the ASR walls was relatively sudden
and the specimens failed with little to no warning at the
failure point, showing diagonal cracking in the panel. This
most likely is due to the degradation of the ASR concrete
properties such as modulus of elasticity and tensile strength.
Figure 11 shows the axial load versus displacement response
of each shear wall specimen.

To compare the rate at which the axial load dropped,
the slope of axial drop was calculated and is presented in
Table 4 for each specimen. It is obvious that ASR specimens
in general showed much brittle behavior compared to the
regular shear walls.

As the walls were aging, it was noticed that the perfor-
mance of the regular shear wall from REG A to REG B did not
change significantly. On the other hand, performance of ASR
B2 showed a significant reduction of performance in terms
of maximum lateral displacement and capacity to absorb the
strain energy compared to ASR Al and B1. Even though the
expansion measured on the concrete prisms showed only
17% more expansion between ASR Al (Phase 1) and ASR
B2 (Phase 3), the energy absorption capacity of ASR B2 was
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reduced by over 80%. The plausible reasons for this notable
reduction are discussed in the following.

First, the expansion values shown were measured from
plain concrete prisms with no restraints. Concrete in these
specimens expanded almost freely and reached its exhaus-
tion level at its own rate. Shear walls contained a signifi-
cant amount of reinforcement that provided restraint to the
expansion of concrete caused by ASR. Moreover, boundary
elements—top and bottom beams—added extra confinement
to the shear wall panel, restraining this panel further from
free expansion. As a result, the rate of expansion in the shear
wall is expected to be slower than that in the plain concrete
prisms, and the concrete at least in the earlier stages would
be confined significantly.

Second, although given little attention, one of the adverse
effects of ASR in reinforced concrete is the deterioration of
bond between the reinforcing bars and the concrete. Beside
the actual nature of the ASR expansion, which may cause
debonding between concrete and reinforcing bars, cracks
and openings in the concrete further weakens the bond. The
vertical reinforcing bars were anchored in the large beams
at the top and the bottom. Horizontal bars, however, did not
have similar anchoring and, thus, were more vulnerable to
debonding from concrete due to ASR. A series of pullout
tests have shown that the ultimate bond strength between the
concrete and steel reinforcing bar was reduced by approx-
imately 24% in specimens made by ASR.?* To predict the
long-term behavior of structures affected by ASR, a thor-
ough investigation is underway at the University of Toronto
to better understand the effect of ASR on bond strength in
reinforced concrete.

Furthermore, the shear walls were constantly exposed to
moisture and circulated air, and had small clear cover of
34 mm (1.34 in.) to steel. As a result, some corrosion was
observed in the last specimen tested (ASR B2). The effect
of corrosion on the performance of the shear walls requires
further investigation which was beyond the scope of this
project. Figure 12 shows the corrosion marks on the rein-
forcing bars exposed after testing in one location of the ASR
B2 specimen. In real structures exposed to the atmospheric
environment, other factors such as freezing and thawaing
can also significantly accelerate the damage to the structure.

SUMMARY AND CONCLUSIONS

To understand the effect of ASR on reinforced concrete,
results from five squat shear walls are presented. Three walls
were constructed using ASR concrete and two with regular
concrete. All the walls and associated smaller specimens
were stored in a chamber 48 days after they were constructed
and maintained in the chamber until testing. The high-
temperature and high-humidity chamber was maintained at
50°C (122°F) and over 95% relative humidity. The walls
were tested under reverse cyclic displacement excursions
while subjected to a constant axial load at three different
ages. Based on the results of this experimental program, the
following conclusions can be drawn:

1. At an early age (240 days after casting), initial stiff-
ness and ultimate strength of the ASR shear wall were higher
than those of the regular wall. This is likely due to confine-
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Fig. 12—Corrosion spotted on reinforcing bars.

ment and prestressing of internal reinforcement due to ASR
expansion.

2. There is a noticeable scatter in predicted shear strength
of squat shear walls calculated using CSA, ACI, and ASCE
formulations. CSA seems to capture the actual peak shear
strength values obtained from the test by choosing the
correct angle of inclination of diagonal compression. Both
ACI and ASCE overestimate the peak shear strength for the
shear walls tested.

3. Shear capacity of the shear walls is mostly determined
by the amount of available vertical reinforcement. Because
vertical bars were sufficiently anchored in large beams at the
top and the bottom, the ultimate shear capacity of the shear
walls was not significantly affected by the adverse effect
of the ASR. However, the horizontal bars did not have the
same anchorage condition. Thus, expansion caused by ASR
resulted in a significant deterioration of the wall’s behavior
with respect to energy absorption and displacement ductility
over time. The absorbed strain energy and ductility factor
of the last ASR wall tested reduced to approximately 20%
and 55%, respectively, compared to the similar wall tested
earlier, while the same parameters for the regular walls did
not change significantly.

4. ASR shear walls lost their ability to maintain the axial
load rapidly and failed in a sudden manner under lateral
displacement excursions whereas in regular wall specimens,
the axial load resistance dropped more gradually and the
failure was not as sudden.

5. The expansion mechanism due to ASR in plain
concrete does not accurately represent the phenomenon of
ASR expansion in reinforced concrete. Depending on the
boundary conditions—the amount and the arrangement of the
reinforcement—deterioration of the concrete properties
could be compensated by the stressing of the reinforcing
bars due to ASR expansion and the resulting concrete
confinement.

6. Factors such as steel corrosion, increased susceptibility
to freezing and thawing, and debonding between steel bars
and concrete could potentially affect the behavior of struc-
tures built with ASR concrete in an adverse manner. Further
studies are thus needed to investigate these effects.
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