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Strength and Deformation of Reinforced Concrete Squat

Walls with High-Strength Materials
by Min-Yuan Cheng, Leonardus S. B. Wibowo, Marnie B. Giduquio, and Rémy D. Lequesne

The behavior of reinforced concrete (RC) squat walls constructed
with conventional- and high-strength materials was evaluated
through tests of 10 wall specimens subjected to reversed cyclic
loading. Primary variables included specimen height-to-length
aspect ratio, steel grade, concrete compressive strength, and
normalized shear stress demand. Specimens were generally in
compliance with ACI 318-14. Test results showed that specimens
containing conventional- and high-strength steel had similar
strength and deformation capacities when designed to have equiv-
alent steel force, defined as total steel area times steel yield stress.
The lateral strength of walls with aspect ratios of 1.0 and 1.5
can be estimated using their nominal flexural strength when the
nominal shear strength exceeds V .. For specimens with an aspect
ratio of 0.5, the lateral strength was close to the force required
to cause flexural reinforcement yielding and less than the nominal
shear strength calculated per ACI 318-14. Specimen deformation
capacity decreased as the normalized shear stress increased. The
use of high-strength concrete, which led to a reduced normalized
shear stress demand, resulted in larger specimen deformation

capacity.

Keywords: deformation; drift; high strength; low-rise wall; shear; squat
wall; strength.

INTRODUCTION

Reinforced concrete (RC) squat walls typically refer to
walls having an aspect ratio, A,/l,, of 2.0 or less, where 4,,
and /,, are the height and length of the wall, respectively.
In high-seismic regions, ACI 318-14! requires special
boundary elements, consisting of concentrated longitudinal
reinforcement and tightly spaced transverse reinforcement
on the edges of squat walls, where maximum extreme fiber
compressive stress corresponding to load combinations
including earthquake effect exceeds 20% of the specified
concrete compressive strength. This stress limit approach
is very conservative, which makes the need for special
boundary elements common in RC squat walls. For walls
with rectangular cross sections, special boundary elements
at the wall ends often result in considerable steel congestion.
Using high-strength steel appears to be an attractive alterna-
tive that can reduce steel congestion.

Test results of squat walls reinforced with high-strength
materials are relatively limited. Park et al.? tested eight squat
wall specimens with 4,/I, of 1.0 to investigate the use of
Grade 80 (550 MPa) high-strength steel as horizontal web
reinforcement. Specimens were designed intentionally to
fail in web shear prior to flexure yielding. The quantity of
longitudinal reinforcement, thus, was much greater than that
commonly used in practice. The shear stress imposed in most
of tested specimens exceeded 10\/fc’ (psi) or O.83\/fc’ (MPa),
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the upper limit permitted in ACI 318-14. Test results showed
that the damage and failure mode of specimens reinforced
with Grade 60 and Grade 80 steels were similar if the hori-
zontal web reinforcement had equivalent steel force, defined
as total steel area times steel yield stress. Test results from
Cheng et al.® showed that squat wall specimens reinforced
with high-strength steel with a specified yield stress, f,
above 100 ksi (690 MPa) exhibited strength and deformation
capacities like that of specimens with conventional Grade
60 steel when designed for similar shear stress demands. In
that study, however, all test specimens had #4,//,, of 1.0 and
concrete cylinder strength, 7., of approximately 6 ksi (41
MPa). More recently, Baek et al.* tested 12 wall specimens
with #,/I,, of 0.5 and 1.0. Test results indicated that spec-
imens with Grade 80 steel exhibited behavior and failure
modes like those with Grade 60 steel, provided that the
specimens were designed with equivalent steel force. Based
on those studies, the use of high-strength steel in RC squat
walls appears feasible.

This study aims to further evaluate the behavior of low-rise
walls reinforced with high-strength steel by broadening
the range of wall aspect ratios, 4,/[,, and combining high-
strength steel (yield stress greater than 100 ksi or 690 MPa)
with high-strength concrete (compressive strength greater
than 10 ksi or 69 MPa). A total of 10 specimens were tested
under lateral displacement reversals. Variables included 1)
h,/l,, 2) steel grade, 3) concrete compressive strength, and
4) normalized shear stress demand.

RESEARCH SIGNIFICANCE

Ten large-scale wall specimens were tested to investigate
the potential of using high-strength materials in RC squat
walls subjected to reversed cyclic displacements. The results
demonstrate the feasibility of using high-strength materials
under a wider range of design variables than previously
considered. Results also form the basis of recommendations
for estimating the strength, deformation capacity, and stiff-
ness of RC squat walls.

LABORATORY TEST PROGRAM
Ten RC squat wall specimens were tested under lateral
displacement reversals. These specimens were designed
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Table 1—Design parameters for test specimens

Specified material properties
Vertical rein-
forcement in Web and dowel
SBE" reinforcement f;, Confinement
Specimens h /1, fy» ksi (MPa) ksi (MPa) /y» ksi (MPa) Vmp,/Ac,,\/f;’, psi (MPa) Vil Ve Vi Vi
&) 2 (3) “) (©)) (6) ®) (€]
CCC_0.5H 0.5 60 (414) 60 (414) 60 (414) 6 (41) 1.07" 1.06"
CHC 0.5H 0.5 60 (414) 60 (414) 115 (785) 6 (41) 1.07 1.06¢
HHC 0.5H 0.5 115 (785) 115 (785) 115 (785) 6 (41) 1.03 1.09
HHH 0.5H | 0.5 115 (785) 115 (785) 115 (785) 10 (69) 1.081 1.04f
HHH 1.0H 1.0 115 (785) 115 (785) 115 (785) 10 (69) 1.07 1.09
CCC_1.5H 1.5 60 (414) 60 (414) 60 (414) 6 (41) 0.96 1.04
HCC 1.5H 15 100 (690) 115 (785) 60 (414) 6 (41) 0.95 1.06
HHH_1.5H 1.5 100 (690) 115 (785) 115 (785) 10 (69) 1.00 1.02
CCC_1.5M 1.5 60 (414) 60 (414) 60 (414) 6 (41) 0.97 1.63
HCC_1.5M 1.5 115 (785) 115 (785) 60 (414) 6 (41) 1.02 1.72
"SBE is special boundary element.
"V,,pr was the shear associated with probable flexural strength at wall base without dowel reinforcement.
to complement four specimens reported by Cheng et al.,’ Table 2—Required material properties of
which are included in the analyses later in the article. Table reinforcement
1 is a test matrix with key test parameters for each specimen. Vo Ao
Specimens were labeled as follows: the first three letters (ppsi‘)’ Min. | Min. | Min.
refer to the strength of the longitudinal/web steel reinforce- Grade Type | Barsize | Min. gy, % | &, % | fksi | f/fy
ment, confinement ste.el, and concrete, respectively, wh'ere 1) 2) 3) ) ) ) )
C stands for conventional strength and H refers to high N3t
strength. The numerical value following these three letters Grad ASTM 130 60 14
is h,/l,,. Finally, the last letter indicates the designed shear 2) ¢ A706° NA 60 1.25
stress demand, defined as the shear stress associated with I\II\?O 71t1° 12
the development of the probable flexural strength, A,,, at the §
walllbas§. A demgne(’l shear stress demand of approximately Grade | opecsst | » 10 100 | 125
5\f (psi) or 0.42Vf,’ (MPa) was considered to be moderate 100
(M), while a designed shear stress demand exceeding 7Vf.’
(psi) or 0.58Vf,’ (MPa) was considered to be high (H). Grade | yopsgser | NA ] s | Na
The normalized shear stress demand was calculated as 13
’
V,,,p,./ACV\/ﬁ, where V,,,» was the probable flexural strength, ASTM AT06/ATOGMLS

M,,, at the wall base without dowel reinforcement, divided
by the distance, 4,, from the top of the base block to the
centerline of the actuators, and 4., was the wall cross-sec-
tional area determined as the wall width, b,,, times the wall
length, /,. The probable flexural strength, M,,, was deter-
mined using the ACI 318-14 equivalent rectangular concrete
stress distribution and steel stresses of 1.25f, and 1.20f, for
specimens with Grade 60 and high-strength (USD685 or
USD785) steels, respectively. Requirements of the tensile
properties for USD685 and USD785 steels are summarized
in Table 2. The use of 1.20f; for the probable flexural strength
of members using high-strength flexural reinforcement was
recommended by Wibowo et al.”

Test specimens

All test specimens had a nominally identical cross section
of 8 x 80 in. (200 x 2000 mm). Reinforcement layouts of
the wall sections are presented in Fig. 1. Each specimen
consisted of a top concrete block, a wall segment, and a
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Labeled as USD685B in Aoyama.®
Note: 1 ksi = 6.89 MPa.

concrete base block (Fig. 2). The top concrete block was
designed for lateral displacement/load application, and
the concrete base block, anchored to the strong floor, was
designed to provide fixed boundary condition at the base of
the wall. Specimens were constructed in a vertical position.
The concrete base block was cast first. The wall segment and
top concrete block were cast together a few days later. The
specified concrete compressive strength was either 6 ksi (41
MPa) or 10 ksi (69 MPa). The specified maximum coarse
aggregate sizes were 3/4 in. (19 mm) and 1/2 in. (13 mm)
for concrete materials with specified strengths of 6 ksi (41
MPa) and 10 ksi (69 MPa), respectively. Three types of steel
reinforcement were used, Grade 60 (f, = 60 ksi [414 MPa]),
USD685 (f, = 100 ksi [689 MPa]), and USD785 (f, = 115
ksi [793 MPa]). The types of steel and concrete compressive
strengths specified for each wall specimen are listed in Table
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¢ #4 Gr. 60 @ 6 in. 4-#4 Gr. 60 #4 Gr. 60 @ 6 in. 4-#4 Gr. 60
v
$in. | e O $in. [ )
i & ol - ey i & e St
e 10 in. =« £.=6 ksi = 10 in. =« £.=6 ksi
- 80 in. > - 80 in. >
(a) CCC_0.5H (b) CHC_0.5H
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#3 Gr. 60 @ 2.5 in. #3 Gr. 60 @ 2.5 in.
‘ #3 Gr. 60 @ 9 in. 9-#7 Gr. 60 #3 Gr. 115 @ 18 in. 9-#5 Gr. 115
v v
. 7/Ad) 3 )| . 4
=5 = 58 =
i
? » 10 in. = =6 ksi > 10in. = /=6 ksi
< 80 in. > - 80 in. >

(i) CCC_1.5M
Fig. I—Reinforcement layout (cross section).

1. Tested yield strengths of the various reinforcing steels
used, and the cylinder compressive strengths of the concrete
base block and wall section at the test date of each specimen,
are listed in Table 3. Sample stress—strain results from tests
of conventional- and high-strength reinforcing bars used in
this study are presented in Fig. 3, where an 8 in. (200 mm)
gauge length was used for strain measurement.

For CCC_0.5H, CHC 0.5H, and CCC_1.5H, longitudinal
reinforcement was designed to achieve a shear stress demand
of 9Vf! (psi) or 0.75Vf,’ (MPa) using Grade 60 longitudinal
reinforcement and 6 ksi (41 MPa) concrete compressive
strength. Specimens HHC 0.5H, and HCC_1.5H were
designed to have the same shear stress demand but had
high-strength longitudinal reinforcement and concrete with
a compressive strength of 6 ksi (41 MPa). Longitudinal
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() HCC_1.5M

reinforcement configurations in HHH 0.5H, HHH_1.0H,
and HHH_1.5H were essentially like those in HCC 0.5H,
H115,3 and HCC 1.5H, respectively, but with a concrete
compressive strength of 10 ksi (69 MPa). The increase in
concrete compressive strength to 10 ksi (69 MPa) in these
three specimens led to a decrease in their respective shear
stress demands to approximately 7\/.' (psi) or 0.58Vf,’ (MPa).
For CCC_1.5M and HCC_1.5M, longitudinal reinforcement
was designed to achieve a shear stress demand of 5V7,’ (psi)
or 0.42\f.' (MPa) with an f;’ of 6 ksi (41 MPa). The designed
shear stress demands of all test specimens are summarized in
column 7 of Table 1. It should be noted, however, that spec-
imens with 4,/ of 0.5 were all designed with high shear
stress demand to achieve a reasonable amount and spacing
of vertical reinforcement.
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(c) HHC_0.5H (d) HHH_0.5H
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& =
75in. | #4Gr. 115@ 12in. #3Gr. 115@2.5in. 108in. #3Gr. 60 @ 2.5 in.
M 945 Gr. 115 6-#11 Gr. 60

R

108in. | #4Gr. 115@12in. |+ g #3 Gr. 60 @ 2.5 in.
E\ % 649 Gr. 100
(g) HCC_1.5H

108 in.

#3Gr.60 @9 in. | #3 Gr. 60 @ 2.5 in.

9-#7 Gr. 60

(i) CCC_1.5M

Fig. 2—Reinforcement layout (elevation,).

Horizontal web reinforcement was provided such that
the nominal shear strength calculated per ACI 318-14, as
expressed in Eq. (1), was approximately equal to the design
shear, that is, V,1 =V, as shown in column 8 of Table 1,
where p, the horizontal web reinforcement ratio.

The distributed vertical web reinforcement was designed
to have the same reinforcement ratio as the horizontal web
reinforcement, in compliance with ACI 318-14. In addi-
tion, the total vertical reinforcement crossing the interface
between the wall segment and concrete base block, 4,; was
either confirmed (for specimens with 4,//,, of 1.0 and 1.5) or
designed (for specimens with 4,//,, of 0.5) to ensure that the
shear frictional resistance at the wall base, V,,, determined
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per Eq. (2), was greater than the design shear, that is, V,,
> Vi as presented in column 9 of Table 1. The lengths of
the dowel reinforcement for specimens with Grade 60 and
USD785 were 10 in. (250 mm) and 13 in. (330 mm), respec-
tively. These lengths were close to ACI 318-14 requirements
for hooked-bar development.

All specimens had No. 3 (10 mm) confinement reinforce-
ment spaced at 2.5 in. (65 mm) in the special boundary
elements. Both web and confinement reinforcement satisfied
the minimum amount and maximum spacing requirements
of ACI 318-14. The design of CCC_1.5H violated the ACI
318-14 requirement that hoops confining No. 11 (36 mm)
bars should be at least No. 4 (13 mm) bars. This specification
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Table 3—Material properties

Steel reinforcement Concrete strength
Base Wall
SBE vertical reinforcement Web reinforcement Dowel reinforcement Confinement reinforcement | block | specimen
Specimen Bar | f;,ksi | f,, ksi Bar | f,ksi| f,, ksi Bar | f, ksi| f,, ksi Bar | f,ksi| f,, ksi Som> KS1 | foms ksi
name no. | (MPa) | (MPa) | f,/f, | no. |(MPa) | (MPa) | f,/f, | no. |(MPa) | (MPa)| f/f, | no. |(MPa)| (MPa) | f/f, | (MPa) | (MPa)
(O] (2 3 @ & D ® O a0 day | 312 (13 a4 | ds | de (17| (1) 19)
Nous | G154,
66.3 96.1 67.5 | 102.4 64.9 93.9 6.90 5.33
CCC_0.5H 63 0.1 No. 4 457) | (663) 1.45| No. 5 465) | (706) 1.52 | No.3 447) | (647) 1.45 @76) | (36.7)
No. 4 @s57) | (663) 1.45
No-5 (fl76.55) (170(36? 1.52
66.3 96.1 67.5 | 102.4 125.3 | 1525 7.42 7.15
CHC 0.5H o3 | oe1 No. 4 457 | (663) 1.45 | No. 5 465) | (706) 1.52 | No. 3 (864) | (1051) 1.22 512) | (49.3)
No. 4 457) | (663) 1.45
122.7 | 150.6 122.7 | 150.6 122.7 | 150.6 125.3 | 152.5 7.30 7.16
HHC _0.5H | No. 4 (846) | (1038) 1.23 | No. 4 (846) | (1038) 1.23 | No. 4 (846) | (1038) 1.23 | No. 3 (864) | (1051) 1.22 (503) | (49.4)
122.7 | 150.6 122.7 | 150.6 122.7 | 150.6 1253 | 152.5 1123 | 10.69
HHH_0.5H | No. 4 (846) | (1038) 1.23 | No.4 (846) | (1038) 123 No. 4 (846) | (1038) 1.23 | No. 3 (864) | (1051) 1.22 (77.4) | (73.7)
1255 | 151.3 125.0 | 151.2 127.1 | 155.0 10.80 10.91
HHH_ 1.0H | No. 5 (863) | (1043) 1.21 | No. 4 (862) | (1042) 121 — | — — | — |No.3 76) | (1069) 1.22 745) | (75.2)
66.2 97.9 68.6 | 97.5 70.2 99.8 7.74 6.27
CCC_1.5H | No. 11 4s6) | (675) 1.48 | No. 4 @73) | (672) 142 — — — — | No. 3 (484) | (688) 1.42 (534) | (432)
101.9 | 134.1 125.0 | 151.2 70.2 99.8 7.87 5.76
HCEC_LSH | No-9 1 2630 | (925) | 132 N0 4| g6y |04y | 121 — | — | = | = N3 usay | e88) | “*?| (54.3) | (39.7)
101.9 | 134.1 125.0 | 151.2 127.1 | 155.0 12.77 14.69
HHH_LSH | No-9' 1 203y | (925 [ 132 N4 ooy [aoazy | 121 — | — | = | = N3] g76) | (1069) | 22| (88.0) | (101
64.7 96.9 62.6 | 91.3 62.6 91.3 4.43 4.35
CCC_1.5M | No. 7 (446) | (668) 1.50 | No. 3 @32) | (629) 146 | — — — — | No. 3 @32) | (629) 1.46 (305) | (30.0)
117.0 | 145.6 1159 | 141.0 62.6 91.3 4.77 4.82
HCC 1.5M | No. 5 807) | (1004) 1.24 | No. 3 799 | ©72) 122 — | — — | — |No.3 32) | (629) 1.46 (329) | (33.2)
— Gr.60No.3 - Gr. 60 No. 7 Gr. 115 No. 3 Vip = 0.64,sf, < min {0.2f.' A, 8004.,} [in psi] (2a)
------- Gr. 60 No. 4 Gr. 60 No. 11 ———-  Gr. 115 No. 4
~==== Gr.60No.5 Gr. 100 No. 9 - Gr.115No. 5 Vip=0.64,f, <min {0.2f' A, 5.54.,} [in MPa] (2b)
175 1207
150 1034 Test setup and displacement history
o 125 862 = The setup used fo'r the testing of the wall §pecimens is
I N & shown in Fig. 4. This setup allowed lateral displacements
pry 100 e - < 689 % to be applied at the top of the specimen with hydraulic actu-
8 75l e 517 % ators, imposing in-plane, single-curvature deformations
% 2 ' = to the test specimen with negligible axial force. The target
50 345 A lateral displacement history is illustrated in Fig. 5, where
25 172 drift is defined as the applied lateral displacement divided
" 5 by the specimen height, %,,, measured from the center of the
0 5 10 15 20 displacement application to the base of the wall.
Strain (%)

Fig. 3—Sample stress—strain relationship of reinforcement.

was insisted so that all specimens had the same confinement
reinforcement and was not expected to affect test results.
Vir = Aa3.ONf + p ) S 10V A [inpsi] — (la)

Vi = Ae(0.25Vf + p,f,) < 0.83Vf,' 4., [in MPa] (1b)
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Instrumentation

Specimen external deformations were recorded using
linear variable differential transformers (LVDTs) and an
optical system that tracked the movement of “markers”
attached to the specimen surface. The locations of LVDTs
and markers are schematically shown in Fig. 6. One LVDT
was used to measure the lateral movement of the top
concrete block at a level corresponding to the centerline of
the hydraulic actuators, while the other LVDT measured
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lateral movement at the mid-height of the concrete base
block. Markers were attached to the specimen in a nominally
12 in. (300 mm) grid pattern. Some markers were attached
on the concrete base block to track its lateral movement and
rotation. Strains in the steel reinforcement were measured at
various locations using 43, 47, and 57 strain gauges for the
specimens with 4,//,, of 0.5, 1.0, and 1.5, respectively.

TEST RESULTS
Damage progress

Horizontal and inclined cracks developed in all test speci-
mens during the first cycle to a 0.25% target drift. Horizontal
cracks were mainly observed within the boundary elements.
Inclined cracks formed as extensions of the horizontal cracks
toward the base of the other side of the wall.

For specimens with #,//,, of 0.5, noticeable deterioration
along the cracks was observed during the 0.75% drift cycles.
Slight spalling of concrete cover was observed in the web
region, near wall mid-length and at the level corresponding
to the termination of the dowel reinforcement, where two
inclined cracks intersected. Specimens with USD785 web
reinforcement (HHC 0.5H and HHH 0.5H) had fewer but

HYDRAULIC

ACTUATORS WALL

SPECIMEN

Fig. 4—Test setup.
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(a) Specimens with 4,,/1,, of 0.5

wider cracks compared to specimens with Grade 60 web
reinforcement (CCC_0.5H and CHC 0.5H). During 1.00%
target drift cycles, spalling of cover concrete progressed
horizontally for CCC_0.5H and CHC_0.5H. Horizontal
cracks that had formed in both loading directions, near the
termination of the dowel reinforcement, joined to form a
major horizontal crack across the whole wall length. For
HHC 0.5H and HHH_0.5H, during the 1.00% target drift
cycles, spalling of concrete progressed both horizontally to
the wall edges and diagonally to the upper corners of the
wall. In the 1.50% target drift cycles, severe specimen dete-
rioration was observed in specimens with #4,//,, of 0.5, as
shown in Fig. 7(a) to (d). Horizontal failure planes near the
level of the dowel reinforcement termination were evident
in CCC _0.5H and CHC 0.5H. For HHC 0.5H, damage
was more apparent along a few major inclined cracks that

5
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Fig. 6—Instrumentation.
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+1.50% (1st Cvcle]

(a) CCC_0.5H
+1.50% (1st Cycle

(i) CCC_1.5M
Fig. 7—Damage states.

progressed from the wall mid-length, on the level corre-
sponding to the termination of the dowel reinforcement, to
the upper corners of the walls. For HHH 0.5H, concrete
damage developed along the inclined and horizontal cracks.
Relative sliding displacements along these respective cracks
became clearly visible during the repeated cycles of 1.50%
target drift. After testing, deterioration of concrete near the
corners of the walls, within the boundary elements, was
observed in every specimen, but with different degrees of
damage; (refer to Fig. 7(a) to (d)). Web concrete within the
area with dowel reinforcement was relatively intact.

Most horizontal and inclined cracks in HHH 1.0H
developed after the completion of cycles to 0.75% target
drift. Spalling of concrete cover was first observed at the
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(h) HHH_1.5H

+2.00% (1st Cycle 3.00% (Final State

() HCC_1.5M

corner of the wall during the first cycle to 1.50% target drift.
During the second cycle to that drift, some spalling of cover
concrete was observed in the lower part of the web region,
close to the edge of the special boundary elements. Further
concrete deterioration was observed in this region and near
the base of the boundary elements as the loading progressed,
as shown in Fig. 7(e). During the 3.00% target drift cycles,
concrete deterioration near the base of the wall worsened,
which resulted in apparent sliding near the base, as depicted
in Fig. 7(e).

For specimens with an 4,,//,, of 1.5, most cracks developed
after the completion of 0.75% target drift cycles. At similar
drift demands, the extent of horizontal cracking in the spec-
imens was similar. However, inclined cracks in specimens
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with moderate shear demands (CCC_1.5M and HCC 1.5M)
were only observed up to the mid-height of the specimens,
while inclined cracks in specimens with high shear demands
(CCC_1.5H, HCC 1.5H, HHH_1.5H) occurred along the
full specimen height. New horizontal and inclined cracks
were observed as the loading progressed. During the third
cycle of 1.00% target drift, cover concrete at the corner of
the wall base exhibited distress in CCC_1.5H, HCC 1.5H,
and CCC_1.5M. At this drift level, concrete distress was
not apparent in HHH_1.5H and HCC 1.5M. During the
1.50% target drift cycles, severe concrete deterioration at
the corners of CCC_1.5H and HCC 1.5H was observed, but
the damage to HCC _1.5H was more severe. For CCC_1.5H,
sliding was very apparent in the second and third cycles
to 1.50% target drift. In HCC 1.5H, a few inclined cracks
became much wider. Due to this concentration of damage, as
depicted in Fig. 7(g), a triangular piece of relatively undam-
aged concrete that appeared to limit sliding deformations
in HCC_1.5H was left near the wall base. For HHH 1.5H
and HCC 1.5M, only slight spalling of cover concrete
was observed at the wall corners at the end of the 1.50%
target drift cycles. Concrete deterioration at the corners
of CCC_1.5M was also observed during the 1.50% target
drift cycles and was relatively more severe compared to
HHH 1.5H and HCC_1.5M.

Testing of CCC_1.5H and HCC 1.5H was terminated
after completion of the first 2% target drift cycles due to
significant loss of lateral force. The final states of the two
specimens are shown in Fig. 7(f) and (g). Damage patterns
in HHH_1.5H, CCC_1.5M, and HCC 1.5M were similar
during the 2.00% target drift cycles, where inclined crack
widths increased, and concrete deteriorated further at wall
corners. However, the extent of damage in HHH 1.5H was
the worst among the three after the 2.00% target drift cycles.

In the 3.00% target drift cycles, further concrete deterio-
ration at the wall corners and crack widening were observed
in HHH 1.5H, CCC_1.5M, and HCC_1.5M. However,
HHH 1.5H exhibited the worst concrete deterioration
among the three, in which severe deterioration of concrete
was mainly concentrated along the main inclined cracks that
extended from the corners of the wall base to the point where
the main inclined cracks in both loading directions inter-
sected, leaving a relatively intact central triangular section
near the base. The test was terminated after completion of
the first cycle in HHH 1.5H. For CCC_1.5M, however,
concrete deterioration at the wall base extended inward from
the boundary elements to the middle of the web during the
3.00% target drift cycles. The loss of core concrete in both
the boundary elements and web section created a weak plane
near the wall base, where significant sliding was observed.
For HCC_1.5M, concrete continued to deteriorate, but the
damage was more concentrated at the corners of the wall
base, which caused the loss of core concrete in the boundary
elements. Concrete within the web section of HCC 1.5M
was still relatively intact but sliding along the base was
apparent in the later drift cycles. Tests were terminated at
the end of the 3.00% target drift cycles for both CCC_1.5M
and HCC 1.5M. The final states of specimens with #,,//,, of
1.5 are presented in Fig. 7(f) to (j).
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Hysteresis
The normalized shear stress versus drift hysteresis
responses of all specimens is presented in Fig. 8. Unless
noted, the drifts in Fig. 8 and later in this article are adjusted
to account for lateral movement and rotation of the concrete
base block, except for HHH_0.5H where the optical tracking
system malfunctioned during the test. The difference
between the target and the adjusted drift was typically within
5% of the target drift. To illustrate this difference, adjusted
and target values in CCC_0.5H are presented in Fig. 8(a).
Key test results are summarized in Table 4. For compar-
ison, test results of four specimens (M60, H60, M115, and
H115) from Cheng et al.? are included in Table 4. In Table 4,
Vy, d,, and d, are the average values of the peak lateral loads,
drift ratios at peak loads, and drift capacities, respectively, in
both positive and negative loading directions. Drift capacity
in each loading direction was determined as the lesser of the
drift at which 1) an envelope connecting the peaks of the first
cycle to each target drift had a lateral load that was less than
80% of the peak load or 2) repeated cycles had strengths
less than 80% of the peak load of the first cycle and the first
cycle peak load of the next target drift cycle was lower than
the peak load of the third cycle of the drift level in question.
Strength—The average of the peak lateral loads, V), in the
positive and negative loading directions for each specimen
is listed in column 2 of Table 4. As can be seen in column 7,
for specimens with 4,/l,, of 1.0 and 1.5, V,, was close to V,,,,
the shear associated with the development of nominal flex-
ural strength at the wall base, with mean and coefficient of
variation values for V,/V,,, of 1.04 and 0.045, respectively.
For these specimens, V), was approximately 10% less than
Viupr» as presented in column 8, with mean and coefficient of
variation values for V,/V,,,. of 0.91 and 0.028, respectively.
For specimens with 4,/I,, of 0.5, V,,, and V,,,. were eval-
uated at two sections: 1) where dowel reinforcement was
terminated (dowel end) and 2) at the base of the wall. As
shown in Table 4, regardless of the material strengths, none
of the specimens with #,/I,, of 0.5 achieved V,, at either
section. However, strain gauge readings in most of those
specimens indicated that vertical reinforcement in the
special boundary elements exceeded the yield strain at a few
locations after completion of the 0.50% target drift cycles—
before the specimens achieved the peak lateral strength.
The shear associated with the yield flexural strength, V,,,
was therefore also considered and results are presented in
column 6 of Table 4. The yield flexural strength was esti-
mated as the moment when the outermost layer of vertical
tensile reinforcement achieved first yielding, where yielding
strain was determined using the measured f, divided by the
steel elastic modulus of 29,000 ksi (200,000 MPa). Yield
flexural strength was determined using the Hognestad®
concrete model and the elastic-perfectly plastic steel model.
Specimens yielding flexural strength is not sensitive to the
material model selected. As shown in column 6 of Table
4, the peak strengths, V), of specimens with an 4,/1,, of 0.5
were close to V,,, at the wall base. For these specimens, V),
was less than the nominal shear strengths calculated using
the ACI 318-14, V,,; and V,,, as shown in columns 9 and 10.
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Fig. 8—Hysteretic responses.

Overall, specimens with high-strength reinforcement
(either USD685 or USD785) exhibited strengths like spec-
imens with conventional Grade 60 reinforcement, provided
that the total steel force (total steel area times the steel
yield strength) was similar. Increasing concrete strength
slightly increased V, in specimens with 4,/l,, of 1.0 and
1.5. However, peak strengths of specimens HHC 0.5H and
HHH_0.5H were not positively correlated with the concrete
strength. This indicates that peak strength of specimens with
h, /1, of 0.5 was likely to be more associated with the steel
strength than concrete strength.

Deformation—The relationship between normalized shear
demand and average ultimate drift capacity, d,, for all speci-
mens tested in this study is presented in Fig. 9, together with
four specimens from Cheng et al.> As depicted in Fig. 9, the
general trend agrees with the findings of previous studies™’
and clearly shows that specimen drift capacity increases as
the normalized shear demand decreases.
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Specimens with high-strength reinforcement (either
USD685 or USD785) exhibited deformation capacities
similar to the corresponding specimens with conventional
Grade 60 reinforcement when steel force was similar.
Increasing concrete strength reduced the normalized shear
stress demand, which was correlated with improved spec-
imen deformation capacity. Results from CCC_0.5H and
CHC_0.5H show that increasing confinement steel strength
while maintaining other design parameters appears to have a
negligible effect on the deformation capacity.

The deformation components of the wall section (sliding
at the base, strain penetration, shear, and flexure) were deter-
mined using data from the optical tracking system. Results
are shown in Fig. 10 in terms of percentage of total drift at
the peak of the first cycle of every target drift. Strain penetra-
tion and sliding, defined as the deformation due to rotation
and slip at base of the wall, respectively, were calculated
using markers above and below the interface between the
wall and base concrete block, that is, Rows 1 and 2 markers
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Table 4-Summary of test results

V,, kip Vo AeNfom,
Specimen name (kN) psi (MPa) dy, % d,, % Vol Vi Vol Vi Vol Ve Vol Vi Vol Via
(1) 2) (3) 4 ®) (6) (7 (8) (©)) (10)
Dowel end 1.23 0.84 0.75 0.77
CCC_0.5H 431.3 9.33 0.73 1.18 095 |—
base (1919) (0.79) 1.03 0.66 0.60 0.87
Dowel end 1.19 0.81 0.73 0.71
CHC 0.5H 427.6 8.16 0.72 1.17 08 |——
base (1902) (0.68) 0.98 0.62 0.57 0.86
Dowel end 1.09 0.79 0.71 0.75
HHC 0.5H 463.1 8.83 0.72 1.01 097 |—
base (2060) (0.74) 1.04 0.71 0.66 0.93
Dowel end 1.03 0.73 0.66 0.72
HHH 0.5H 444.0 6.93 0.72 1.41 08 |———
base (1975) (0.58) 0.96 0.63 0.58 0.90
429.7 6.64
HHH_1.0H (911) 055 1.24 2.02 1.24 1.02 0.94 0.82 0.87
247.0 5.28
3
MG60 (1099) (0.44) 0.66 2.68 1.22 1.08 0.95 0.92 0.80
241.0 5.24
3
MI15 (1072) 0.44) 1.17 3.21 1.32 111 0.92 0.97 0.82
408.5 8.24
3
H60 (1817) 0,69 0.73 1.62 1.29 1.00 0.89 0.82 0.82
396.5 7.99
3
H115 (1764) 067 1.35 1.90 1.34 1.09 0.92 0.87 0.80
417.6 8.51
CcCcC_1.5H (1857) ©71) 0.85 1.58 1.19 0.98 0.88 0.85 0.84
408.1 8.67
HCC 1.5H (1815) ©72) 0.97 1.47 1.18 0.99 0.87 0.87 0.82
465.3 6.19
HHH 1.5H 2070) 052 1.70 227 1.29 1.07 0.93 0.84 0.94
241.9 5.92
CCC_1.5M (1076) (049) 0.75 1.90 127 1.06 0.92 0.99 0.52
227.5 5.29
HCC 1.5M (1012) 0.44) 1.49 2.04 1.24 1.07 0.92 0.95 0.52

Note: ¥, is shear demand associated with the development of yield flexural capacity, determined using material test results with Hognestad® concrete model and elastic-perfectly
plastic steel model for steel reinforcement; 7, is shear demand associated with the development of nominal flexural capacity, determined using material test results with equivalent
rectangular stress block for concrete and elastic-perfectly plastic steel model for steel reinforcement; V,,,. is shear demand associated with the development of the probable flexural
capacity, determined using concrete cylinder strength and 1.25 times the specified yield strength for Grade 60 steel and 1.20 times the specified yield strength for USD685 and

USD78S5 steels; and V,,; and V,, are determined on basis of tested material strengths.

in Fig. 6. Flexural deformation was evaluated using markers
between Row 2 and the topmost row of markers on the
wall (for example, Row 4 in Fig. 6(a)). Shear deformation
refers to the rest of the deformation between Row 2 and the
topmost row of markers on the wall.

As indicated by Cheng et al.,? the contribution of sliding
deformation at the wall base was highly correlated with
the extent of yielding of the flexural reinforcement. This
is shown by the results from specimens with 4,/ of 1.5,
where specimens with high-strength flexural reinforcement
typically exhibited smaller sliding deformations than the
companion specimens with conventional reinforcement at
similar drift demands (compare HCC 1.5H with CCC_1.5H
and HCC_1.5M with CCC_1.5M). When reinforcement
grade was identical, sliding deformations tended to be larger
for specimens with less shear stress demand. This may be
because yielding was more extensive in specimens with less
flexural reinforcement or because specimens with high shear
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Fig. 9—Normalized shear demand versus average ultimate
drift capacity.
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Fig. 10—Deformation components.

stresses had more widely distributed cracking and damage.
However, results from specimens with 4,//,, of 0.5 did not
follow the trend, perhaps because sliding deformations
concentrated away from the base, which was reinforced with
dowel reinforcement.

Deformation due to strain penetration includes the effects
of slip and extension of tensile flexural reinforcement in the
anchorage zone (base block). The use of high-strength bars,
which requires longer development lengths, likely results in
larger contributions from strain penetration to overall drift.
Figure 11 shows the bond stress demand for each specimen
versus wall base rotation due to strain penetration and slip
calculated when the specimens approximately reached their
yield flexural strength. In Fig. 11, the bond stress demand
is expressed as A4, ]fv/ndb\/fcm , where A, is the bar nominal
area, f, is the tested steel yield stress, d, is the bar nominal
diameter, and f.,, is the tested compressive strength for the
base block concrete. If a uniform bond stress (of magnitude
xVf,) is assumed to act on the surface of the bars within the
base block, then bar stress will vary from f; at the base of
the wall to zero at some distance ¢ into the block. For this
scenario, the ratio presented in the vertical axis of Fig. 11
corresponds to x¢. Higher strength bars have a larger 4,f,
and thus require a larger value of x¢ (effectively, a longer
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development length). Figure 11 shows clearly that larger x¢
is correlated with 6,

Figure 10 also shows that the contributions of shear and
flexural deformations to drift were similar regardless of
steel grade or shear stress demand among specimens with
the same #,/[,. However, the relative importance of shear
and flexural deformations was highly correlated to 4,//,,. For
specimens with 4,//,, of 1.5, the contributions of flexural
and shear deformations before the specimens achieved peak
strength accounted for about 35% and 25% of the overall
deformation, respectively, regardless of the steel grade and
shear stress demand. As 4,,/1,, decreased, shear deformations
became increasingly significant, with approximately 70%
of drift in specimens with #4,//,, of 0.5 attributable to shear
deformation near peak strength.

Flexural and shear stiffnesses—Using the calculated flex-
ural and shear deformations reported in the previous section,
the effective flexural and shear stiffnesses can be evaluated.
The experimental flexural stiffness, £/ was calculated using
Eq. (3), while the experimental shear stiffness, GA4,, was
calculated using Eq. (4). Both El;and GA, were determined
using the deformations calculated when the ascending
branch of the shear-drift envelope reached 60% of the peak
load in the positive direction. The corresponding values of
El/E.l, and GA,/GA,, in the positive loading direction are

135



W CCCO5SH © HHH_10H A CCC 15H
# CHC 0.5H 9 M60 (Cheng etal.,2016) A HCC_1.5H
M@ HHC 0.5H - MI15(Chengetal., 2016) A  HHH_1.5H
% H60 (Cheng etal, 2016) v CCC_1.5M
¥ HI15 (Chengetal, 2016) ¥ HCC_1.5M
400 10160
= 300 7620 5
o v oA E
<l MR <3<
S 200 5080 5
< | * ¥ a © 38
$ L | )
E 100 2540 E

0
0.00 025 050 0.75 1.00 125 1.50
0, (x107 rad)

Fig. 11—Bond demand versus wall-base rotation due to
strain penetration.

presented in Fig. 12 and 13, respectively, where E. is taken
as 57,000\f.,, (psi) or 4700f.,, (MPa), I, is the moment of
inertia of the gross section neglecting reinforcement, G. is
estimated as 0.43F,, and 4., is the wall cross-sectional area.

E[/: (L2/12Af) X [V60L + 3(Mt0p + M2)] (3)
GA; = Veo/AL 4

Figure 12 indicates that 1) flexural stiffness appears
to increase as h,/l, increases, 2) the cracked stiffness of
0.35E.1, suggested in ACI 318-14 overestimates the flexural
stiffness for specimens with 4,//,, of 0.5 but underestimates
the flexural stiffness for specimens with #4,//,, of 1.5, and 3)
specimens with high-strength steel typically had smaller £//
E_ I, than specimens with Grade 60 steel when the specimens
were designed to have equivalent steel force and the same
hy /L.

Figure 13 indicates that 1) shear stiffness is greater for 4,/
[, = 0.5 than for &,/[, = 1.5; 2) 1.0G.4,, suggested in ACI
318-14, which neglects the effects of cracking, dramatically
overestimates shear stiffness, and 3) specimens with high-
strength steel typically have smaller G4,/G A, than speci-
mens with Grade 60 steel when the specimens are designed
to have equivalent steel force.

The flexural stiffness of 0.35E./, and shear stiffness based
on the whole section area for structural analysis were first
included in ACI 318 in 1995.1° These two values remain,
unchanged, in ACI 318-14. Test results from this study
showed the two suggested values may have room for
improvement.

CONCLUSIONS

This study extends the experimental work reported by
Cheng et al.? by reporting results from tests of 10 additional
RC squat wall specimens constructed with conventional and
high-strength reinforcement and concrete. Variables included
h,/l,, steel grade, concrete compressive strength, and shear
stress demand. The following conclusions are drawn:

1. For 0.5 < h,/l, < 1.5, specimens with high-strength
reinforcement exhibited strength and deformation capacities
similar to specimens with conventional Grade 60 reinforce-
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Fig. 13—Shear stiffness versus aspect ratio.

ment when the specimens were designed to have equivalent
steel force (total steel area times the steel yield stress).

2. The peak strength of specimens with #4,//,, of 1.0 or 1.5
can be estimated as the shear associated with the nominal
flexural strength at the wall base, V,,,, when the nominal
shear strength exceeds V,,,. The peak strength of specimens
with #4,/[,, of 0.5 is best estimated as the shear associated
with the yield flexural strength at the wall base when the
nominal shear strength exceeds V..

3. Deformation capacity increases as the normalized shear
stress decreases. The use of high-strength concrete leads to
lower normalized shear stress demand and, therefore, larger
deformation capacity.

4. Flexural stiffness appears to increase as 4,,/l,, increases.
The cracked flexural stiffness of 0.35E./, suggested in ACI
318-14 overestimates the flexural stiffness for specimens
with A,/[,, of 0.5 but underestimates the flexural stiffness for
specimens with 4,//,, of 1.5. Shear stiffness of test specimen
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ranges approximately from 0.1G.A4,, to 0.3 G.4., which
is significantly lower than the 1.0G.4,., suggested in ACI
318-14.
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NOTATION

A, =  gross area of concrete bounded by /,, and b,,

Ay = total area of vertical reinforcement crossing horizontal shear
plane

b, = width (thickness) of wall

d, = average of drift ratios at peak strength in positive and negative
loading directions

d, = average of drift capacities in positive and negative loading
directions

E/l, = effective flexural stiffness

E. = concrete modulus of elasticity equivalent to 57,000Vf,,,(psi) or
4700Vf,,,(MPa)

1.’ = specified concrete compressive strength

fem =  measured average concrete compressive strength

J» = peak stress of reinforcement

fy = Yyieldstress of reinforcement

GA, = effective shear stiffness
G. = concrete shear modulus taken as £,/2(1+0.15) = 0.43E,
h, = height of wall, measured from center of actuator force to top

face of concrete base block
o moment of inertia of gross concrete section about centroidal
axis, neglecting reinforcement

L = vertical height between second and topmost row of markers on
wall

¢ = nominal development length within concrete base block when
uniform bond stress is assumed

I, = length of wall
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M, = nominal flexural strength, determined using elastic-perfectly
plastic steel properties and equivalent concrete compressive
stress block

M,, = probable flexural strength, determined using elastic-perfectly
plastic steel properties and equivalent concrete compressive
stress block, where 1.25 and 1.20 times the yield strength
were assumed for Grade 60 and high-strength steel (USD685/
USD785), respectively

M,, = moment at topmost markers on wall due to Vo

M, = moment at second row of markers on wall due to Vg,

Voo =  60% of the maximum lateral load in loading direction considered

Vun =  shear force associated with development of nominal flexural
strength at wall base or at tip of dowel reinforcement (dowel
end)

Vipr = shear force associated with development of probable flexural
strength at wall base or at tip of dowel reinforcement (dowel
end)

Vi, = shear force associated with development of yield flexural
moment at wall base or at tip of dowel reinforcement (dowel
end). Yield flexural moment was determined using elastic-per-
fectly plastic steel properties and the Hognestad® concrete model

V,i = nominal web shear strength per ACI 318-14

V., = nominal shear-friction strength per ACI 318-14

Vp = average of positive and negative peak lateral loads

X = coefficient to present bond stress magnitude in terms of /.,

A; = flexural deformation corresponding to Vg in positive loading
direction

A; = shear deformation corresponding to V4 in positive loading
direction

0, = wall base rotation due to strain penetration/slip at approximately
yield flexural moment

p, = horizontal web reinforcement ratio
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