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Reinforced concrete H-shaped squat walls are the primary later-
al-load-carrying element in structures designed for protec-
tive purposes. To provide insight into their seismic responses, 
four H-shaped reinforced concrete (RC) squat walls were tested 
under lateral horizontal displacements and low levels of axial 
compression. Among them, two were imposed with lateral loading  
45 degrees from the web to explore their behaviors under non-prin-
cipal bending action. The seismic performance of specimens was 
discussed in terms of cracking patterns, failure mechanisms, 
hysteretic responses, deformation components, and strain profiles. 
To account for the vertical slip planes observed in HP5D0, an 
analytical model was developed, which revealed the deformation 
incompatibility reached its maximum at the height of 0.42hw. Based 
on cracking patterns, free body diagrams were also proposed to 
describe the force-transfer mechanism and to assess the peak shear 
strength of H-shaped squat walls. The proposed equations proved 
to be more accurate than those in ACI 318-14.

Keywords: H-shaped; reinforced concrete; seismic performance; shear 
strength; squat wall; vertical slip plane.

INTRODUCTION
Non-rectangular reinforced concrete (RC) squat walls 

are required in some structural designs, such as the corner 
of structures and elevator shafts. Particularly, H-shaped 
squat walls are widely employed in existing buildings as 
well as safety-related nuclear facilities1 due to their signif-
icant strength and stiffness in both principal directions, 
which contributes to the resistance to biaxial bending action 
during earthquakes.

Unlike conventional rectangular walls that have been 
extensively studied in the past few decades, the seismic 
behavior of H-shaped RC squat walls is still less understood 
in the literature. Furthermore, the irregular configurations and 
shear-dominated characteristics tend to complicate the evalu-
ation of their seismic performance. Scholars were also aware 
of this problem and conducted a number of studies in the rele-
vant area.2-7 The first cyclic test on flanged squat walls was 
performed by Barda et al.3 They suggested that the vertical 
web reinforcement was effective as shear reinforcement in 
producing a more distributed cracking pattern and reducing 
crack widths. Kitada et al.8 later carried out an experimental 
program on two large-scale H-shaped squat walls, concluding 
that the existence of large flanges made it complex to develop 
models for the peak shear strength. Palermo and Vecchio9 
also conducted cyclic tests on two similar H-shaped RC 
squat walls, finding out a premature failure at the top of one 
specimen and vertical slip planes on the web of the other 
specimen. The latter failure mechanism was quite different 
from the conventional diagonal compression failure usually 
seen in heavily reinforced squat walls, which required further 

and deep analyses. Moreover, most past studies were only 
focused on walls subjected to lateral loading parallel to the 
web segment. However, in real earthquakes, the seismic 
wave can reach structures from any direction, which necessi-
tates experiments studying the seismic performance of walls 
under various lateral loading directions.

This paper aims to provide an in-depth understanding of 
seismic behaviors of non-rectangular RC squat walls, espe-
cially H-shaped walls with a symmetric plane section. A 
total of four H-shaped specimens were tested under a combi-
nation of constant axial loads and cyclic lateral loading at 
Nanyang Technical University (NTU). The test results were 
thoroughly examined in terms of cracking patterns, failure 
mechanisms, hysteretic responses, deformation compo-
nents, and strain profiles. Moreover, an analytical model was 
proposed to account for the unique failure mechanism and to 
develop equations for the peak shear strength of H-shaped 
squat walls.

RESEARCH SIGNIFICANCE
Despite the popularity and the importance of H-shaped 

squat walls, relevant studies are still limited, especially for 
their seismic behaviors under non-principal bending action. 
Thus, reversed cyclic tests on four H-shaped squat walls were 
conducted. An analytical model was developed to account 
for the vertical slip planes, which were also observed in past 
experiments but lacked deep research. Moreover, equations 
were proposed to better predict the peak shear strength of 
H-shaped squat walls.

TEST PROGRAM
Details of specimens

A total of four specimens named HP0D0, HP0D45, 
HP5D0, and HP5D45 were designed and constructed based 
on provisions of ACI 318-14.10 To represent squat walls in 
nuclear facilities and facilitate comparisons, these walls 
were designed almost half scale of the NUPEC specimens8 
and the specimens tested by Palermo and Vecchio.9 As illus-
trated in Fig. 1, the web segment—1300 mm (51.18 in.) 
in length, 1000 mm (39.37 in.) in height, and 100 mm 
(3.94 in.) in thickness—was reinforced with D10 deformed 
bars spaced at 150 mm (5.91 in.) as longitudinal reinforce-
ment and R6 round bars spaced at 80 mm (3.15 in.) as 
horizontal reinforcement. The two flanges were 1500 mm 
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(59.06 in.) long, 1000 mm high (39.37 in.), and 100 mm 
(3.94 in.) thick. Similar distributions of reinforcement were 
also employed vertically and horizontally in the flange. The 
reinforcement was arranged to provide similar values of rein-
forcement ratios as those in Palermo and Vecchio’s tests.9 
Besides, additional confinements as suggested by Thomsen 
and Wallace11 were provided at the edges of wall segments 
and junctures between web and flange to ensure the integrity 
of the wall. The material properties are shown in Table 1, 
which were selected based on the properties of squat walls in 
existing buildings. All specimens shared an identical geom-
etry and reinforcement contents, while differences between 
them were axial loads and loading directions. The speci-
mens were constructed with a stiff bottom slab with dimen-
sions of 2100 x 2100 x 500 mm (82.68 x 82.68 x 19.69 in.) 
clamped to the laboratory strong floor. A heavily reinforced 
top slab with dimensions of 2700 x 2700 x 400 mm (106.30 x 
106.30 x 15.75 in.) and a self-weight of 73.5 kN (16.5 kip) 
was also attached to the specimen by prestressing rods to 
transfer loads.

Test setup
All test specimens were subjected to a combination of 

quasi-static lateral displacements and axial loads to simu-
late an earthquake. Among them, HP5D0 and HP5D45 were 
imposed with a constant axial load of 700 kN (157.4 kip), 
which was considered representative of the loading condition 
of walls in low-rise buildings, while in HP0D0 and HP0D45, 
the extra axial loads were removed. As demonstrated in Fig. 2, 
axial loads were applied by a vertical hydraulic jack with 
one end connecting to the triangular steel frame. The load-

transfer system included three steel beams, a steel spreader 
plate, several steel rollers, four triangular steel plates, and 
12 square steel plates, which were conservatively designed 
to ensure uniform axial load distribution on the wall cross 
section, and to accommodate horizontal movements of spec-
imens. The lateral displacements were applied to the thick 
concrete slab by a horizontally mounted hydraulic jack. The 
loading procedure controlled by displacements was illus-
trated in Fig. 3, in which the lateral displacement increased 
by 1 mm (0.04 in.) every two cycles and terminated when 
the lateral strength of specimens dropped to less than 80% 
of the recorded maximum strength. Load cells were attached 
to jacks to measure the reaction forces. Besides, lateral 
braces consisting of several steel plates and load cells were 
mounted to the reaction walls to prevent out-of-plane defor-
mations. All specimens shared the same loading apparatus.

Instrumentation
The test specimens were extensively installed with 

measuring devices both internally and externally. Strain 
gauges were used to capture strains on both longitudinal 
and horizontal reinforcement at critical locations. As seen in 
Fig. 4, the lateral displacement of the top slab was measured 
by linear variable differential transducers (LDVTs) mounted 
parallel to the horizontal jack. Flexural displacements were 
computed based on data captured by the vertical chains of 
LVDTs. Shear displacements were recorded by the LVDTs 
diagonally mounted, and calculated according to the method 
proposed by Hiraishi.12 Sliding shear displacements were 
measured by a pair of LVDTs located near the bottom of the 
wall segment.

Fig. 1—Specimen dimensions with reinforcement details. (Note: Dimensions in mm; 1 mm = 0.04 in.)

Table 1—Details of specimens

Specimen hw/lw Ag, m2 (in.2)
fc′, MPa 

(ksi)

fy, MPa (ksi) Web Flange

P/fc′Ag, % q, degR6 D10 ρv, % ρh, % ρv, % ρh, %

HP0D0 0.67 0.43 (666.50) 35.9 (5.2) 335 (48.6) 554 (89.4) 0.97 0.71 1.26 0.71 0.48 0

HP0D45 0.67 0.43 (666.50) 33.8 (4.9) 335 (48.6) 554 (89.4) 0.97 0.71 1.26 0.71 0.51 45

HP5D0 0.67 0.43 (666.50) 35.9 (5.2) 335 (48.6) 554 (89.4) 0.97 0.71 1.26 0.71 5.01 0

HP5D45 0.67 0.43 (666.50) 33.8 (4.9) 335 (48.6) 554 (89.4) 0.97 0.71 1.26 0.71 5.32 45

Notes: hw/lw is aspect ratio; Ag is wall section area; fc′ is compressive strength of concrete; fy is yield strength of reinforcement; ρv is longitudinal reinforcement ratio; ρh is horizontal 
reinforcement ratio; P/fc′Ag is axial load ratio; and θ is angle between lateral loading and web segment.
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EXPERIMENTAL OBSERVATIONS AND RESULTS
Cracking pattern and failure mechanism

Figures 5 through 8 demonstrate the development of 
cracks on each surface of test specimens at three levels of 
drift ratios (DR), corresponding to the initial stage, the crack 
development stage, and the final failure stage, respectively. 
As seen from the figures, all specimens gained their initial 
cracks on four surfaces after the first run of the lateral loads, 
which was equal to a displacement of 1 mm (0.04 in.). After 
that, more diagonal cracks appeared, intersected with each 
other and gradually spread all over the web. HP5D0 with 
a higher axial load level demonstrated a steeper angle of 
inclined cracks on its web when compared with HP0D0. 
With regard to the cracking patterns on flanges, the majority 
of them were horizontal flexural cracks in specimens with 
orthogonal lateral loading, which gradually extended to 
the full length of the flange as the test progressed, while 
in HP0D45 and HP5D45 with skew lateral loading, shear 

cracks preserved the predominant position. Besides, cracks 
only formed in the flange when it was in tension. As the test 
progressed to the final stage, diagonal cracks on the web 
became denser and spread to the entire surface, causing 
severe concrete spalling in specimens with orthogonal 
lateral loading. The specimens with skew lateral loading 
experienced reduced concrete spalling near the corner of the 
wall segment. The ultimate drift ratios at failure ranged from 
0.9 to 1.5%.

HP0D0 failed at the DR of 1.1% as severe concrete 
crushing at the upper part of the wall web formed a major 
horizontal sliding plane, while the lateral strength still 
showed an ascending trend (Fig. 9). The first sign of the 
concrete crushing was witnessed as concrete spalling during 
the DR of 1.0%, and the crushing became visible at the DR 
of 1.1%. A similar premature failure was also observed in 
DP2 of Palermo and Vecchio9 as demonstrated in Fig. 10. 
These two specimens shared a similar section shape and 
were only imposed with the weight of the top slab. Unlike 
the typical sliding shear failure, which happened near the 
wall base, the sliding was observed in the upper part of the 
wall in both studies. Palermo and Vecchio9 suggested that 
the weaker concrete adopted in the web and the nature of thin 
wall section contributed to the major horizontal crack near 
the top slab. The explanation was reasonable because these 
two factors both contributed to the crushing of concrete at 
the top. However, the main reason behind this phenomenon 
was more related to the force-transfer mechanism in the test. 
In both experiments, a large and stiff top slab was used to 
transfer lateral loads to the wall segment. Ideally, horizontal 
displacements would be transferred assuming a perfect coor-
dination existed between these two sections. Nonetheless, in 
the test, the existence of the stiff top slab and the incompat-
ibility in transferring horizontal loads would cause a stress 
concentration in the upper part of the web. Under the cyclic 
loading, inclined cracks formed in each loading direction 
intersected with each other near the top, causing the concrete 
struts to become narrow. These struts were prone to crushing 
under such high stress. The concrete crushing further spread 
along the wall length, formed a weakened horizontal plane, 
and eventually led to the sliding of the wall.

Fig. 2—Test setup.

Fig. 3—Loading history. (Note: 1 mm = 0.04 in.)
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Besides the horizontal sliding plane near the top slab, 
several vertical slip planes became visible on both sides of 
the web of HP5D0 at the DR of 0.9% as a result of the surface 
concrete spalling starting from the DR of 0.7%. A similar 

failure mechanism was also recorded in DP1 of Palermo 
and Vecchio9 as presented in Fig. 11. They concluded that 
axial loads and stiff flanges restrained the opening of shear 
cracks. Thus, large shear stresses were introduced in the web 
by the significant shear distortion, leading to the formation 
of vertical slip planes. This explanation was considered 
plausible. As presented previously, the existence of addi-
tional axial loads increased the vertical vector of the internal 
stress in the web, thereby ascending the inclination of diag-
onal shear cracks. More importantly, the flexure-dominated 
flange restrained the shear-dominated web from moving, 
which meant a deformation incompatibility existed in the 
H-shaped squat walls. Under cyclic lateral loading, the 
web experienced tensile stresses in opposite directions to 
lateral displacements, which “tear” the web at the weak part, 
causing the formation of vertical slip planes. The model 
accounting for the deformation incompatibility was illus-
trated in the next chapter.

As for HP0D45 and HP5D45 with skew lateral loading, 
both specimens were able to sustain a ductile post-peak 
response before failure (Fig. 9). As lateral displacement 
further rose, a slight drop of shear strength was observed 
but in general the two specimens maintained their strengths 
for several cycles. Meanwhile, the diagonal shear cracks 
became much wider, especially in the upper corner of the 

Fig. 5—Cracking patterns of HP0D0.

Fig. 4—Arrangements of LVDTs in specimens.
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wall segment. As seen in the left of Fig. 12, inclined cracks 
resulted from negative loading direction concentrated at 
the left upper corner of the web, causing moderate concrete 
spalling starting from the DR of 0.7%, leading to the failure 
of HP0D45 at the DR of 0.9%. Reduced concrete spalling 
was witnessed in HP5D45 since the DR of 1.3%, where 
diagonal cracks in the junction of web and flange became 
evidently wider than those around the center of wall panel. 
With each successive cycle, the integrity between the web 
and the flange continued to diminish, which impaired the 
wall’s ability to resist horizontal loads. Hence, the specimen 
gradually lost its lateral resistance by more than 30% of the 
maximum, and failed at the DR of 1.5%.

Hysteretic response
Hysteretic responses of test specimens are illustrated in 

Fig. 9, which were assessed by analyzing the backbone 
curves and the initial stiffness.

Backbone envelopes—The peaks of lateral loads at every 
displacement were used to construct the backbone envelopes, 
as shown in Fig. 13. It was evident that all specimens were 
able to sustain a ductile post-peak response prior to the failure 
except for HP0D0, in which a premature failure happened as 
the upper part of the web slid. It was observed that the lateral 
strength of HP5D45 with additional axial loads was larger 

than its counterpart. A similar trend could also be traced in 
the group with orthogonal lateral loading, but their difference 
was less evident. This was because the lateral strength of 
HP5D0 was impaired by the vertical slip planes. With regard 
to the deformation capacity, HP5D45 outperformed HP0D45 
with the number of 1.5% compared with 0.8%. However, 
the specimens with orthogonal lateral loading demonstrated 
nearly the same capability of deformation.

Effective stiffness—The effective stiffness was determined 
based on a point from the force-displacement envelope, when 
either the first yielding occurred in the longitudinal rein-
forcement or the maximum compressive strain of concrete 
reached 0.002. Reduction factors of gross moment of inertia 
are usually employed by code standards to account for the 
loss of flexural and shear rigidities. ACI 318-1410 suggests 
reduction factors of 0.35 and 0.70 for cracked and uncracked 
concrete, respectively. In ASCE 43-05,13 no reduction is 
recommended for uncracked concrete and 0.5 is recom-
mended for cracked concrete. Figure 13 demonstrates the 
effective stiffness of test specimens, which yielded the value 
of EcIe/EcIg as 0.010, 0.020, 0.012, and 0.022 for HP0D0, 
HP0D45, HP5D0, and HP5D45, respectively. Overestima-
tions were found by using the aforementioned code provi-
sions. This could be due to the drastic increase of moment 
of inertia of gross section brought by flange segments. 

Fig. 6—Cracking patterns of HP0D45.



430 ACI Structural Journal/March 2018

Because an evident shear lag effect was found in the spec-
imens (shown in the next section), it was inappropriate to 
adopt the moment of inertia of the whole uncracked section 
in estimating the effective stiffness of H-shaped walls. It was 
also noticed that axial loads brought growth on the effec-
tive stiffness, which was consistent with the observations 
from other researchers.14-18 The effective stiffness increased 
by 16% and 11% in two groups as extra axial loads were 
imposed. As for the influence of loading direction, a growth 
of effective stiffness more than 20% was also recorded when 
the direction of lateral loads changed from parallel to web to 
45 degrees from the web.

Deformation component
Top deformations of structural walls mainly comprised 

three components: flexural deformation, shear deformation, 
and sliding deformation. Figure 14 illustrates the ratios of 
three components to the total top displacement at different 
drift ratios, in which an unaccounted portion was also 
reported because the summation of the other three could not 
always reach a perfect 100%.

The predominant position of shear deformation was 
apparent because it accounted for the largest portion of total 
deformation during the most time of the test. A maximum 
value of 62% was witnessed in HP5D0 in both loading direc-

tions. It was also evident that the portion of shear deforma-
tion increased in all tests, whereas declining trends were 
observed in the flexural deformation. For specimens with 
orthogonal lateral loading, the shear part was constantly and 
evidently larger than the flexural part throughout the whole 
experiment, while for specimens with skew lateral loading, 
the contribution of top deformation from shear was initially 
smaller than that of flexure, but ended up equal to or higher 
than its counterpart. This was because the principal shear 
force was transferred by multiple segments in the former, 
while only one segment mainly functioned in the latter. As 
for the influence of axial loads, a slight growth of the shear 
deformation was observed between HP0D0 and HP5D0, 
whereas no evident impact was found in specimens with 
skew lateral loading. The unaccounted part remained at a 
low value during the whole tests.

As for the sliding shear component, a continuous rising 
trend was witnessed in all specimens. Starting from 3 to 
5%, the number increased to 8 to 11% at the end of the test. 
Compared with specimens with additional axial loads, those 
only subjected to the self-weight of the top slab experienced 
a more rapid growth of the sliding shear deformation, which 
was in accordance with previous findings on squat walls.19 
This was because axial loads could effectively limit the width 
of cracks, thereby slowing the development of horizontal 

Fig. 7—Cracking patterns of HP5D0.
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cracking planes. As for the impact of the loading direction, 
no significant variation was found between the orthogonally 
loaded group and the skew-loaded group, suggesting that the 

change of the loading direction did not play a favorable role 
in controlling of the sliding shear.

Fig. 8—Cracking patterns of HP5D45.

Fig. 9—Lateral load-displacement curves of specimens. (Note: 1 mm = 0.04 in.)
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Strain profile
Figure 15 presents the strain variations along the bottom 

of the longitudinal reinforcement in the flange. For those 
with orthogonal lateral loading, data of the left flange were 
collected; for those with skew lateral loading, data of the 
right flange were used. As seen from the figure, the longitu-

dinal reinforcing bar located in the juncture of the web and 
flange yielded in specimens with orthogonal lateral loading. 
Meanwhile, in the group with skew lateral loading, the 
outmost longitudinal reinforcing bar yielded at the end of 
the test. A significant shear lag effect was detected in HP0D0 
and HP5D0. For instance, the strain of the reinforcing bar in 

Fig. 10—HP0D0 and DP2 at failure.

Fig. 11—HP5D0 and DP1 at failure.

Fig. 12—HP0D45 and HP5D45 at failure.

Fig. 13—Backbone curves and effective stiffness of specimens. (Note: 1 mm = 0.04 in.)
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the junction of the web and flange was as much as 320% of 
that of the longitudinal reinforcement located in the flange 
tip at the final test stage in HP0D0. As for HP5D0, the shear 
lag effect was more evident because strains of outmost longi-
tudinal reinforcement were almost zero when the flange was 
in tension, indicating the outer part of the flange was hardly 
involved in resisting lateral loads. Similar distributions of 
strains of longitudinal reinforcement were also reported in 
other experiments on walls with larger flange.11,14,20,21 With 
regard to specimens under skew lateral loading, the shear lag 
effect was less obvious but could still be traced as the tensile 
strains of longitudinal reinforcement showed an increasing 
trend toward the flange tip. It should also be noticed that the 
maximum strain was observed at 240 mm (9.45 in.) from 
the flange tip, which was in accordance with the results of 
section analyses.14

FAILURE MECHANISM AND SHEAR STRENGTH
Vertical slip plane

As mentioned in the observation of experimental results, 
several vertical slip planes gradually formed from the drift 
ratio of 0.7% in the web of HP5D0. An identical phenom-
enon was also detected in DP1 of Palermo and Vecchio.9 
These two specimens shared a similar section shape and 
reinforcement contents, and were both subjected to axial 
loads slightly above 0.05Agfc′. The flange of both specimens 
remained relatively intact throughout the test. The majority of 
cracks on their flanges were flexural cracks, which extended 
to the full length of the flange. Thus, it could be concluded 
the flexure dominated the responses of flanges. The web 
of these two specimens, on the other hand, was mainly 
controlled by shear. It was revealed not only in the cracking 
pattern as presented in Fig. 7 but also in the illustration of 

Fig. 15—Strain profiles of longitudinal reinforcement along flange of specimens. (Note: 1 m = 39.37 in.)

Fig. 14—Displacement components of specimens.
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deformation components, where the shear contributed more 
than 60% of total deformation in both loading directions.

Figure 16 demonstrates the deformation incompatibility 
during the test in HP5D0. As seen in the left, ideally both 
flange and web segments experienced the same deformation 
at all heights. However, in reality, the flange was mainly 
subjected to the flexural distortion, while the shear distor-
tion was concentrated in the web, which would inevitably 
cause an incompatibility in deformation between these two 
segments as marked in black. The deformation of flange 
along the wall height is written as

 ω f
c g

w
Vx
E I

h x= −( )
2

6
3  (1)

where V is the lateral reaction force; x is the distance from 
the base to the top, ranging from 0 to hw; Ec is the elastic 
modulus of concrete; Ig is the moment of inertia of flange 
section; and hw is the wall height. Because the flange and 
web had the same deformation at the top, assuming the web 
was only subjected to the shear distortion, the deformation 
of web along the wall height is expressed as

 ωw
w

c g

Vh x
E I

=
2

3
 (2)

Hence, the deformation incompatibility is obtained by 
subtracting Eq. (1) from Eq. (2) as

 ∆ = − = − +( )ω ω ωw f
c g

w w
V
E I

x h x h x
6

3 23 2 2  (3)

To understand the variation of deformation incompati-
bility along the height, it was necessary to solve the deriva-
tive of the aforementioned function.

 ∆ = − = − +( )ω ω ωw f
c g

w w
V
E I

x h x h x
6

3 23 2 2  (4)

 x h h or hw w w= ±






=1 3

3
0 42 1 58. .   (5)

Because the predefined range of x was from 0 to hw, it could 
be concluded that the deformation incompatibility gradually 
increased from the wall base as the height rose, reaching its 
maximum at the height of 0.42hw, and declined as the height 
further ascended. Accordingly, the horizontal tensile force 
created by the deformation incompatibility also gained its 

maximum around the middle height, which was in accor-
dance with the position of vertical slip planes in both tests. 
Moreover, the imposed axial loads caused inclined shear 
cracks to become steeper. Under cyclic loading, more inter-
sected cracks accumulated in the center of the web panel, 
as shown in Fig. 16. Therefore, a weakened vertical plane 
would form in this particular area with concrete spalling as 
observed in the test.

Shear strength
The cracking pattern not only reveals seismic responses 

but also is crucial in studying the force-transfer mechanism 
in RC structures. Based on the idealized cracking pattern and 
the extracted free body diagram, Moehle22 proposed a series 
of expressions for the prediction of peak shear strength of 
low-rise RC walls. Luna et al.23 later examined and improved 
this methodology using experimental data of 12 squat walls. 
In this study, the free body diagram was also employed to 
develop equations for the peak shear strength of H-shaped 
squat RC walls with orthogonal lateral loading.

The cracking pattern and failure mechanisms have been 
thoroughly addressed in the previous section. As seen from 
Fig. 17, three segments could be divided from the cracking 
pattern of HP0D0 and HP5D0. All these segments were 
imposed with axial stresses and shear stresses. Cracks were 
assumed to spread at a constant angle θ with respect to the 
horizontal. hw is the height of wall, tf is the thickness of 
flange, and lw is the length of the web.

The free body diagram of HP0D0 is illustrated in Fig. 18. 
As seen in the segment A, lf is the length of the flange, tw is the 
thickness of the web, v is the uniform shear stress transferring 
at the top, p is the uniform axial stress acting on the top, Fvi 
and Fhi represent the force carried by individual longitudinal 
and horizontal reinforcement, τs is the friction stress along the 
diagonal crack, and Fcx and Fcy are the horizontal and vertical 
components of reaction force of the compression zone. The 
total force carried by the longitudinal web reinforcement 
along the diagonal crack could be represented as

 F k t f
h

v v w yv
w= 1ρ qtan

 (6)

where k1 is a coefficient accounting for the stress in the longi-
tudinal reinforcement in the web; ρv is the longitudinal rein-
forcement ratio in the web; and fyv is the yield stress of longi-
tudinal reinforcement in the web. Similarly, the total force 
carried by the horizontal reinforcement is represented by Fh. 
Summing moments about Point A in the lower right corner

Fig. 16—Deformation incompatibility in HP5D0.
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Hence, the shear strength carried by Segment A is 
obtained as

V F
t
h

F F pt
h

pt
l
ha cy

f

w
h v w

w
f

f

w

= + + + −
1
2

1
2

1
2

1 1
2

1
22

2

tan tanq q
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Segment B was further divided into several parts with a 
width of x, where Fc is the reaction force. Summing moments 
about the mid-bottom of the segment gives
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where Fs is the force associated with the friction. Hence, the 
shear strength carried by Segment B is obtained as
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As for Segment C, because the shear lag effect existed, not 
all longitudinal reinforcing bar in the flange reached yielding 
at the peak shear strength. A coefficient k2 ranging from 0 to 
1 is designated for the variation of stress in these bars

 F k t l ft f f f yf= 2ρ  (11)

where fyf is the yield stress of longitudinal reinforcement in 
the flange; and ρf is longitudinal reinforcement ratio in the 
flange. Summing moments about Point C in the lower left 
corner of Segment C yields
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where k2 is a coefficient accounting for the stress in the 
longitudinal reinforcement in the flange; and ρf is the longi-
tudinal reinforcement ratio in the flange. Therefore, the shear 
strength carried by Segment C is obtained as
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The total lateral resistance of HP0D0 is the summation of 
contributions from the aforementioned three segments

Fig. 17—Different sections and idealized cracking pattern of HP0D0 and HP5D0.

Fig. 18—Free body diagram of HP0D0.
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In this equation, the vertical component of the reaction 
force in Segment A is

 F t l fcy f f c= ′ (15)

As for the friction, Fs was mainly taken by the aggre-
gate interlock and the dowel action across the cracks. In the 
models proposed by Moehle22 and Luna et al.,23 the normal 
and shear stresses along diagonal cracks were conserva-
tively assumed to be resisted only by the reinforcement. 
Also, Gulec and Whittaker24 found considerable uncertain-
ties existed in the evaluation of the magnitude of the friction. 
The same assumption was adopted herein and the friction 
force was set equal to zero. Thus, the total lateral resistance 
(peak shear strength) of HP0D0 can be further expressed as
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As for HP5D0, the cracking pattern was quite different. 
Figure 19 shows the free body diagram of HP5D0, where 
the vertical slip plane was represented by a vertical line, and 
shear cracks were shown as two diagonal lines. From the 
observation in HP5D0 as well as DP1, the vertical slip plane 
was assumed to locate in the middle of the web panel taking 
over one-third of the wall height. As seen in the figure, 
several notations shared identical meanings as defined previ-
ously. Fs1 is the friction force along the inclined crack, Fs2 is 
the friction force along the vertical slip plane, l1 is the hori-
zontal distance between the vertical slip plane, the flange τs1 

is the friction stress along the shear crack, and τs2 is the fric-
tion stress along the vertical slip plane. Similar approaches 
were continually used by summing moments at Point A, the 
mid-bottom of Segment B, and Point C, respectively. The 
total lateral resistance was obtained as the summation of the 
contributions from three segments as
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(17)

Comparison of analytical and experimental results
The equations derived from the free body diagram were 

verified with experimental data. The cracking pattern of 
HP0D0 and DP2 represented the typical cracking pattern of 
squat RC walls. Thus, 30 H-shaped RC squat walls with a 
similar cracking pattern were also selected for the compar-
ison, as presented in Table 2, which comprised of the research 
work of Barda et al.,3 Paulay et al.,2 Sato et al.,4 and Saito et 
al.5 Equations in Section 18.10 of ACI 318-1410 for the seismic 
design of structural walls were also incorporated in the table. 
The angle of inclined crack θ, in Eq. (16), was measured 
directly from the cracking pattern. The two reduction factors 
k1 and k2 accounting for the stress in the longitudinal rein-
forcement were obtained based on the strain profiles, which 
were 0.4 and 0.7 for HP0D0. For those experiments that did 
not provide the strain data, k2 was calculated from the effec-
tive flange width defined by ACI 318-14, which assumed 
the longitudinal reinforcing bar located within a distance of 
one-quarter of wall height was yielded. All longitudinal bars 
in the web were assumed yielded, which indicated k1 equal to 
1. As seen from the table, compared with the ACI equations 
(VACI), the proposed equation (Vcal) could more accurately 
predict the peak shear strength of H-shaped RC squat walls, 
which was revealed in the smaller value of coefficient of vari-
ation and mean value closer to 1.

Fig. 19—Free body diagram of HP5D0.
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As for Eq. (17), only two H-shaped specimens in the liter-
ature (HP5D0 and DP1) were found to match the specific 
cracking pattern. Although the calculation yielded a mean 
value of 1.016, the data incorporated was considered too 
sparse. Thus, further tests on H-shaped squat walls with 
axial loads and cyclic lateral loads are needed to examine 
the proposed equation.

SUMMARY AND CONCLUSIONS
An experimental program was carried out on four 

H-shaped RC squat walls under the simulated gravity and 
cyclic lateral loads at NTU. Seismic responses of specimens 

were presented and discussed in detail. A reasonable analyt-
ical model was subsequently proposed to account for the 
vertical slip planes resulting from the deformation incom-
patibility between web and flange. Based on the cracking 
pattern, free body diagrams were also employed to provide 
equations for the peak shear strength of H-shaped squat 
walls. The key findings of this study are:

1. The intersection of diagonal cracks caused severe 
concrete spalling at the upper part of the web, formed a major 
horizontal sliding plane, and eventually led to the failure 
of HP0D0. Several vertical slip planes as found in DP1 of 
Palermo and Vecchio9 also occurred in HP5D0, which could 

Table 2—Comparisons of measured and calculated peak shear strength

Researcher Specimen hw, mm lw, mm
tw, 

mm lf, mm
tf, 

mm θ, deg
fc′, 

MPa
fyv, 

MPa
fyf, 

MPa ρv, % ρf, % P, kN VACI/Vtest Vcal/Vtest

Ma and Li21 HP0D0 1000 1500 100 1500 100 50 35.9 554 554 0.97 1.26 74 0.68 1.21

Barda et al.3

B3-2 953 1905 102 610 102 32 27.0 545 414 0.50 4.10 0 0.67 1.07

B4-3 953 1905 102 610 102 31 23.5 535 527 0.50 4.10 0 0.23 1.47

B5-4 953 1905 102 610 102 36 19.0 0 527 0.00 4.10 0 0.99 1.73

B6-4 953 1905 102 610 102 38 21.2 496 529 0.25 4.10 0 0.80 1.36

B7-5 476 1905 102 610 102 34 25.7 531 539 0.50 4.10 0 0.64 1.51

Paulay et al.2 Wall 3 1700 3000 100 500 100 43 26.0 315 300 0.37 1.81 0 1.62 0.58

Saito et al.5

W12-1 1000 2120 120 500 120 45 35.0 369 369 1.32 4.72 706 0.47 0.83

W12-2 1000 2120 120 500 120 45 38.0 369 369 0.90 4.72 698 0.49 0.81

W12-3 1000 2120 120 500 120 45 36.0 369 369 1.69 4.72 713 0.50 0.94

W12-4 1000 2120 120 500 120 45 36.0 369 369 1.32 4.72 350 0.51 0.80

W12-5 1000 2120 120 500 120 45 40.0 369 369 1.32 4.72 706 0.50 0.83

W15-1 1000 2120 150 500 120 45 25.0 369 369 1.06 4.72 830 0.60 1.04

Sato et al.4

24M 8-30 1600 2150 150 1000 150 48 38.0 296 296 0.80 0.80 1155 0.75 0.78

24M 8-40 1600 2150 150 1000 150 48 35.8 422 422 0.60 0.60 1155 0.75 0.75

24M 8-50 1600 2150 150 1000 150 48 35.0 528 528 0.48 0.48 1155 0.74 0.75

24M 6-30 1200 2150 150 1000 150 48 40.1 296 296 0.80 0.80 1155 0.61 0.72

24M 6-40 1200 2150 150 1000 150 48 40.0 422 422 0.60 0.60 1155 0.60 0.70

36L 8-30 1600 2150 150 1000 150 48 24.5 296 296 1.20 1.16 1155 0.74 0.78

36L 8-40 1600 2150 150 1000 150 48 27.8 422 422 0.90 0.90 1155 0.77 0.82

36M 8-30 1600 2150 150 1000 150 48 39.3 296 296 1.20 1.16 1155 0.87 0.80

36M 8-40 1600 2150 150 1000 150 48 38.8 422 422 0.90 0.90 1155 0.82 0.77

36M 8-50 1600 2150 150 1000 150 48 37.5 528 528 0.72 0.72 1155 0.82 0.79

36M 6-30 1200 2150 150 1000 150 48 33.4 296 296 1.20 1.16 1155 0.69 0.75

36M 6-40 1200 2150 150 1000 150 48 34.6 422 422 0.90 0.90 1155 0.66 0.74

48M 8-30 1600 2150 150 1000 150 48 27.4 296 296 1.60 1.60 1155 0.70 0.84

48M 8-40 1600 2150 150 1000 150 48 27.5 422 422 1.20 1.16 1155 0.69 0.83

48M 8-50 1600 2150 150 1000 150 48 28.0 528 528 0.96 0.96 1155 0.70 0.85

48H 8-30 1600 2150 150 1000 150 48 41.8 296 296 1.60 1.60 1155 0.76 0.78

48H 8-40 1600 2150 150 1000 150 48 43.1 422 422 1.20 1.16 1155 0.75 0.78

48H 8-50 1600 2150 150 1000 150 48 44.6 528 528 0.96 0.96 1155 0.74 0.76

Palermo and Vecchio9 DP2 2340 3075 75 3045 100 45 18.8 605 605 0.82 0.35 260 0.92 0.92

Average 0.712 0.908

COV 0.311 0.292

Notes: 1 mm = 0.04 in.; 1 MPa = 145 psi; 1 kN = 0.225 kip.
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be attributed to the combined effect of axial loads and stiff 
flange and the consequent deformation incompatibility. The 
other two specimens with skew lateral loading were able 
to sustain a ductile post-peak response for few cycles, and 
failed as the lateral strength dropped more than 30% of 
the maximum with moderate concrete spalling around the 
corner of wall segments.

2. Due to improper considerations about the flange of 
H-shaped squat walls, code provisions overestimated the 
effective stiffness of specimens. Additional axial loads 
increased the effective stiffness by approximately 14% 
in two groups. Also, as corroborated by the slender non- 
rectangular walls,14 specimens with skew lateral loading 
had bigger values of effective stiffness than specimens with 
orthogonal lateral loading.

3. The shear deformation that dominated the response of 
squat walls was found more evident in the specimens with 
orthogonal lateral loading, with a maximum value of 62% 
recorded in HP5D0. Continuous growths of both shear 
displacement and sliding shear displacement were observed 
in all specimens, while the flexural deformation decreased 
during the same period, which was in accordance with 
previous findings on squat walls.19 Moreover, the axial load 
was observed effective in controlling the development of the 
shear-related deformation.

4. The web of HP5D0 and DP1 was dominated by shear, 
while their flanges were controlled by flexure. Thus, defor-
mation incompatibilities existed between the web and flange 
when specimens were imposed with lateral displacements. 
Further analytical investigations revealed that the deforma-
tion incompatibility reached its maximum at the height of 
0.42hw, leading to the vertical slip planes at the same altitude 
along the weakened area.

5. The free body diagrams derived from the cracking 
pattern of HP0D0 and HP5D0 were used to account for the 
force-transfer mechanism and to deduce equations for the 
peak shear strength of H-shaped squat walls. Compared with 
ACI 318-14, the proposed equation could better predict the 
peak shear strength of H-shaped squat walls with a similar 
cracking pattern as HP0D0. As for the equation developed 
based on HP5D0, the data available in the literature was 
insufficient for the validation. Thus, more experimental data 
is needed for H-shaped RC squat walls under axial loads and 
lateral cyclic loads.
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