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Abstract: Low aspect ratio reinforced concrete walls are important structural components of both conventional
buildings and safety-related nuclear structures because they may provide much or all of a structure’s lateral
strength and stiffness to resist earthquake loadings. Building codes, manuals of practice, guidelines and
standards provide a number of equations for peak shear strength of reinforced concrete walls and give
reasonable predictions. However, deformation capacity is also a key factor in seismic design and these equations
do not account for the factor during design. In this paper, the performance of five equation sets is evaluated
using data from tests of 250 solid squat walls. According to the evaluation results, one equation set with best
performance is selected for developing alternative expressions.
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1. Introduction

The reinforced concrete squat walls have been widely
used in low-rise economic housing, conventional
buildings and safety-related nuclear structures in
recent years, due to their efficiency and economy. In
general, these walls have a height to width ratio of 2.0
or lesser and the predominant action is shear.

Since the 1950s, many researches have studied the
shear behavior of squat reinforced concrete walls [1]-
[2][3][4][5]and  various equations have been
developed (based on the statistical analysis of the
squat walls test results) and been applied in building
codes, manuals of practice and guidelines to predict
the peak shear strength of reinforced concrete walls[6-
10]. In addition, these equations (such as ACI,
ASCE/SEI , AlJ and EC8 ) for peak shear strength of
squat walls have been evaluated and improved by
researchers since shear strength is the key variable for
force-based design and performance assessment. In
1900, ACI model has been evaluated by woods[10]
and alternative design provisions were developed to
improve the predictions of peak shear strength.
Sanchez-Alejandre and Alcocer [11], based on the
comparison results of seven equations for shear
strength of squat walls, to study the trends of shear
strength behavior and a design model for squat wall is
proposed. After several years, five predictive
equations (ACI, Barada, woods and ASCE) are
comprehensively evaluated using data from tests of
120 rectangular walls and 247 squat walls with barbell
or flange boundary elements by Gulec [12]. The
results show that the best predictions of peak shear
strength of rectangular squat walls and walls with
boundary barbells or flanges were obtained using
Wood’s equation and ASCE/SEI 43-05, respectively.

In 2011[13-14], improved empirical equations were
developed by Gulec using the data from tests of 227
low aspect ratio walls. The equations can accurately
predict the experimentally measured values of peak
shear strength with low coefficients of variation.

Besides, many scholars have studied deformation
capacity of shear wall. In 1999, Qian Jiaru[15]
researched the shear wall deformation capacity
(dominate by bending) and developed model for
calculating the capacity. 6 years later, numerical
analysis were conducted by Qian[16] to study the
effects of axial load ratio, edge constraint length and
characteristic value of stirrup content on the
deformation capacity of shear wall, which is subject
to bending failure. In 2008, based on the tested results
of shear wall under cyclic loading, one model was
proposed by Lu[17] for predicting the ultimate drift of
shear wall predominant by bend. Cao et al[18].,
compared test results of seismic performance for
common shear wall and shear wall with diagonal
bracing, and found that adding diagonal bracing to
member can effectively improve the deformation
capacity of squat wall. The cyclic loading test of Six
shear walls was conducted by Alessandro Dazio[19].
According to the results, it is concluded that
reinforcement ratio of edge constraint area and
constraint form will significant affect the deformation
capacity of high aspect ratio RC walls. Furthermore,
the strain limits value of material corresponding to
different limit states were derived by Alessandro
Dazio. John.H Thomsen and John.W[20]. Wallace
applied experiment result to verify validity of
calculation method of appraising deformability of
shear wall.
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It can be clearly seen that the above predictive
equations are able to reasonably predict the peak shear
strength of squat reinforced concrete walls. The
deformation of walls is rarely focused by researchers,
especially squat walls. In the modern seismic design
concept[21], however, an adequate design of
structural wall requires that the wall should have not
only enough bearing capacity but also deformation
capacity to resist the horizontal seismic loading.
According to the previous studies, many researchers
only focus their study on the former (load carrying
capacity) but ignored the latter. For better
understanding of the predictive equations for seismic
shear strength of squat RC walls, it is necessary to
further evaluate performance of the equations from
the aspect that whether the equations can ensure the
deformation capacity of squat walls.

In this paper, the results of tests of 266 squat walls are
compiled and reduced to evaluate the performance of
five equation sets, which are widely used to predict
the shear strength of reinforced concrete walls
(1),2),3),4),5)). The walls in the database are
rectangular, barbell and flanged. One equation is
identified as the most reliable of the five. Based on
the most reliable equation set, as well as the trends
that relevant parameters effects, an alternative
expressions that provide improved the ability to
assurance deformation capacity are proposed.

2. Experimental data of RC walls

Aimed at assessing the adequacy of shear strength
equations from the aspect of assurance deformation
capacities, a database with relevant information from
tests was constructed. Data from 266 tests available in
the literature were gathered, revised and organized.
Database includes tests carried out in U.S, Canada,
New Zealand, China, England, Japan and Mexico[22-
56]53]56]. 56]The walls in the database with three
different cross sections, namely, rectangular, barbell,
and flanged. The population of test specimens were
considered in this study based on the following
criteria: 1) the lateral load was applied statically in the
plane of the wall; 2) the walls were reported to have
failed in shear; 3) symmetric reinforcing bar layout; 4)
no diagonal reinforcement or additional wall-to-
foundation reinforcing bar to control sliding shear and
5) aspect ratio of less than or equal to 2.0. The data
for the 16 walls of the 266 that did not meet all of the
aforementioned criteria were excluded from the
analysis that is presented herein.

The frequency distributions of walls’ summary
information are shown in fig 1. The aspect ratio of
walls ranged from 0.2 to 2.39; Axial load, in addition
to self weight of the walls, was applied 152 specimens
with axial load ratio(n) varying from 0.03 to 0.3;
walls with concrete compressive strengths varied from
13.66 to 66.33MPa; In addition, the web thickness
ranged from 45 to 200 mm; Both the horizontal and
vertical web reinforcement ratio ranged between 0.00

and 0.024; Boundary element reinforcement was
provided in 217 of the 250 walls with boundary
element reinforcement ratio up to 0.133. Eleven of the
250 walls in the dataset had neither horizontal nor
vertical web reinforcement. Six walls with only
horizontal web reinforcement and four walls with
only vertical web reinforcement were tested. The
reported yield stress of reinforcement ranged between
203 to 667MPa.

Walls tested
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Fig. 1 Histograms of the main input parameters of
walls studied

3. Equations for calculating shear strength of squat
reinforced concrete walls

Five code equations for shear strength provided in GB
50010-2010 (China building code), Chapter 18 of ACI
318-14 (ACI Committee 318 2014), Chapter 11 of
ACl 318-14 (ACI Committee 318 2014), EC08
(European code), and CSA A23.3-04 (Canada code)
are used to evaluate the ability to ensure deformation
capacity of 250 squat walls. The five equations for
predicting shear strength of RC walls consider
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nominal strength to be the addition of the
contributions of concrete V¢ and steel reinforcement
within the web Vs.

Equations set I is that of Eq. 11.7.4 of GB 50010-
2010 (eqg. (1)) [8]to calculate the peak strength of
squat walls. In the equation V¢ depends on the aspect
ratio A and axial load N.The larger the aspect ratio is,
the lower the concrete contribution is. In contrast,
with the increase of axial load, the concrete
contribution is increased. An upper limit of

(0155, 1)/ 7ee (peak shear stress) is imposed in
equation (1); the limit is intended to prevent diagonal
compression failure. The reinforcement ratio of
horizontal and vertical web reinforcement must be
more than 0.3%.

i1 A An
Y= [=55041bh +0IN"2)+081, “2h] gy
<L (0158, 1)
Vre
Vv, = 1 (0.4f,bh, +0.1N i) @)
2-05 A
v, =08f,, % hy (3)

Where y.. is equal to 0.85; A equal to 1.5 for
A<15, 22 for 4 >2.2, and varies linearly for
15<1<22; f, isassumed equal to 0.1f_; h,

is assumed equal to 0.81,; A, is the area of web
cross section, it is equal to A for rectangular wall;

A,

The range of Tis (0,1); B, equal to 1.0 for

f, <50MPa, 0.8 for f >80MPa, and varies
linearly for 50 < f_ <80.

ACl 318-14[6] provided two semi-empirical
equations to calculate the peak shear strength of
reinforced concrete walls. The two equations are
based on the modified truss analogy approach. One
equation is provided in ACI 318-14, section 18 for
seismic design. The equation in section 11, special
provisions for walls, is used for general design.
Equation set II (eq.(4) is from section 11 of ACI 318-
14. Equation set II imposes an upper limit of

0-83\/17; on peak shear stress. A lower limit of 0.25%

is imposed on the horizontal and vertical web
reinforcement ratios. The equation set is shown in the
following four equations:

V, =V, +V, <0.83A,+/f. (4)

V,, = (027421, + 4II\|ud )od ®)

(0.1042/f. +0.2 :\‘7“1) (6)

V,, =[0.054/f, + " Ibd
VI, 2
L L )

Where d is assumed equal to 0.8|W; A' equal to 1.0
in the paper.

The procedure to calculate the shear strength in
section 18 of ACI 318-14, Equation set III, is shown
in the following. The equation ignored the effect of
axial load, the main reason is that axial load applied
on the cross section of shear wall is continues
changed during the seismic excitation. However axial
load benefit for shear strength, for security
consideration, the seismic design of equation sets III
ignores the effect of axial load.

V, = A (@ T+ o 1,)

©))
<0.83A,,/f,
o, is equal to 2.0 for aspect ratio >2.0, 3.0 for
aspect ratio <15, and varies linearly for
15<1<22.

Equation set IV is those of eq. (9) through (11)
(ECO08) [7] to predict the shear strength of squat walls.
Differently from GB and ACI, the calculate equation
includes both vertical and horizontal reinforcement.
Besides, this equation applies variable angle truss
model to predict carrying capacity and gives lower
limit value of shearing force.

V, =V, +V, 9)
1
Vc = [CRdck(loopl fck)3 + k16(:p ]bwd (10)
> (Vi +Kog,)b,d
V,, = A zf 4 cot g (11)
S
21
V., =0.035k? f 2 (12)

Where C,, . equals t00.18/y,; 7. is equal to

015,k =14 (299 <5 g; k, is 0.15; z is assumed

equal to 0.9d; The recommended limits of coté is

from 1 to 2.5; In this paper, the value of coté is
assumed equal to 1.

Equation set V is shear strength equation of CSA
A23[9]. The equation set also adopts variable angle
truss model to calculate peak shear strength. The
expression is shown in equation (13). In equation sets
V, the form of equation is similar to that of formula
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group Ill. The effect of axial compressive ratio on
shear capacity is also ignored.

#.A f,d, cotd
S

Vo =410, + (13)

Where ¢, is resistance factor of concrete, which is
equal to 0.65; S is a factor accounting for the shear
resistance of cracked concrete and taken as 0.18;

¢, =0.18; In equation (13), the value of @ is equal

to 45°for axial load ratio < 0.1, 35°for axial load ratio
>0.2, and varies linearly for axial load ratio varied
from 0.1 to 0.2.

The symbols of all the five equations are listed in
table 1.

Table 1.Symbols of shear strength equations

Symbol Meaning Symbol Meaning
vee the seismic action coefficient A aspect ratio coefficient
f, tensile strength of concrete 1:C the compressive strength of prism concrete
b thickness of wall h, the effective depth of cross section
|W the length of wall A the gross area of cross section
A,  the area of web cross section B,  the effect coefficient of concrete
spacing of horizontal distribution the area of horizontal reinforcement within
S bar A distance of S
effective depth of cross section A, the area of horizontal reinforcement within
distance of S
N, axial load M,  moment at section
modification factor to reflect the reduced
V, shear force at section 2 mechanical properties of Ilghtyvelght
concrete relative to normalweight concrete
of the same compressive strength
i compressive strength of cylinder Ac the area of wall bounded by web thickness
c concrete W and wall length
a, aspect ratio coefficient o) horizontal reinforcement ratio
CRd,c Determined by 7, Ve Concrete partial coefficinets
A coefficient considering the
k,  effects of axial load forcesonthe ~ O,  axial compress stress
stress distribution
f compressive strength of cylinder reinforcement ratio for longitudinal
ck  concrete Py reinforcement
the angle between concrete compression
z lever are of internal forces 0 strut and the wall axis perpendicular to the
shear force
ross-sectional area of shear . .
ASW reinforcement within S wd  theyield strength of shear reinforcement
. a factor accounting for the shear resistance
) resistance factor of concrete
¢ of cracked concrete
b,  the web thickness of wall d, effective depth of the section of wall
1) resistance factor for non A,  the area of tranverse reinforcement within s

s prestressed reinforcing bars

yield strength of tranverse
reinforcement

fy

In the study, one of the aims was made to evaluate the
performance of calculating expressions for the shear
strength of squat RC walls from the aspect of assuring
deformation capacities. To do this, firstly, average
compressive strength of concrete was used in shear
strength equations and the compression strength of
concrete was standardized. Since f, is the

compressive strength of prism concrete, f_is,

however, compressive strength of cylinder concrete.
According to the reference Error! Reference source
not found., the f_ can be similarly translated as f,

using equation (14):
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f, =1.194x f, (14)

Secondly, all five equation sets were normalized
through the transformation of shear strength
calculating expressions. During transformation, the

Shear-Bearing Capacity (V,,V,,V,,V, and V)
were expressed by shear-compression ratio (V/ f,)

and the horizontal steel reinforcement ratio was
transformed into horizontal reinforcement

characteristic value (o, f, / f.), Where Vis shear

stress. After being normalized, both the shear-
compression ratio and horizontal reinforcement

characteristic value of all the equation sets were
varied between (0,1). The normalized results of the
five equation sets are listed in table 2.

In table 2, the equation of horizontal reinforcement

ratio (o, for sets I and IV, p, for setsllandIll, p,

for sets V') are shown in equation (15).

_An
bS

The symbols’ interpretation of equation (15) are listed

in table 1

P (1)

Table 2.Normalized equation for calculating the shear strength of RC squat walls

Model qu;tslon Normalized expression
V, _08pyf 1 1 n_A,
B 50010-201 L P 04+ A
GB 50010-2010 I foh - f. 10xy.1-054 08" AN
fy 020042 n
Pt f, \/Tc 2
ACI318-14Ch18 1 V2 _ min |
fohd Py .| 0.05462 011362, 02n
fc fc MU — f Mu —
Vi (Vulw 0.5),/f, (Vulw 0.5)
" Vs _0.0906a.2 At
ACI 318-14,Ch 11 11 f hd \/f f
r 3
. 3
(0.9cotg) P we | O0406KE )
f 1
v . ’ (f.)®
ECO08 \Y fdAb = min - .
o f Cp k(119.3p,)3
(0.9cot 0) ps“f | 2Rl ( 8 o) +k, xn
c (f)?

v, 1.0922¢4.1 8

f
—cotonly 4

CSA A23 \Y%

f.b,d, f, Jr

4. Performance evaluation of existing shear
expressions

The above equation sets were analyzed to test their
performance from the aspect of assuring the
deformation capacity of squat RC walls. For this, the
performances of each shear expression were
correlated with the collected experimental results
described in section 2. In order to assess the
performance of squat wall, 1/120 drift angle demand
during seismic excitation was selected as the
criteria.The criteria was determined according to the
code of “Technical specification for concrete
structures of tall building”. In the code the drift limits
value of frame-shearwall structure and shearwall
structure are 1/100 and 1/120 respectively. The paper
mainly focuses on the performance of shear strength
equations of squat walls in shearwall structure, so
1/120 was chosen as criteria. If ultimate drift angle of
experimental results (the ultimate drift angle is
determined when the squat walls bearing capacity

falls to 85% of the peak bearing capacity) greater or
equal to the criteria (1/120), the deformation capacity
of the wall satisfy the requirements; otherwise the
wall dissatisfy the requirements. To assess the
performance of squat walls accurately, choosing
correct parameters that affect the performance is
important. According to the normalized results of five
equation sets in table 1, it can be seen that most codes
consider the influence of axial load ratio and aspect
ratio on shear capacity. Besides, reference [20]
applied diagonal compression field theory to simulate
squat wall. The simulation results indicate that aspect
ratio and axial compressive ratio will significant
affect the deformation capacity of squat wall. Thus,
the above two factors were selected as the relevant
parameters in the research. The database of 250 squat
walls was divided into three groups with axial load
ratio and aspect ratio as variables, respectively. Due to
the ultimate drift angle of almost walls, that aspect
ratio larger than 1.5, can reach 1/120, this paper will
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not evaluate performance of the equation sets in the
region. The database was equally divided into three
groups according to distribution scope of relevance
parameters (axial load ratio and aspect ratio) and
distribution frequency of specimens. The grouping
result is listed in table 3.

Table 3 Grouping results

Axial load ratio Aspect ratio

Group 1 n=0 0<1<0.6
Group 2 0<n<0.15 06<1<10
Group 3 0.15<n<0.3 10<1<15

Comparison for the five equation sets when axial load
equal to 0 and aspect ratio varied from 0 to 0.6 are
shown in fig.2 and 3, respectively. In the figures,
empty marks represent deformation capacity of walls
satisfies the deformation demands (1/120); solid
marks are for deformation capacity dissatisfies the
deformation demands. Rectangular markers, triangle
markers and circle markers represent rectangle (WR),
barbell (WB) and flange (WF) cross section of walls,
respectively. The bounds of shadow area were defined
by the upper and lower bound limits of each equation
sets in the figure. For axial load parameters, the upper
bound of each equation sets was obtained by
assuming the value of aspect ratio and compression

strength of concrete ( fc) is equal to 0.46 and 60.3

(MPa), respectively; the lower bounds were
determined by assume aspect ratio and compression

strength of concrete ( fc) is equal to 1.5 and 13.66

(MPa), respectively. Similarly, the upper bound for
aspect ratio parameters is defined by assuming axial
load ratio and compression strength of concrete equal
to 0.3 and 60.3(MPa), respectively; The lower bound
is calculated by assuming axial load ratio and
compression strength of concrete equal to 0 and
13.66(MPa), respectively. All the parameters’ value to
calculate the bound limits of equation sets is
determined according to maximum and minimum
value bound of basic information distribution of
database (in fig.1.)

000 008 016 024 032
(P, (1/1))

(a) GB 5001-10

00 01 02 03 04
(p(f,/1))

(b) ACI 318-14, Ch 11

= WR
4 wB
. WF

00 01 02 03 04
(p,(£/£))

(c) ACI 318-14, Ch 18

0.5 a WR = WR
a4 WB 4 WB
o WF ® WF
i

af 4« B
0.00 008 016 024 032
)

(d) EC 08

0.5 o WR ® WR
A WB A WB
o WF ® WE

V/(Tbh,)
=1
(3]

00 01 02 03 04

(e) CSA A23

Figure 2.Comparison of measured results and five
equation sets (n=0)

Both in figure 2 and 3, the performance of the five
equation sets is evaluated by the percent of numbers
of solid marks below upper bound line. The lower the
percent is, the better the performance is. The
comparative analysis of the percent of the five
equation sets is conducted by means of statistic
parameters such as mean, maximum and minimum. If
all the solid marks are above the upper bound line,
which means that the percent is equal to zero and the
shear strength equation set has the best performance.
Otherwise, if all the solid markers are below upper
bound line, the percent is equal to 1 and the shear
strength equation set has the worst performance.

00 01 02 03
(P, (f/1))

(2) GB 5001-2010
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V,/(fbh))

00 01 02 03 04
(p,(F/1))

(b) ACI 318-14, Ch 11

0.0 0.1

0.4

02 03
(P (E/FD)

(c) ACI 318-14, Ch 18

o WR ® WR
A WH A WB
o WF_® WF

0.0 01 0.4

02 03
(CRUELR);

(d) EC 08

V /(£ bh)
o
o

00 01 03 04

02
o,/
(e) CSA A23

Figure 3.Comparison of measured results and five
equation sets (aspect ratio=0-0.6)

Maximum and minimum, as well as average of the
percent of six groups’ (three groups for axial load
parameters and the other for aspect ratio parameters)
solid marks below upper bound line are compared in
fig.3 for walls in database. Results were derived from
calculations similar to those that led to the
development of fig.3. In the graph, minimum and
maximum percents correspond to the lower and upper
ends of the vertical line, respectively. Average value
of percent is related to the height of the marker. It is
readily apparent that the largest maximum percent
corresponda to equation set II. Results for equation

sets I ,III,IV andV are comparable. Furthermore, the
average values of percent in graph 3 are smaller for
equation setI. The average percents of equation

set T (ACI 318-14, Ch 11), EC 08 and CSA A23 were
57.24%, 19.63% and 18.33%, respectively. It also can
be observed that the average values of percent in
graph 3 for equation set I are smaller than others.

Based on the comparison results, it is indicate that
equation set 1 is the beste performance of the five
because the average value for the equation set is
closer to 0% and the maximum and minimum values
are both relatively small. In all cases, minimum and
average percent were larger than 10%, considerable
insecurity of the equation sets assuring deformation
capacity still exists. According to these conclusions, it
was deemed necessary to develop a alternative
expression (based on the equation set 1) that would
better assure the deformation capacity of squat walls.

83%

s

T
GB ACI31B  ACI3IB
50010-2010  Ch.ll Chlg

Over percent

EC08 CSA A23

Maximum 31.25% 83% 59% 32% 31.6%
Minimum 10.20% 28% 25.6% 1025% 11.25%

Average 15.9% 57.24% 19.57% 19.63% 1833%

Figure 4.Statistical values of over percent

5. Alternative expressions for shear strength based
on deformation capacity

As indicated previously, the research reported herein
aimed at better understanding of the performance
(from the aspect of deformation capacity) of existing
shear strength expressions for RC squat walls, as well
as developing an alternative expressions for such
elements. In the previous section the performance of
each equation sets was evaluated. Evaluation results
indicate that equation sets I (GB 50010-2010) has
better performance than others. Based on equation
set I, as well as trends observed (axial load and
aspect ratio effects), an alternative formulation for
shear strength that improved the performance of
deformation capacity is proposed.

5.1. The transformed form of equation set I

For developing the alternative expression according to
equation set I, it is necessary to make the functional
form of the equation clear. After being normalized,
the equation set I is shown in table 2. Due to the
horizontal and vertical coordinates of figure (e.g.
figure 2) of evaluation performance in section 4
respectively represents the horizontal distribution bar
and shear compression ratio, thus,
pafy v, (equation set 1) are independent variable
f,  fbh

and dependent variable of equations, respectively. In
addition, the effects of axial load and aspect ratio on
equation sets 1 can be acted as constant, so this
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equation set can be regarded as a linear function. Its
expression can be simply expressed as follows:

y=Kx+B (14)
Where Yy is corresponding to v, ; K is reduction
f.bh,
factor (=0.8) of horizontal  reinforcement

characteristic value P«fy ; X isp,f, and B is
f f

c

relevant with axial load and aspect ratio. For safe

consideration, the value of A, is assumed equal to 1 in
A

the research.

Based on the form of equation (14), two ways can be
used to improve the performance of the equation. First
of all, modify the reduction factor K; secondly,
modify the contribution of B. However, the
comparison of equation (14) and trends of solid marks
with increase of p  f  / f_ (shown in fig. 5) indicate

that, in general, the reduction factor K of equation
set I is no more than the overall trends. That means
the reduction factor is conservative and second
method (adjust B) should be used to improve the
performance of equation (14). As previous description
indicate that B is relevant with two parameters (axial
load ratio (N) and aspect ratio (A )). For improving
the performance of equation (14) by modifying the
contribution of B, it is necessary to research the
relevance between B and the two parameters.

In this paper, the relevance of B with the two
parameters is assumed asp =B, xB,. B,andB, is the

function of axial load ratio(n) and aspect ratio( A ),
respectively. In addition, the two functions are
assumed independent. The steps of improving B are
as follows: (1) based on equation set I, keep
B, unchanged, calculate modification  value

corresponded to B under action of different axial
load ratios, then fit function B, with this independent
variable. (2) in equation set I, g is unchanged, derive
corresponding B, modification value with aspect
ratio, and fit g, . (3) make B, and B, fit respectively

in step (1) and (2) multiply to get final modification
function B=B, xB,. The two functions (B andB, )

will be separately fitted in the next two sections.

0.00 008 016 0.24 032
(P, (/5D

(@) n=0

2005 0.00 0.05 0.10 0.15 020 035
X
(b) n=0.15-0.3
0.5
0.4
=03
o
502
0.1 .
Overall trends of solid marks
0.0

00 01 02 03 04
(p,(£/1))

(c) 2=0-0.6

VAEbh )

o
g O
.

)
7
A o
:

Overall trends of solid marks

0.0
0.00 0.05 010 015 020 025
(p(E/1)

(d) 2=1.0-15

Figure 5.Trends comparison of solid mark and
equation set /

5.2. Effect of axial load on B

Code equations for shear strength acknowledge the
contribution of axial load by adding a term that is a
function of the axial load stress. In addition, axial load
can also affect the deformation capacity of walls. The
comparison of equation set I with solid markers are
shown in fig.1 (a), based on previous analysis
improving the performance of equation set I should
adjust the contribution of B. For improving the
performance, the upper bound line of equation set I in
fig.1 (a) should be shifted a distance by modifyingB_ .
After shifting, all solid marks above the upper bound
line are shown in fig.6. In the case (n=0), the value of
B, is 0.033. Similar method was used to obtain the

value in different axial load ratio (n=0.075, 0.15, 0.22
and 0.3). B, ’s value is plotted against axial load ratio
in fig 7. In the graph, Rhombus solid marks represent
the value of B . Also plotted in the graph it is simple
linear function developed for the trends of g vary

with axial load ratio. The Matlab commercial software
was used to fit the linear function in figure 7. The
fitting function is given in equation (15).
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B, =0.23333xn+0.025 (15)

Combining Eq.(14) and equation set I , the improved
function by fitting B, are given as:

(16)

0.8p,f
Yy :#+ B, (0.2333xn +0.025)

f.bh,

c

In Eq.(16), B, =0.1176/(1-0.5)
corresponding function terms of equation set I .

c

is the same as

0.5

0.0 0.1 X 0.2 0.3
(R (E/0)

Figure 6.Comparison results of B =0.033

o
o
~

+ Value of Bn
—Fitof Bn

The value of adjusted B

0.1 0.2
Axial load ratio (n)

Figure 7.Fitting function of B
5.3. Effect of aspect ratio on B,

Use solid marks to assess the performance of equation

set1, in the case Ais used as variables. The
comparison results are shown in fig.8.
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Figure 8.Comparison of equation set 7 and solid
marks with different aspect ratio( 4 )

Compared with the results of equation set I with
different axial load ratios (fig. 2(a)), the performance
of equation set I (A as variables) shown in fig.8 are
better. Because in figure 8, all the solid marks are
above the upper bound line of equation set I (except
fig.8(b) and 8(c)). However, insecurity of the equation
still exists. Therefore, it is needed to improve the

performance of equation set I by modified B,1 . Due

to equation set I satisfied the requirements of
deformation capacity when the aspect ratio ranged
between 0-0.6 and more than 1.5. It is not necessary
to improve the equation of the two regions. The
method for fitting B, in section 5.3 is similar to
section 5.2. The alternative equation was proposed
based on equation set I, thus aspect ratio as variable,

the paper references function form of equation set
I(B 73+b). In the function, two coefficients need to
=
)

be determined (a and b) through fitting. The corrected
values of g, corresponding to different aspect ratio are

shown in figure 9.
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Figure 9.Fitting function of B,
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Fitting result is shown in equation (17). This equation
is only applied in the range between 0.6 and 1.5 of
aspect ratio. In the otherwise scope, the contribution
of aspect ratio on shear capacity is equal to GB50010-
2010. The improved B, expression is given by

equation 18.

B, - 0074 ) 17)
0.1176 0<4<06
) (18)
B, = 0.09 +0.7906<4<15
0.1176
1-05 Lo<4

In equation (18), B, is a step function. The function

of B, is the same as corresponding function term of

equation set I for aspect ratio

O<A<06and15< 4.

5.4. Alternative shear strength expressions for
assuring deformation capacity

ranged between

In the previous sections, the performance of five
equation sets was studied in terms of deformation
demands criteria, equation set I (GB 50010-2010)
shows better performance than that of others. Based
on equation set I, an alternative shear strength
formulation for assuring deformation capacity is
proposed. Such formulation is consistent with the well
accepted formulation in performance. The expression
can be expressed as:

Vv, 08p,f,

=——+B,B,
f.bh, f )

(19)

c

The value of Bi can be obtained from equation (18):

(1) For 0<A1<0.6, the effects of aspect ratio is
ignored; (2) For 0.6 <A1 <1.5, which is a function of
aspect ratio and is shown in fig.9; and (3) For
1.5< A, the function is the same as the contribution
of aspect ratio in equation set I .The contribution of

axial load, B, , is calculated with Eq.(15), which was
plotted in fig.7.

To assess the performance of the alternative
expressions (Eg. (19)) to ensure the deformation
capacity of RC squat walls, some typical comparison
results are shown in fig. 10.

A comparison of fig.10 indicates that almost data
points of solid mark are above the calculation result of
eg. (19). As can be observed, the performance of the
alternative expressions is better than the other
equation sets studied here (Fig 2 to 4), including GB
50010-2010, ACI 318-14 Ch.11, ACI 318-14 Ch.18,
EC 08 and CSA A23.
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Figure 10.Performance evaluation of alternative
expression

An improvement of performance is obtained. The
over percent is smaller than 10%. This demonstrates
that the alternative expressions can ensure the
deformation capacity of squat walls is more than
existing calculation equations.  Although the
performance of alternative expression is better than
others. It should be noted that the proposed
expressions are valid only in the parameter range used
in this study (listed in fig.1).Furthermore in equation

(19), the upper limit of V, and the lower limit of

horizontal reinforcement ratio is same as GB 50010-
2010.
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6. Conclusion

Five equations’ performance is evaluated using data
from tests of 250 solid squat walls. Based on
evaluation results, an alternative shear strength
expression for ensuring deformation capacity is
proposed. In this paper, following conclusions can be
obtained:

1. From the statistical comparison performed with
the available expressions, those proposed by
GB50010-2010 for squat RC walls with the better
performance for ensuring deformation capacity.

2. Based on equation setl (GB 50010-2010),
robust, yet simple shear strength expressions
were developed and calibrated. Expression is
applicable to walls with the features presented
fig.1. The expression is a linear function
considering the effects of axial load and aspect
ratio. Such expression is consistent with the well
accepted formulation in performance.

3. From the comparison of performance in
alternative expressions and five equation sets, it
is clear that the expression is reliable. The over
percent is low.

7. Acknowledgements

This research project is financially sponsored by the
National Science Foundation of China under the grant
number of 51478063. The authors would like to
express their sincere thanks and appreciation to the
various supporting agencies.

References

[1] Benjamin JR and Williams HA, Investigation of
shear walls, Part 6- Continued experimental and
mathematical studies of reinforced concrete
walled bents under static shear loading, Technical
report no. 4, Department of Civil Engineering,
Stanford University, Standford, CA, 1954.

[2] Paulay T, Priestely MJN and Synge AJ,
“Ductility in earthquake resisting squat
shearwalls”, ACI J, 79.26., PP 257-69., 1982.

[3] Oesterle RG, Aristizabal-Ochoa JD, Shiu KN and
Corley WG, “Web crushing of reinforced
concrete structural walls”, ACI J, 81.3., PP 31-
41.,1984.

[4] Massone L, Orakcal K and Wallace J,
“Modelling of squat structural walls controlled
by shear”, ACI Struct J, 106.S60., PP 46-55.,
2009.

[5] Sittipunt Chadchart, Wood Sharon L and
Lukkunaprasit Panitan, “Cyclic behavior of
reinforced concrete structural walls with
diagonal web reinforcement”, ACI Struct J,
98.4., PP 54-62., 2001.

[6] ACI 318-14, Building code requirements for
structural  concrete, Farmington Hills(MI):
American Concrete Institute, 2008.

[7] Eurocode 8, Design of structures in seismic
regions, London (UK): Institution of Civil

Engineerers, 2004.

[8] MOHURD, Code for design of concrete
structures GB 50010-2010, Beijing: China
Architecture and Building Press, 2010. [in
Chinese].

[9] CSA A23, Design of concrete structures, Ontaria:
Canadian Standards Association, 2004.

[10]Wood SL, “Shear strength of low-rise reinforced
concrete walls”, ACI Struct J, 87.1., PP 99-107.,
1990.

[11]Alfredo  Sanchez-Alejandre  and Sergio
M.Alcocer, “Shear strength of squat reinforced
concrete walls subjected to earthquake loading-
trends and models”, Engineering structures,
32.2., PP 2466-2476., 2010.

[12]Gulec CK, Whittaker AS and Stojadinovic
Bozidar, “Shear strength of squat rectangular
reinforced  concrete  walls”, ACIl  Struct
J,105.547., PP 488-496., 2008.

[13]Gulec CK, Whittaker AS and Stojadinovic
Bozidar, “Peak shear strength of squat
reinforced walls with boundary barbells or
flanges”, ACI Struct J, 106.S36., PP 368-376.,
2009.

[14]Gulec CK and Whittaker AS, “Empirical
equations for peak shear strength of low aspect
ratio reinforced concrete walls”, ACI Struct J,
108.S09., PP 80-89., 2011.

[15]LU Wen, Qian Jiaru and Fang ehua, “the test
and calculation of RC walls’ ductility 7, Tsinghua
Univ, 39.04., PP 55-91., 1999.

[16]Chen Qin, Qian Jiaru and Li Genggin, “Static
elastic-plastic analysis of shear walls with macro
model”, CHINA CIVIL ENGINEERING
JOURNAL, 37.03., PP 35-43., 2004.

[17]Zhang Hongmei, Lu Xilin and Lu Liang,
“Influence of boundary element on seismic
behavior of reinforced concrete shear walls”,
Journal of earthquake engineering and
engineering vibration, 27.01., PP 92-98., 2007.

[18] Cao Wan-lin and Wang Hong-xin, “Experimental
study on seismic behavior of shear wall with X-
shaped concealed bracing and concealed vertical
joint”,  World information on earthquake
engineering, 17.02., PP 39-42., 2001.

[19] Alessandro Dazio, Katrin Beyer and Hugo
Bachmann, “ Quasi-static cyclic tests and plastic
hinge analysis of RC structural walls”,
Engineering Structures, 31.07., PP 1556-1571.,
2009.

[20]John H. Thomsen IV and John W. Wallace,
“Displacement-Based  Design  of  slender
Reinforced concrete structural walls-
experimental verification”, Journal of Structual
Engineering, 130.04., PP 618-630., 2004.

[21] FEMA356, Prestandard and commentary for the
seismic rehabilitation on of buildings, Federal
Emergency Management Agency, Washington
D.C., 2000.

[22] Gulec CK and Whittaker AS, Performance-Based

International Journal of Earth Sciences and Engineering
ISSN 0974-5904, Vol. 09, No. 05, October, 2016, pp. 2209-2221



X LCHEN,JPFu,LSUNANDJL YAO

Assessment and Design of Squat Reinforced
Concrete Shear Walls, Report No.MCEER-09-
0010, Buffalo: State University of New York,
20009.

[23]Sun Zhonghan, Study on seismic behavior of
straight shear walls with ductile cold-rolled
ribbed welded steel fabric, Master’s thesis,
Chongging University of China, 2012.[in
Chinese]

[24]Wang Liang, Experiment and analysis research
on low reinforcement shear wall without opening
at six degree zone, Master’s thesis, Chongging
University of China, 2010.[in Chinese]

[25]Wu Yanjiang, Research on Seismic Shear
Capacity of [1-Shape Reinforced Concrete
Structural walls, Master’s thesis, Chongging
University of China, 2004.[in Chinese]

[26] Wang Jinlin, Research on seismic shear capacity
of reinforced concrete structural walls with
flanges, Master’s thesis, Chongqing University of
China, 2007.[in Chinese]

[27]Liang Xingwen, “Experimental study on seismic
behavior and performance indexs of high-
strength concrete shear walls”, CHINA CIVIL
ENGINEERING JOURNAL, 43.11., PP 37-45,,
2010.

[28]Li Hongnan and Li Bing, “Experimental study on
seismic restoring performance of reinforced
concrete walls”, Journal of Building Structures,
25.05., PP 35-42., 2004. [in Chinese]

[29] Liang Xingwen, Yang Penghui and Cui Xiaoling,
“Experimental studies on seismic behavior of
high strength concrete shear wall with boundary
columns”, Journal of Building Structures, 31.01.,
PP 23-32., 2010. [in Chinese]

[30]Guo Jiandong, Experimental Study and Finite
Element analysis on the Seismic Behavior of
Squat Recycled Concrete Shear Walls, Mater’s
thesis, BEIJING UNIVERSITY OF CIVIL
ENGINEERING AND ARCHITECTURE of
China, 2012. [in Chinese]

[31]Cao Wanlin, “Experimental study on the seismic
behavior of squat recycled concrete shear walls”,
JOURNAL OF BEWING UNIVERSITY OF
TECHNOLOGY, 37.03., PP 409-417., 2011.[in
Chinese]

[32]LI Bing, “Research of Quasi Static Test and
Hysteretic Curve Model for Reinforced Concrete
Short Shear Walls”, Journal of Shengyang
Jianzhu University, 26.05., PP 869-874., 2010.[in
Chinese]

[33]Kong Hui, Experimental Research on the
influence of the Structural Behaviors of the RC-
shear Walls with Different Reinforcement Ratio,
Master’s thesis, China Academy of Building
Research, 2010.[in Chinese]

[34]Jiang Huanjun and Lv Xilin, “The experimental
study on the squat vertical energy dissipation
walls  under cyclic loading”, Engineering
Mechanics, PP 649-654., 1997.[in Chinese]

[35]Wang Lichang, Li Fanlin, Zhu Weiping and
Wang Guolei, “Experimental study on seismic
behavior of shear wall with concealed bracings”,
Journal of Buildings Structures, 12.01., PP 51-
58., 2007. [in Chinese]

[36]M.S. Lopes, “Experimental shear-dominated
response of RC walls Part /7: Objectives,
methodology ~ and  results”,  Engineering
Structures, 23.02., PP 229-239., 2001.

[37]Pedro AH, Christian A.L and Rodrigo M.J,
“Seismic Behavior of Squat Reinforced Concrete
Shear Walls”, Earthquake Spectra, 18.02., PP
287-309., 2002.

[38]Huang  Xiongjun and  Zhao  Shichun,
“Experimental study on squat wall with
reinforced frame”, Journal of southwest jiaotong
university, 34.05., PP 535-539, 1999. [in
Chinese]

[39] Christian G and Pierino L, “Static cyclic tests on
lightly reinforced concrete shear walls”,
Engineering structures, 27.11., PP 1703-1712.,
2005.

[40]Hong G.P, Jang W.B, Jea H.L and Hyun M.S,
“Cyclic loading tests for shear strength of low
rise reinforced concrete walls with Grade 550
MPa Bars”, ACl STRUCTURAL JOURNAL,
112.524., PP 299-310., 2015.

[41]Bing Li, Zuanfeng Pan and Weizheng Xiang,
“Experimental Evaluation of  Seismic
Performance of Squat RC Structural Walls with
Limited Ductility Reinforcing Details”, Journal of
Earthquake Engineering, 19.12., PP 313-331.,
2015.

[42]Luis G.Q, Yoshihisa M and Carlos Z, “Cyclic
behavior of thin RC Peruvian shear walls: Full-
Scale experimental investigation and numerical
simulation”, Engineering structures, 52.10., PP
153-167., 2013.

[43]Zheng Zhixiang, Non-linear Finite Element
Analysis of 3D Reinforced Concrete Based on the
Secant Stiffness, Master’s thesis, Chongqing
University of China, 2014.[in Chinese]

[44] Palermo D and Vecchio F.J, “Behavior of Three-
Dimensional Reinforced Concrete Shear walls”,
ACI STRUCTURAL JOURNAL, 99.59., PP 81-
89., 2002.

[45] Palermo D and Vecchio F.J, “Simulation of
Cyclically Loaded Concrete Structures Based on
the Finite-Element Method”, Journal of structural
engineering, 133.5., PP 728-738., 2007.

[46] Zhang Hongmei, Study on the performance-based
Seismic Design Method for shear wall structures,
PH.D thesis, Tongji University of China, 2007.
[in Chinese]

[47]Sinan Al and Kara M.E, “Hysteretic behavior of
RC shear walls strengthened with CFRP strips”,
Composites: Part B, 44., PP 321-329., 2013.

[48] Adamantia A and Gustavo P.M, “Experimental
study on the seismic behavior of High
Performance Fiber-Reinforced Concrete Low-

International Journal of Earth Sciences and Engineering
ISSN 0974-5904, Vol. 09, No. 05, October, 2016, pp. 2209-2221



An Alternative Shear Strength Equation of Reinforced Concrete Squat Walls for
Ensuring the Deformation Capacity

Rise walls”, ACI STRUCTURAL JOURNAL,
110.563., PP 767-777., 2013.

[49])Julian C and Sergio M.A, “Seismic performance
of concrete walls for housing subjected to
shaking table excitations”,  Engineering
Structures, 41.21., PP 98-107., 2012;

[50]Elnashai A.S, Pilakoutas K and Ambraseys N,
“Experimental behavior of reinforced concrete
walls under earthquake loading”, Earthquake
engineering and structural dynamics, 19.02., PP
389-407, 1990.

[51] Kassem, Experimental and theoretical study of
encased-plate  composite  structural  walls,
Master’s thesis, University of Dundee, 2010.

[52]Chin C.H and Maw S.S, “Experimental and
theoretical study on a seismic behaviors of low
rise R.C. shear walls”, In: 9th World Conference
on Earthquake Engineering-1988, PP 1250-
1265., 1988.

[53] Neil C.M, Feng N and Chun M.C, “Prediction of
stiffness of reinforced concrete shearwalls under
service loads”, ACI STRUCTURAL JOURNAL,

96.5113., PP 1018-1026., 1999.

[54]Shi Li, Fu Zhongguang, Shen Yazhou, Wang
Ruixin and Zhang Hui, “LES of Swirl Angle on
Combusion Dynamic and NOx Formation in a
Hybrid Industrial Combustor”, International
journal of heat and technology, 34.02., PP 197-
206., 2016.

[55]Qingni Yuan, Qingyun Yuan and Feilong Du,
“The Characteristics Research of Solid-liquid
Two-phase Fluid in the Filling Process of Fried
Pepper Sauce ”, International journal of heat and
technology, 34.02., PP 221-226., 2016.

[56]Zhang Yu-meng and Ren Xiao-hang, “A
SCENARIO ANALYSIS OF ENERGY INTENSITY
BASED ON INPUT-OUTPUT THEROEY IN
CHINA”, International journal of heat and
technology, 02.01., PP 17-20., 2016.

[57]Fu Jianping, Seismic Behaviour and Design of
joints in a reinforced concrete frame, PH.D
thesis, Chongqging University of China, 2002. [in
Chinese]

International Journal of Earth Sciences and Engineering
ISSN 0974-5904, Vol. 09, No. 05, October, 2016, pp. 2209-2221



