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ABSTRACT Carbon fiber reinforced polymer (CFRP) materials are important reinforcing substances which are widely
used in the shear strengthening of seismic-damage steel reinforced concrete (SRC) frame structures. To investigate the
shear strength of SRC frame columns strengthened with CFRP sheets, experimental observations on eight seismic-
damaged SRC frame columns strengthened with CFRP sheets were conducted at Yangtze University and existing
experimental data of 49 SRC columns are presented. Based on the existing experiments, the theories of damage degree,
zoning analysis of concrete, and strengthening material of the column are adopted. To present the expression formula of
the shear strength of SRC frame columns strengthened with CFRP sheets, the contributions of strengthening material and
transverse reinforcement to shear strength in the truss model are considered, based on the truss-arch model. The
contribution of arch action is also considered through the analysis of the whole concrete and that of the three zones of the
concrete are also considered. The formula is verified, and the calculated results are found to match well with the
experimental results. Results indicate that the proposed whole analysis model can improve the accuracy of shear strength

predictions of shear seismic-damaged SRC frame columns reinforced with CFRP sheets.
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1 Introduction

A large number of existing seismic-damaged steel
reinforced concrete (SRC) columns at different levels of
seismicities are not included in guideline publications, and
cannot be strengthened according to the requirements of
modern seismic design codes [1]. If vital deficiencies in
such columns, which are generally called seismic-damaged
SRC columns, the related strength analysis strengthening
materials and initially damaged degrees had to be
considered [2]. Recent post-earthquake investigations
have indicated that after being strengthened, seismic-
damaged SRC columns are vulnerable to shear failure as
one of the main load-bearing parts. This results in a rapid
reduction of seismic performance, and often leads to easy
structural collapse during earthquakes [3—5]. To satisfy the
aseismatic requirements of seismic-damaged SRC struc-
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tures, the brittle shear failure mode must be avoided. In
practical engineering, carbon fiber reinforced polymer
(CFRP) has received considerable attention due to factors
including its high-strength, light weight, high corrosion
resistance, and ease of fabrication. This effective strength-
ening method for SRC structures is increasingly used in the
United States, Canada, Japan, and more recently in Europe.
To mitigate brittle shear failure under the action of an
earthquake, a more thorough assessment of seismic-
damaged SRC columns strengthened with CFRP is
required [6—10]. Meanwhile, in order to sustain the new
or improved concrete structures in an earthquake,
strengthened columns must be designed with enough
shear strength as it is one of the main load-bearing
components of the building structure.

Compared to normal concrete columns, seismic-
damaged reinforced concrete (RC) columns strengthened
with CFRP demonstrate a different seismic performance
and are more brittle under the same conditions, leading to a
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limited application in all aseismatics design [11-15]. In
light of this, research into the seismic performance of the
seismic-damaged RC columns strengthened with CFRP
has increased dramatically in recent years in order to
standardize the use of CFRP-strengthened concrete
structures in seismicity regions. Fukuyama et al. [16]
studied the shear bearing capacity and ductility of seismic-
damaged RC columns strengthened with CFRP subjected
to a constant axial load and cyclic lateral loads. Cai [17]
investigated the seismic performance of CFS-strengthened
RC short columns based on the test phenomenon and
results, presenting formulas for computing the shear-
strength of columns. Eight RC columns with smaller
ductility were tested by lacobucci under cyclic loading,
and the effect of the seismic-damaged RC columns
strengthened with CFRP was investigated on the perfor-
mance of the columns [18]. Through analyzing the data
from numerous column tests, Sezen and Moehle [19]
obtained the parameters affecting the shear-strength of RC
columns of a rectangular cross-section and light transverse
reinforcement. Wang et al. [20] studied RC structure under
different degrees of seismic damage and when strength-
ened with CFRP, and analyzing the seismic behavior of the
RC structure. Wang [21] tested four seismic-damaged RC
columns strengthened with CFRP and examined the
difference in behavior between strengthened RC columns
and normal RC columns. Zhao and Ye [22] carried out an
experiment to investigate the seismic behavior of the
strengthened columns, finding that shear-strength was
improved and brittle failure was avoided effectively. Zhang
et al. [23] studied the shear bearing capacity and seismic
behavior of four severely damaged RC columns strength-
ened with CFRP sheets subjected to a constant axial load
and cyclic lateral loads. Zhou et al. [24] summarized that
the seismic performance of the rehabilitated columns could
reach or even exceed that of the original columns before
seismic damage within a certain extent of damage level.
Pan and Li [25] summarized a series of experiments on the
shear behavior of RC components and developed a shear
strength equation as a function of inelastic deformation. Jin
et al. [26] tested eight columns with high strength steel and
concrete under axial compression load and cyclic loading.
They concluded and that the shear strength equation
provided by Pan et al. was conservative for high-strength
columns, and proposed modifications to the detailed shear
strength equation proposed by Pan. Ichinose [27] presented
an expressive formula for the shear strength of an RC
frame column strengthened with CFRP sheets based on the
truss-arch model.

Existing studies primarily focus on the shear behavior of
seismic-damaged RC columns strengthened with CFRP
under simulated earthquake loading, while less informa-
tion can be obtained on the shear performance of seismic-
damaged SRC columns strengthened with CFRP. Recent
post-earthquake reconnaissance has indicated that some
short SRC columns or SRC columns without seismic
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damage are vulnerable to shear failure, which will
drastically reduce structural seismic performance and
usually lead to structural collapse during earthquakes.
The most important aspect to this study is the shear
behavior of the seismic-damaged SRC columns strength-
ened with CFRP sheets under constant axial-load and
cyclic lateral loads. Thus, the shear strength of the seismic-
damaged SRC columns strengthened with CFRP is
investigated in this paper. The shear bearing capacity of
RC in the specimen is composed of contributions from
concrete and transverse reinforcement in many codes
which contain some empirical coefficients mostly drawn
from experiments performed on normal-strength concrete,
respectively. As a result, the applicability of the existing
shear design methods of seismic-damaged SRC columns
strengthened with CFRP sheets in the specimen must be
further evaluated.

This paper presents experimental data on eight strength-
ened seismic-damaged SRC frame columns which were
tested by Yangtze University, as well as simulation data of
four specimens from Ref. [2]. The shear span ratio, A, and
the axial-load ratio, n, have an influence on the shear
strength of specimens, and Ichinose’s shear model reflects
this effect. To accurately the influence of damage degree,
division zone of concrete, and CFRP material on the truss-
arch model, Ichinose’s shear model must be improved. To
validate the proposed model, test data of eight strengthened
seismic-damaged SRC columns and simulation data of
four strengthened seismic-damaged SRC columns are
collected and compared with design codes.

2 Research significance

To understand the behavior of strengthening seismic-
damaged SRC frame columns, a comprehensive experi-
mental program is conducted in which the two main
objectives are planned simultaneously. The first objective
is to make direct comparisons of the seismic behavior of
specimens with two different influence parameters. The
second objective is to present a truss-arch model and
evaluate the applicability and effectiveness of five different
shear-strength models.

3 Observed experimental results

Arch action is significant in seismic-damaged SRC frame
columns strengthened with CFRP sheets that have been
subjected to the combined action of lateral cyclic loading
and axial compressive loading. Jin et al. [26] has proposed
that shear failure and flexural-shear failure are both
regarded as shear failure. The effect of axial compressive
loading on shear strength includes three aspects: first, the
compressive force can increase the neutral axis depth of the
section; secondly, the angle of the slanting crack is
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reduced; and thirdly, with the decrease of crack width, the
ability of the crack interface to transmit shear force is
enhanced [26]. The arch action can represent the first
aspect, and the truss model can represent the other two
aspects.

3.1 Experimental observation at Civil Engineering
Experiment Center of Yangtze University

Four SRC columns with different degrees of post-
earthquake damage were designed and numbered from
SRC-1 to SRC-4 for the test. The columns were studied to
examine the shear strength of SRC columns strengthened
with CFRP sheets. Four other SRC columns with different
axial-load ratios were also designed for the experiment,
and numbered from SRCC-2 to SRCC-4. The testing was
then undertaken at the Civil Engineering Experiment
Center of Yangtze University, China, with the experiment
and simulation conducted by Peng et al. [2]. To simulate an
earthquake situation, specimens were tested under a
combination of cyclic shear force and a constant axial
load. The main parameters included shear span ratio, A,
post-earthquake damage degree, strengthening methods,
and the axial-load ratio, n. Figure 1 shows the experimental
parameters of the specimen, and Table 1 presents the
dimension and strengthening material of the specimen. The
axis load on the top of the specimen was applied slowly
until the design value and then remained constant. Peng
et al. were consulted regarding details of the test device and
loading system [1,2].

The diameter of longitudinal reinforcement was 16 mm,
and the yield strength of longitudinal reinforcement, f,
was 376 MPa. The diameter of stirrups was 8 mm, and the
yield strength of stirrups, f.y, was 312 MPa. The spacing
between stirrups, s, was 200 mm and the 10-16# I-beam
was constructed at the core of the column section. The
cross-section reinforcement ratio () of the specimens was
1.60%, the stirrup ratio (p,) was 0.68%, and steel ratio (p,)
of the specimens was 4.84%.

The SRC column base was strengthened with CFRP
sheets. The CFRP sheets with a tensile stress of f;; =
3560 MPa and an elastic modulus of £ =250000 MPa were
pasted in a direction perpendicular to the axis of the
column using the circular uniform packing method. The

Table 1 Specimens experimental parameters

layer number was two, the monolayer thickness, z;, was
0.111 mm, the elongation was 1.7%, lap length was
150 mm, and the strengthening height was 500 mm. To
ensure the same quality of concrete, the same batch of C40
commercial concrete was used. The 28 day average
compressive cylinder strength was 37.2 MPa, while the
cylinder strength was 39.6 MPa at the time of the actual
test (GB 50010 2010). The average compressive strength
of testing for each specimen is summarized in Table 1.
More details of the specimens can be found in Refs. [1,2].

The backbone curves of the SRC-1-SRC-4 and SRCC-
2—-SRCC-4 series of specimens are illustrated in Fig. 2. The
stress process of the specimens are made up of four stages
being elasticity, elasticity and plasticity, yielding and
failure. Shear failure of the tested column is defined as the
recorded shear force when the shear strength decreases to
85% of the maximum shear capacity or the column is
unstable and cannot continue to work.

As seen in Fig. 2, compared with specimen SRC-1, the
shear strength of specimen SRC-2 is increased by 12.39%,
that of specimen SRC-3 is increased by 9.13%, and that of
specimen SRC-4 is increased by 8.76%. As the damage
degree decreases, the arch action of seismic-damaged SRC
frame columns, which were strengthened with CFRP
sheets, distinctly increases.

3.2 Material damage description and hypothesis

Post-earthquake damage of the tested columns is called
strength reduction, and is described by the strength
reduction factor, agr [28,29]. The expression for ar is as
follows:

ap = 1+ 1D + B, D%, (1)

where D is the damage index of a specimen, which was
proposed by Zheng et al. [30]. The correlation coefficients
are f; and f,, and can be computed by Egs. (2a) and (2b),
respectively.

S \?
= 0.127-0.000586f;,, + 0.229
b v (1000

+0.00143f;, (2a)

specimen damage degree n A concrete strength grade ~ CFRP layer number  strengthened u = A/A,  V; (kN)
SRC-1 undamaged 0.32 3.33 C40 - no 2.87 127.07
SRCC-2 undamaged 0.20 3.33 C40 - no 3.12 112.52
SRCC-3 undamaged 0.40 3.33 C40 - no 2.47 130.44
SRCC-4 undamaged 0.60 3.33 C40 - no 1.89 132.89
SRC-2 undamaged 0.32 3.33 C40 2 yes 3.38 151.60
SRC-3 moderate damaged 0.32 3.33 C40 2 yes 3.26 144.45
SRC-4 severe damaged 0.32 3.33 C40 2 yes 3.12 140.11




Sheng PENG et al. Truss-arch model for shear strength of seismic-damaged SRC frame columns

1327

270 200
- 2
e ,,E,l? 4C@16 SRC column Q)
(o]
i
| L-1SRC column
i (=3
1 (=)
T <
<|8 :
2 R
= %J : L
T Z T CFRP
' (=1
: sheets ol 3
: K =
: ground
' A8@60 bean
- & T T T T T -1
+ [ [ [ [
H 12C@16 [ [ [ [
H L [ [ [ [
v [ [ o 1o
o ! 2 [=3
2 - ¥ o o o =
T [ [ o o g
[ [ o o
o [ [ o 1o
= 4 L L |
(a) (b)

Fig. 1 Specimen dimension and strengthening (unit: mm). (a) Geometry and steel reinforcement configuration for specimens; (b)

strengthening of CFRP sheets at column bottom.
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A simplified method to calculate the strength of the
stirrups, longitudinal bars, and section steel after earth-
quake damage is presented in Eq. (3c). Similar observa-
tions were also reported by Yang [28].

]g/,v = anyva (3&)
S = agfae (3b)
fi = agfa (3¢)

where fy, fu, fa is the original strength of stirrups,
longitudinal bars and section steel of test columns without

initial seismic damage, respectively; and £y, f i, f4 is the
strength of the stirrups, longitudinal bars and section steel
of test columns under existing initial seismic damage,
respectively.

There are no research results or reliable methods for
estimating the change of the non-core-zone area of the
section column. Zhao and Cao [31] suggested that the area
of RC column could be simplified as bi. Based on test
results by Lu [32], Wan [33], and Zhang [34], the area of
the post-earthquake damage columns is not equal to bh.

From Fig. 3(a), it can be seen that the column section
consists of two parts with stirrups as boundaries: core zone
area, A;, and non-core-zone area, A,. These can be
computed by Egs. (4a) and (4b), respectively.

A; =2b(h—-ay), (4a)
Ay = (h—2ay)(b—2ay). (4b)

The column cross-section area, 4, is expressed as:
A= (1-D)4, + apd,, )

where D is the damage index of the non-core-zone area of
the section column: D; is equal to 0.5 for moderate damage
and D; is equal to 1.0 for severe damage.

Yang [28] and Zhao and Cao [31] provided a simplified
method to calculate the effective area, A., of the
compression strut on the concrete calculated. These results

are presented in Fig. 4.
nh
bh| 11— —
(%)

b
bh(lﬂ>.

(62)
A, =
(6b)
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Fig. 3 Geometric dimension and compression zone. (a) Column
cross-section; (b) compression zone; (c) compression zone of
inclined cracks region; (d) simplify the compression zone of
inclined cracks region.

From Fig. 4, Eq. (6) is non conservative however, the
mean is comparatively conservative. To facilitate the
calculation, it is assumed that the column section height
h, does not change, and expressed as:

L hy
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A
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3.3 Steel component

In Eq. (8), the shear bearing capacity of the component
steel section is considered regarding pure shear which is
also accepted in GB50010-2010 [35].

0.58f; t,h,

Va= 1-0.2 ()

3.4 Truss component

From Fig. 5, the concrete contribution to shear strength in
the truss model, ¥}, is assumed as the amount of force
transferred across the constrain interface of transverse
stirrups and CFRP sheets.

Vi is expressed as

h
L 0
4
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Fig. 5 The truss model. (a) Balance of truss model force; (b) balance of isolated-body force.
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Vt = (f;/,vpsv + vsfst) 09bl (hf2as)cot(p. (9)

To calculate the value of cotp, a simplified method is
provided as follows:

L) ke
cotp = min — L2 (10)
{ psvfyv + stst }

In Fig. 5(b), the stirrups reach the limit state, and the
oblique compressive stress, g, of the concrete in the truss
model is expressed as

O, :fyvpsv‘—gvsfst (11)

nsin g
where # is the influence coefficient of constraint action of
stirrups on strengthening considered in the truss model,
and can be calculated by Eq. (12); f;; is the tensile strength
of strengthening materials, MPa; ¢ is the angle between the
compression concrete and the column axis in the truss
model (also called critical shear angle); ps, is the
reinforcement ratio of stirrups, and vg is the shear
coefficient of reinforced material.

n=1-[(x+2)b/16h]. (12)

3.5 Arch component

The arch action indicates that the compressive force can
increase the neutral axis depth of the section (Fig. 6). If the
arch pressure is mainly concentrated in the central part of
the arch model, the whole analysis of the concrete with
column section is carried out, as illustrated in Fig. 6(b). If

W2, W2

T htan6/2

(a) (b)

Fig. 6 The arch model. (a) The actual arch model; (b) the
simplified arch model.
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the effect of the column section on the concrete of the arch
model is being considered, the analysis of the concrete
with column section is divided into three zones (Fig. 7).
Wei and Zhang [36] individually tested three zones: the
outer and left sides without flange and web restraint, the
upper and lower zones of the flange, and the restricted
flange inboard zone.

There are similarities to the arch action of the two
models, however, Zhao and Cao’s model requires the
analysis of the concrete as a whole, whereas Wei and
Zhang’s model considers the zones individually. Examin-
ing the mechanical properties of steel is the main method to
study the contribution of the arch mechanism to shear
strength. Neither models examine the difference of shear
strength in the arch model between the analysis of the
whole concrete and that of the concrete divided into three
zones [31,36]. To obtain the arch contribution, the
condition of compatibility between the concrete and the
strengthening material must be derived.

(@)

-—
=~
:%
o~
—_—
=

rTTTTTTTTR
‘_________I

Fig. 7 Arch model graph of RC part in SRC short column. (a)
The outer and left sides without flange and web restraint; (b) the
upper and lower zones of the flange; (c) the restricted flange
inboard zone.

Shear deformation of the arch model results in shear
deformation of the truss model. The shear failure criterion
of the truss-arch model can be expressed as:

o, + ao, = Vvf,,

(13)

where v is the softening coefficient of concrete and can be
computed by Eq. (14). When v is less than 0.4, the term v
can be simply taken as 0.4, and « is the effective coefficient
of the arch model.

v =0.75—£,/170. (14)

As seen in Fig. 6(b), the effect of the arch model on the
shear strength of concrete, V,;, is assumed to be the whole
analysis of the concrete with a RC column section. The
contribution of concrete to shear can be expressed as:
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bih?
Var = UalTa
where the arch pressure, o,, of concrete in the arch model
consists of the arch pressure produced by the axial load,
oan, and the arch pressure produced by the shear, o,.
To calculate the value of o,y and o,y, similar observa-
tions provide a simplified method [22].

(15)

Ta = 040 T OaNs (16)
where
Ve A<0.5
0 =14 (1.2-042)-vf,, 05<A<3
0, AZ3
OaN = 2nf.

From Fig. 7, the shear strength, V,,, of the RC column
consisting of three zones is as follows:

Va2 - Vl + V2 + V3, (17)

where

bh
V=1 *ﬂ)ﬁ’fc%mnel,

be— 1)y,
V,=(1 7/8)’)/]&%&1“923

be(h—hy, -2t
Vy=(1 —ﬁ)yfc¥m93,

where
B = (1/n)pfsn(1 + ot 0)/ (1£2),
tand, = h/(21),
tand, = hy,/(20),
andy = (h—hy—2t,)/(20),

hy = hy —2d;,

v =f./165.

Equation (17) is put forward by Zhang [34]. The high
cross section of the I-beam is /. by is the width of the
flange of the I-beam section; dy is the thickness of the I-
beam flange, and t,, is the thickness of the I-beam web.

3.6 Shear coefficient analysis

The contribution of CFRP to shear in the truss-arch model

Front. Struct. Civ. Eng. 2019, 13(6): 1324-1337

is based on modified strength degradation. The contribu-
tion of CFRP to shear can be expressed as:

(18)

where acrrp is CFRP strength reduction factor and can be
computed by Eq. (19) [37], and vcggrp is the CFRP strength
effective coefficient and can be computed by Eq. (20) [28].

1.639
ACFRP — ,
\/(tstbstfst)/(blsstft) + 1.207

Vs = GCFRPYCFRP>

(19)

verrp = 0.27 4 0.094—0.13n, (20)

where ¢, is thickness and b is width of CFRP for
calculating acprp, and sy is 1 for CFRP spacing. b; is the
effective width of column, and b; = b—2a,. Therefore, the
shear strength of seismic-damaged SRC columns strength-
ened with CFRP sheets under cyclic reversed loading is:

0.58f, t,h,

Va=Va+t Vit Va = 2-02

=+ (fy/vpsv =+ stst)
2

bih
-0.9b, (h—2ag)cosp + IT(O'aO fon), (la)

0.58f t,hy,

VuZZVa"—Vt"—VaZ: 7-02

+ ()gfrvpsv + st;t)

0.9b; (h—2ag)cosp + (Vy + Vo + V3). (21b)

4 Evaluation of proposed model

4.1 Experimental verification using test results at Yangtze
University

Table 2 logs the ratio of measured shear strength for the
proposed model and models of GB 50010-2010, ACT 318-
08, and CSA-04 to calculated ones [35,38,39]. This
proposed model consisted of two situations: the shear
strength, V,;, of the whole analysis and the shear strength,
V2, of the three zones analysis. The mean ratio is 1.148,
1.458,1.949, 1.164, and 1.076 for the proposed model (V;
and V,,, respectively), GB 50010-2010, ACI 318-08, and
CSA-04, respectively. Its coefficient of variation is 0.006,
0.030, 0.020, 0.004, 0.002 for the proposed model (V,; and
V2, respectively), and GB 50010-2010, ACI 318-08, and
CSA-04, respectively.

Results show that the proposed model slightly under-
estimates the shear strength, but can still describe the shear
strength well. The proposed model of shear strength, V,,,
of the three zones analysis model also demonstrates good
calculation precision. For the columns, the ratio of the test
value to the theoretical calculation value is more than 1.0,
that is to say, the proposed method is safe in practical
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Table 2 Comparisons of shear strength between proposed model and other models

specimen ar A n Vo/Vas Vo/Vact Vo/Vesa proposed model
VelVar Vel Vi
SRC-1 1.00 3.33 0.32 1.081 1.382 1.898 1.108 1.028
SRCC-2 1.00 3.33 0.20 1.102 1.365 1.856 1.112 1.065
SRCC-3 1.00 3.33 0.40 1.128 1.406 1.874 1.128 1.088
SRCC-4 1.00 3.33 0.60 1.043 1.412 1.928 1.119 1.009
SRC-2 1.00 3.33 0.32 1.312 1.965 2.056 1.312 1.165
SRC-3 0.96 3.33 0.32 1.228 1.386 2.354 1.228 1.092
SRC-4 0.89 3.33 0.32 1.143 1.292 1.678 1.143 1.086
mean 1.148 1.458 1.949 1.164 1.076
coefficient of variation 0.006 0.030 0.020 0.004 0.002

engineering.

From Table 2 it can be seen that the predicted shear
strength of the GB 50010-2010 model and the proposed
whole analysis model are approximately equal as the
columns at the Civil Engineering Experiment Center of
Yangtze University are designed and manufactured
according to the national code GB 50010-2010. Because
the influence of damage degree is considered in the
proposed model, the calculated shear strength decreases as
the damage degree increases.

4.2 Evaluation of proposed model 49 SRC columns

To investigate the shear strength of SRC frame columns
strengthened with CFRP sheets, existing experimental data
of 49 SRC columns are presented and summarized in
Table 3.

A compiled experimental database of 53 SRC columns
was used to evaluate the popular models from GB 50010-
2010, ACI 318-08, CSA-04, and the proposed model. The
proposed model is made up of the whole analysis model
and the three zones analysis model. The database consists
of four columns tested at Yangtze University and 49
columns in the aforementioned literature. Figures 810
plot the ratio of measured shear strength, V., to the
calculated shear strengths V1, Vs, Vge, Vact, and Vesa,
versus the shear span ratio, axial-load ratio, and strength
reduction factor, respectively. Through analysis of the data,
the proposed model can reasonably predict the shear
strength.

The mean ratio of test value to calculate value shear
strength is 1.214, 1.558, 2.363, 1.257, and 1.076,
respectively. The coefficient of variation is 0.004, 0.179,
0.090, 0.005, and 0.002, respectively. The proposed model
calculating the shear strength of the SRC column is
conservative and compared to the whole analysis model,
the three zones analysis model displays the best precision.
There are two major reasons that account for the
differences. First, in the proposed truss-arch model, the

effective depth of the arch can be obtained by the depth of
the neutral axis of the section minus the thickness of the
concrete cover. However, in some tested columns, the
concrete cover did not spall at the shear failure and so the
arch action was underestimated. Secondly, the proposed
Vo in Eq. (21D) is concerned with the shear strength of the
steel section of the concrete and it is safe for practical
application.

From the results of the comparison, there is a risk of
overestimating the shear strength using the model of the
CSA-04 method which has been approved by GB 50010-
2010. Using the ACI 318-08 method, the predicted shear
strength of the database is generally conservative, how-
ever, the value is underestimated for smaller A and
overestimated for larger A. The main cause of this
difference is that the arching effect decreases with the
increase of shear span ratio, A. The CSA-04 model is based
on the MCFT, which can also predict the shear strength
relatively accurately. Because the influence of the arch
model is not considered in the CSA-04 model, for columns
with A<2.5, the predicted shear strength is slightly
conservative.

5 Summary and conclusions

Test results and analysis of 53 SRC columns illustrated that
shear span ratio and axle-load ratio had a significant effect
on the shear strength of the specimens. Shear strength of
SRC columns is mainly transferred by the truss mechanism
and the arch action. Based on the condition of deformation
compatibility between the truss model and the arch model,
a predictive expression for shear strength of SRC columns
was presented under low cyclic loading. The influence of
damage degree and confinement method on the truss-arch
mechanism was then considered.

By comparing the experimental values and calculated
values of the shear strength of 53 SRC columns, it was
found that shear strength of the proposed model displayed
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Table 3 Parameters of 49 SRC columns

specimen  reference ap A n fo(MPa) b x h (mm*®) L(mm) p, f,(MPa) p, f,v (MPa)fi (MPa) t, (mm) by (mm) I* V, (kN)

SRC-1 [21] 1 1.0 036 66.4 200 x 160 370 6.11 261.6 0.8 462.6 - - - 114 371.6
SRC-2 1 1.0 036 67.3 200 x 160 480 6.11 2616 1.2 3545 - - - 114 3953
SRC-3 1 1.0 036 70.4 200 x 160 480 6.11 2616 1.6 3545 - - - 114 4242
SRC-4 1 15 036 66.4 200 x 160 480 6.11 261.6 0.8 462.6 - - - 114 282.6
SRC-5 1 L5 036 67.3 200 x 160 480  6.11 2616 1.2 3545 - - - 114 2928
SRC-6 1 15 036 70.4 200 x 160 480  6.11 261.6 1.6 3545 - - - 114 3154
SRC-7 1 250 0.36 66.4 200 x 160 700 6.11 261.6 0.8 462.6 - - - 114 189.7
SRC-8 1 250 0.36 65.3 200 x 160 700  6.11 261.6 1.2 3545 - - - 114 1939
SRC-9 1 250 0.36 73.1 200 x 160 700  6.11 261.6 1.6 3545 - - - 114 198.1
SRC-10 1 20 020 81.8 200 x 160 590  6.11 2616 08 462.6 - - - 114 1957
SRC-11 1 20 020 81.8 200 x 160 590  6.11 2616 1.2 3545 - - - 114 205.7
SRC-12 1 20 0.20 83.1 200 x 160 590  6.11 261.6 1.6 3545 - - - 114 212.1
SRC-13 1 20 028 83.1 200 x 160 590 6.11 261.6 08 462.6 - - - 114 22838
SRC-14 1 20 028 81.8 200 x 160 590  6.11 261.6 1.2 3545 - - - 114 232.6
SRC-15 1 20 028 84.9 200 x 160 590  6.11 2616 1.6 3545 - - - 114 2415
SRC-16 1 20 036 84.9 200 x 160 590  6.11 2616 08 462.6 - - - 114 237.7
SRC-17 1 20 036 84.4 200 x 160 590  6.11 261.6 1.2 3545 - - - 114 2427
SRC-18 1 20 036 84.4 200 x 160 590  6.11 261.6 1.6 3545 - - - 114 249.1
SRC-19 1 1.0 036 84.4 200 x 160 590  6.11 261.6 1.2 3545 - - - 114 4738
SRC-20 1 15 036 84.9 200 x 160 590  6.11 2616 1.6 3545 - - - 114 371.6
SRCI [28] 1 275 0.15 259 300 x 300 825 453 3096 1.19 5134 - - - 120a 245
SRC2 1 275 0.30 259 300 x 300 825 453 309.6 1.19 5134 - - - 120a 251
SRC3 1 275 040 259 300 x 300 825 453 309.6 1.19 5134 - - - 120a 275
SRC4 1 275 0.30 29 300 x 300 825 453 309.6 1.19 5134 - - - 120a 275
SRCS 1 275 0.30 29 300 x 300 825 453 309.6 1.19 5134 - - - 120a 255
SRC6 1 275 045 29 300 x 300 825 453 3096 1.19 5134 - - - 120a 296
SRC7 1 250 0.30 343 300 x 300 825 395 309.6 1.55 5134 - - - 120a 270
SRC8 1 250 0.30 343 300 x 300 825 395 309.6 242 466.1 - - - 120a 226
SRC9 1 250 0.30 343 300 x 300 825 395 309.6 1.61 466.1 - - - 120a 266
SRC10 1 250 0.30 343 300 x 300 825 395 309.6 227 466.1 - - - 120a 287
SRCI11 1 250 0.30 343 300 x 300 825 395 309.6 1.61 466.1 - - - 120a 260
SRCI12 1 250 0.30 343 300 x 300 825 395 309.6 1.61 466.1 - - - 120a 278
SRC13 1 225 0.30 343 300 x 300 825 395 309.6 1.61 466.1 - - - 120a 304
SRC14 1 225 0.30 343 300 x 300 825 395 309.6 1.55 466.1 - - - 120a 312
SRC-0 [28] 1 333 032 39.6 200 x 270 900 4.84 2645 0.68 3124 3560 0.111 500 I16 136.0
XSRC-01 1 333 020 39.6 200 x 270 900 4.84 2645 0.68 3124 3560 0.111 500 I16 1485
XSRC-02 1 333 032 39.6 200 x 270 900 484 2645 0.68 3124 3560 0.111 500 I16 158.8
XSRC-03 1 333 0.50 39.6 200 x 270 900 4.84 2045 0.68 3124 3560 0.111 500 I16 162.6
XSRC-11 0.963.33 0.20 39.6 200 x 270 900 4.84 2645 0.68 3124 3560 0.111 500 I16 143.1
XSRC-12 0.963.33 032 39.6 200 x 270 900 4.84 2645 0.68 3124 3560 0.111 500 I16 148.4
XSRC-13 0.963.33 0.50 39.6 200 x 270 900 4.84 2645 0.68 3124 3560 0.111 500 I16 1555
XSRC-21 0.893.33 0.20 39.6 200 x 270 900 484 2645 0.68 3124 3560 0.111 500 I16 1375
XSRC-22 0.893.33 032 39.6 200 x 270 900 484 2645 0.68 3124 3560 0.111 500 I16 1399
XSRC-23 0.893.33 0.50 39.6 200 x 270 900 4.84 2645 0.68 3124 3560 0.111 500 I16 1422

Note: all columns with fixed-pinned ends.
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strong correspondence with the test results. The mean ratio
of the test value to calculate value shear strength was 1.257
and 1.076, respectively, and its coefficient of variation was
0.005 and 0.002, respectively.

By analyzing the relationship between the experimental
value and the calculated value, it was found that the
proposed method takes into account the axial-load ratio
and the shear span ratio. The shear strength predicted by
the proposed three zones analysis model was relatively
conservative, especially for columns of small shear span
ratios. Comparative results indicated that the shear strength
of the GB 50010-2010 model and that of the whole
analysis model tended to be safe.
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Notation

The following symbols are used in this paper:
A: gross area of section;

Aj;: core zone area of section;

A»: non core zone area of section;

acrrp: CFRP strength reduction factor;

ag: the strength reduction factor;

b: width of column;

bg: width of flange of I-beam section;

bg: width of CFRP;

D: damage index of specimen;

D;: damage index of the non core zone area of the section column (D; = 0.5
for moderate damaged and D; = 1 for severe damaged);

dg: thickness of I-beam flange;

E: elastic modulus of CFPR;

fa: yield stress of steel;

fa: yield stress of steel after post-earthquake damage;

fe: cylinder strength of concrete;

fex: yield stress of longitudinal bars;

fek: yield stress of longitudinal bars after post-earthquake damage;
[ tensile stress of CFPR,;

Jyv: yield stress of stirrups;

Jyv: yield stress of stirrups after post-earthquake damage;
h: height of column;

hy: the high cross section of I-beam;

[: column height;

sst: the CFRP spacing;

t: the monolayer thickness of CFRP;

t: the thickness of I-beam web;

Front. Struct. Civ. Eng. 2019, 13(6): 1324-1337

V,: shear strength provided by steel;

Vai: the shear strength of the whole analysis of concrete with RC column
section;

Va2: the shear strength of the RC column consisting of three zones;
V.: measured shear strength of column;

V:: shear strength provided by arch model;
a: effective coefficient of arch model;

f1: correlation coefficient;

f,: correlation coefficient;

A: shear span ratio;

n: axial-load ratio;

pa: steel ratio;

p1. longitudinal bars ratio;

Psy stirrups ratio;

v: the softening coefficient of concrete;
verrp: CFRP strength effective coefficient;
vs. shear coefficient of reinforced material;
o.: the oblique compressive stress;

¢: the angle between the compression concrete and the column axis in the
truss model;

u: displacement ductility of SRC column at shear failure.
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