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Abstract: In this paper, the loading mechanism of steel-fiber-reinforced concrete (SFRC) shear wall
(SW) under low-cycle repeated loading is analyzed, and the softened strut-and-tie model (SSTM) of
SFRC SW composed of horizontal and vertical resistant members and diagonal strut is proposed, in
which the contributions of distributed web reinforcement, concrete, and steel fiber (SF) to the shear
bearing capacity (SBC) of SFRC SW is identified. Furthermore, a new algorithm to obtain the SBC
of SFRC SW is established, and then it is validated by using the test results of steel-fiber-reinforced
high-strength concrete (SFHSC) SW and SFRC SW under low-cycle repeated loading. The results
show that the calculated values are in good agreement with the experimental values for the 11 SFRC
SWs, and the average strength ratio between calculated and experimental values (Vjh,t/Vjh,c) is 0.958.
Therefore, the proposed calculation method is scientific and accurate for analyzing and predicting
the SBC of SFRC SW. In addition, the proposed calculation method can scientifically and accurately
analyze and predict the SBC of SFRC SW.

Keywords: steel fiber; shear wall; softened strut-and-tie model; shear bearing capacity

1. Introduction

Reinforced concrete (RC) shear wall (SW) is a common anti-lateral force compo-
nent in high-rise buildings that has been widely used in high-frequent earthquake-prone
areas [1–5]. The observation from recent earthquake reconnaissance indicated that the main
reason why the RC SW was seriously damaged and even collapsed was its inadequate duc-
tility and energy dissipation [6–8]. There are many problems that need to be solved urgently
in the existing ordinary reinforced concrete SW located in high-intensity earthquake areas.
In the existing design code, it is imperative to tightly control the axial compression ratio
of RC SW at the base of high-rise buildings. This strict limitation is essential for adhering
to ductility requirements and preventing brittle failure. Consequently, the wall web is
frequently designed to be excessively thick. This not only diminishes the available area and
space within the building but also leads to increased structural self-weight and construction
expenses. On the other hand, ordinary RC SWs necessitate a substantial number of stirrups
in the restrained edge members. These stirrups are essential to effectively confine the
concrete and prevent the longitudinal reinforcement from buckling when subjected to
compression. However, intensive reinforcement of RC SWs not only increases construction
cost, but also affects construction quality.

The research shows that there are two main reasons for the insufficient ductility and
energy dissipation performance of ordinary RC SWs. First, the longitudinal reinforcements
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in the restrained edge members of RC SWs yield prematurely, which leads to rapid degrada-
tion of the flexural capacity of RC SWs. Second, the SBC of the wall degrades rapidly after
the concrete at the bottom of the RC SW is crushed and peeled off, which reduces the energy
dissipation capacity of the RC SW [9,10]. In order to improve the ductility and energy
dissipation performance of ordinary RC SWs, some new improvement measures have been
put forward one after another, such as improving the reinforcement ratio and increasing the
numbers of wall reinforcements, SWs with vertical joins, SWs with horizontal joints, SWs
with concealed bracing, steel-reinforced concrete SWs, and reinforcements with different
fibers, or even changing the composition of concrete [11–19]. However, the improvement
of ductility and energy dissipation capacity of RC SWs cannot simply rely on increasing
the distribution reinforcement ratio, which will increase the construction difficulty. Ad-
ditionally, the joints in the wall web easily weaken the SW section, and the addition of
concealed bracing in the wall web easily leads to complexity of the wall reinforcement
mode. Furthermore, the wall cracks cannot be effectively controlled by profiled steel set
up in both ends of the RC wall as embedded columns or a steel plate brace precasted in
the SW.

In particular, as high-strength concrete (HSC) has become more commonly used,
it allows for a reduction in the cross-sectional size of the SW. However, this reduction
in size comes with an inevitable increase in the brittleness of reinforced high-strength
concrete (RHSC) SWs. Correspondingly, the seismic behavior of RHSC SWs needs to be
improved to meet the higher requirements [20,21]. The latest research results of scholars at
home and abroad showed that adding SF into concrete can effectively improve the seismic
performance of RC members, including the RHSC SW [22–24]. The seismic behavior of
SFRC SW subjected to reversed cyclic loading had been tested by several scholars [3,25–27].
Just as anticipated, because the randomly distributed SF can effectively improve anti-
cracking properties, tensile strength, shearing property, toughness, durability, and seismic
performance of matrix concrete, then they can greatly improve the seismic performance
of RC SWs, reduce the degree of reinforcement aggregation, and increase construction
efficiency [28]. With the increase in the volume ratio of SF, the bearing capacity, ductility,
and energy dissipation capacity of SFRC SWs increase. Hitherto, extensive research results
have been obtained from experimental studies on the seismic performance of RC SWs and
SFRC SWs, but the research results on the mechanical mechanism and calculating method
for SBC of SFRC SWs were relatively few since the mechanical mechanism of SWs subjected
to the combined action of bending, compression, and shear is very complicated. What is
more, how to consider the role of SF in concrete is also a complicated problem. Additionally,
the calculating methods for SBC of SFRC SWs proposed in the existing literature are almost
universally half-empirical formulas based on test results, and there is no scientific and
reasonable theoretical model. Furthermore, ultimately, the calculation results for SBC
of SFRC SWs were not accurate enough. Therefore, there is an urgent need to propose
scientifically sound theoretical models. Some scholars have proposed models and theories
for calculating the SBC of SWs, such as Panatchai et al. [29], who predicted the peak shear
strength of squatting SWs with and without boundary elements by developing a strut-and-
tie model (STM); and Oudah et al. [30], who proposed the theory of two-discrete-elements
(TDE) shear deformation for evaluating the deformability of RC SWs under lateral loads in
earthquake-resistant design applications.

The SSTM for calculating the SBC of RC elements damaged by inclined compression
bar was established by S.J. Hwang and H.J. Lee, which derived from the concept of the
strut and tie of RC elements, introducing a softening coefficient of concrete. Furthermore,
the equations satisfying the equilibrium, constitutive relation, and coordination of cracked
RC were put forward. The SBC prediction of different types of RC members has been
calculated by using the SSTM, and the accuracy of these calculations has been confirmed
through a comparison of the calculated SBC with test results reported in the previous
literature [31–34].
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In this paper, the loading mechanism of SFRC SWs was analyzed; the randomly dis-
tributed SF in the SW web could be equivalent to horizontal and vertical finely distributed
steel bars. Then the SSTM to calculate the SFRC SW composed of diagonal strut, horizontal,
and vertical resistant members was proposed, in which the contributions of SF, concrete,
and distributed web reinforcement to the SBC of SFRC SW was identified. Furthermore,
a new algorithm based on the SSTM to obtain the SBC of SFRC SWs was established,
and then it was validated by using the test results of 11 low-rise SFHSC and SFRC SWs
under low-cycle repeated loading. The results indicated a favorable agreement between
the calculated values and experimental data for the 11 low-rise SWs, and the SSTM may be
used to calculate the SBC of SFHSC and SFRC SWs. Based on the analysis of the loading
mechanism of SFRC SWs, a well-established calculation method for the SBC of SFRC
SWs was proposed. It has a better theoretical basis and a more scientific and reasonable
theoretical model than the previous calculation method. Finally, the calculation results for
the SBC of SFRC SWs will be accurate enough.

2. Loading Mechanism of SFRC SW

While the loading mechanism of SFRC SWs under the combined forces of bending,
compression, and shear is highly intricate, the random distribution of SF within the SW web
can be deemed an equivalent alternative to the placement of finely distributed horizontal
and vertical steel bars. Notably, SF do not alter the SW’s loading mechanism, thereby
making it akin to that of RC SWs. The wall forms intersecting oblique pressure and tension
flow along the diagonal direction, as shown in Figure 1. The diagonal compressive struts are
formed by the wall web matrix concrete under pressure flow. The diagonal tension flow in
the wall web is mainly supported by SFRC due to its good tensile and crack resistance prior
to the wall web cracking, and during this stage, the reinforcement stress can be negligible.
As the load increases, SFRC will develop initial oblique cracks when the diagonal tension
flow in the wall web exceeds the crack strength of SFRC. Once SFRC displays the first crack,
the diagonal tension flow in the wall web is carried by the strut and tie. The horizontal
tie rod contains SF and horizontally distributed reinforcements, as depicted in Figure 1b,
while the vertical tie comprises SF and vertically distributed reinforcements, as shown in
Figure 1c. To summarize, when the initial crack occurred in the wall web, the randomly
dispersed steel fibers and the distributed reinforcements primarily withstood the tensile
forces, while the concrete experienced oblique compressive stresses. This combination of
forces resulted in the development of a strut-and-tie action. Therefore, the SSTM of SFRC
SWs also involved diagonal struts, as well as horizontal and vertical resisting components.

Buildings 2024, 14, x FOR PEER REVIEW 3 of 17 
 

through a comparison of the calculated SBC with test results reported in the previous lit-
erature [31–34]. 

In this paper, the loading mechanism of SFRC SWs was analyzed; the randomly dis-
tributed SF in the SW web could be equivalent to horizontal and vertical finely distributed 
steel bars. Then the SSTM to calculate the SFRC SW composed of diagonal strut, horizon-
tal, and vertical resistant members was proposed, in which the contributions of SF, con-
crete, and distributed web reinforcement to the SBC of SFRC SW was identified. Further-
more, a new algorithm based on the SSTM to obtain the SBC of SFRC SWs was established, 
and then it was validated by using the test results of 11 low-rise SFHSC and SFRC SWs 
under low-cycle repeated loading. The results indicated a favorable agreement between 
the calculated values and experimental data for the 11 low-rise SWs, and the SSTM may 
be used to calculate the SBC of SFHSC and SFRC SWs. Based on the analysis of the loading 
mechanism of SFRC SWs, a well-established calculation method for the SBC of SFRC SWs 
was proposed. It has a better theoretical basis and a more scientific and reasonable theo-
retical model than the previous calculation method. Finally, the calculation results for the 
SBC of SFRC SWs will be accurate enough. 

2. Loading Mechanism of SFRC SW 
While the loading mechanism of SFRC SWs under the combined forces of bending, 

compression, and shear is highly intricate, the random distribution of SF within the SW 
web can be deemed an equivalent alternative to the placement of finely distributed hori-
zontal and vertical steel bars. Notably, SF do not alter the SW’s loading mechanism, 
thereby making it akin to that of RC SWs. The wall forms intersecting oblique pressure 
and tension flow along the diagonal direction, as shown in Figure 1. The diagonal com-
pressive struts are formed by the wall web matrix concrete under pressure flow. The di-
agonal tension flow in the wall web is mainly supported by SFRC due to its good tensile 
and crack resistance prior to the wall web cracking, and during this stage, the reinforce-
ment stress can be negligible. As the load increases, SFRC will develop initial oblique 
cracks when the diagonal tension flow in the wall web exceeds the crack strength of SFRC. 
Once SFRC displays the first crack, the diagonal tension flow in the wall web is carried by 
the strut and tie. The horizontal tie rod contains SF and horizontally distributed reinforce-
ments, as depicted in Figure 1b, while the vertical tie comprises SF and vertically distrib-
uted reinforcements, as shown in Figure 1c. To summarize, when the initial crack occurred 
in the wall web, the randomly dispersed steel fibers and the distributed reinforcements 
primarily withstood the tensile forces, while the concrete experienced oblique compres-
sive stresses. This combination of forces resulted in the development of a strut-and-tie 
action. Therefore, the SSTM of SFRC SWs also involved diagonal struts, as well as hori-
zontal and vertical resisting components. 

 
(a) Diagonal (b) Horizontal (c) Vertical 

Figure 1. Shear resisting mechanisms of shear wall. 

D

θ
as

Nodal
zone

l

H

Rd×V jh

Diagonal
strut

l

H/2

Rh×V jh

Flat strut

l/2

H

Rv×V jh

H/2

Fh
Horizontal

tie

l/2

Fv

Vertical tie

Steep strut

Figure 1. Shear resisting mechanisms of shear wall.

In Figure 1a, the diagonal force mechanism in SFRC is established by a single diagonal
compression strut. The inclination angle θ of this SFRC diagonal compression strut can be
determined by [35]:

θ =
1

tan
(

H
l

) (1)
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where H is the height of the SFRC SW; l is internal force arm of vertical couple of the SFRC
SW and l is equal to 0.9h; and h is the section height of the SFRC SW.

The cross-sectional area of the diagonal strut, Astr, can be determined as [36]:

Astr = αstr × bstr (2)

where αstr is the section height of the diagonal strut; and bstr is the section width of the
diagonal strut, which is consistent with the wall section width b.

The section height of diagonal strut αstr can be roughly defined as [37]:

αstr = (0.25 + 0.85
N

bh fc
′ )h (3)

where N is the axial force borne by the SFRC SW specimen; and f c
′ is the axial compressive

strength of the concrete cylinder (MPa).
Figure 1b depicts a horizontal force mechanism incorporating a single tie rod and two

flat struts. The presence of SF improved the tensile, crack, and toughness properties of
concrete. Accordingly, SFRC SWs performed better than RC SWs. Thus, the horizontal tie
rod of the SFRC SW web comprised randomly distributed SF and horizontally distributed
reinforcements, and can be defined as [37]:

Fh = Fh,s f + Fh,s (4)

where Fh is the horizontal tie rod value, Fh,s is the tension force value of the horizontally
distributed reinforcement tie rod. Numerous test results indicated that the horizontally
distributed reinforcements in the wall web did not undergo full yielding when the SW
specimen experienced failure. Therefore, η1 is suggested as the effective coefficient in
the background. Thus, Fh,s = η1 × Ah,s, η1 is the effective shear resistance coefficient of
horizontally distributed reinforcement and can be approximated as 0.75, as reported in the
literature [34]; Ah,s is the cross-sectional area of the horizontally distributed reinforcement
tie rod; fh,s is the tension strength of horizontally distributed reinforcement; Fh,sf is the
tension force value of the horizontally distributed SF tie rod; in Fh, s f = Ah, s f × fs f , Ah,sf
is the cross-sectional area of the horizontally distributed SF tie rod; and f sf is the tension
strength of horizontally distributed SF.

In order to reduce the cost of computation, the random distribution of SF within the
three dimensions of the SFRC SW web can be considered equivalent to the arrangement of
horizontally and vertically finely distributed steel bars in the SBC analysis of SFRC SWs.
Consequently, the cross-sectional area of the horizontally distributed SF tie rod, Ah,sf , can
be determined by [38]:

Ah,s f = ns f As f (5)

where Asf is the cross-sectional area of a single SF; and nsf is the number of equivalent
horizontal SFs, which can be determined by [38]:

ns f = η2ρ f
bH

As f sin θ
(6)

where ρf is the volume ratio of SF; the equivalent reduction coefficient, denoted as η2, can
be approximately considered as 0.41, as inferred from the analysis of experimental results
reported in the literature [38].

The cross-sectional area of the horizontally distributed SF tie rod, Ah,sf , can be calcu-
lated by:

Ah,s f = 0.41ρ f bH/ sin θ (7)

In Figure 1c, a vertical tie rod and two steep struts form the vertical force mechanism.
Moreover, like the horizontal tie rod, the vertical tie rod of the SFRC SW web includes
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randomly distributed SFs and vertically distributed reinforcements, and can be defined as
the following [37]:

Fv = Fv,s f + Fv,s (8)

where Fv is the tension force value of the vertical tie rod value; Fv,s is the tension force value
of the vertically distributed reinforcement tie rod. Numerous test results indicated that the
vertically distributed reinforcements in the wall web did not undergo full yielding when
the SW specimen experienced failure, so η3 is suggested as the effective coefficient in the
background, thus in Fv, s = η3 × Av, s × fv, s, η3 is the effective shear resistance coefficient
of vertically distributed reinforcement and it can be approximated as 0.80, as reported in
the literature [34]; Av, s is the cross-sectional area of the vertically distributed reinforcement
tie rod, fv,s is the tension strength of vertically distributed reinforcement; and Fv,sf is the
tension force value of the vertically distributed SF tie rod. In Fv, s f = Av, s f × fs f , Av,sf is the
cross-sectional area of the vertically distributed SF tie rod and for Av, s f = 0.41ρ f bh/cosθ,
fsf is the tension strength of vertically distributed SF.

3. Computation Method for SBC of SFRC SW
3.1. Equilibrium Equations

Figure 2 shows the calculation diagram of the strut-and-tie model for the SFRC SW
specimen. The horizontal and vertical shear forces of the SFRC SW specimen on the basis
of the above strut-and-tie model can be defined as the following [37]:

Vjh = D cos θ + Fh + Fv cot θ

Vjv = D sin θ + Fv + Fh tan θ
(9)

where D is the pressure value of the SFRC diagonal compression strut; Vjh is the horizontal
shear resistance capacity value of the SFRC SW web; and Vjv is the vertical shear resistance
capacity value of the SFRC SW web.
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The horizontal shear resistance capacity value of the SFRC SW web, Vjh, is distributed
to the three resistance mechanisms in a certain proportion [37]:

D cos θ : Fh : Fv cot θ = Rd : Rh : Rv (10)

where Rd, Rh, and Rv are the horizontal shear resistance capacity ratios borne by the diagonal,
horizontal, and vertical resistance mechanisms, respectively, which can be calculated by [37]:

Rd = (1−γh)(1−γv)
1−γhγv

Rh = γh(1−γv)
1−γhγv

Rv = γv(1−γh)
1−γhγv

(11)

where γh is the ratio of the horizontal shear resistance capacity value borne by the horizontal
tie rod when the vertical resistance mechanism does not participate in shear resistance
capacity distribution; γv is the ratio of the vertical shear resistance capacity value borne by
the vertical tie rod when the horizontal resistance mechanism does not participate in shear
resistance capacity distribution. The values of γh and γv can be calculated by [39]:

γh = 2 tan θ−1
3 , 0 ≤ γh ≤ 1

γv = 2 cot θ−1
3 , 0 ≤ γv ≤ 1

(12)

The values of D, Fh, and Fv can be calculated through Equations (9) and (10) as:

D = 1
cos θ ×

(
Rd

Rd+Rh+Rv

)
×Vjh

Fh =
(

Rh
Rd+Rh+Rv

)
×Vjh

Fv = tan θ ×
(

Rv
Rd+Rh+Rv

)
×Vjh

(13)

The failure criterion of SSTM for the SFRC SW specimen is that the resultant force of
the diagonal compression strut, flat compression strut, and steep compression strut at the
joint region reaches the concrete compression strength, as shown in Figure 1. In order to
judge whether the SFRC SW specimen is damaged, the resultant force at the joint region
must be checked as shown in Figure 2. The maximum compressive stress σd,max generated
by the three compression struts at the joint region can be defined as [37]:

σd,max =
1

Astr

[
D +

Fh
cos θ

(
1− sin2 θ

2

)
+

Fv

sin θ

(
1− cos2 θ

2

)]
(14)

3.2. Constitutive Equations

The compressive softened stress–strain relationship of cracked SFRC can be expressed
as [40]:

σd = ζ fc
′
[

2
(

εd
ζε0

)
−
(

εd
ζε0

)2
]

,
εd

ζε0
≤ 1 (15)

where σd is the average principal compressive stress of SFRC in the d-direction; ζ is the
softened coefficient of SFRC; εd is the average principal compressive strain corresponding
to stress σd; and ε0 is the strain of the SFRC cylinder when the stress of that reaches fc′,
which can be calculated approximately by [41]:
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ε0 = −0.002− 0.001(
fc
′ − 20
80

), 20 MPa ≤ fc
′ ≤ 100 MPa (16)

The softened coefficient of SFRC, ζ, can be determined by the following [40]:

ζ =
5.8√

fc
′

1√
1 + 400εr

≤ 0.9√
1 + 400εr

(17)

where εr is the average principal tensile strain corresponding to the average principal
tensile stress (σr) of the SFRC in the r-direction.

The stress σd and the strain εd need to meet the following conditions when the SFRC
SW reaches the maximum SBC [40]:

σd = ζ fc
′ (18)

εd = ζε0 (19)

The stress–strain relationship of the distributed reinforcement in the SFRC SW can be
expressed as [36]: {

fs = Esεs εs < εy
fs = fy εs ≥ εy

(20)

where Es is the elastic modulus of the distributed reinforcements; f y and εy are the yield
strength and yield strain of the distributed reinforcements, respectively; and f s and εs
are the actual stress and strain of the distributed reinforcements, respectively; the only
caveat here is that when the calculation Equation (20) above is applied to the horizontally
distributed reinforcements and the vertically distributed reinforcements respectively, f s is
taken as fh,s or fv,s, Es is taken as Eh,s or Ev,s, εs is taken as εh,s or εv,s, and fy is taken as fyh
or fyv.

The stress–strain relationship of the randomly distributed SF in the three dimensions
of the SFRC SW web can be described as [36]:

fs f = Es f εs f (21)

where Esf and εsf represent the elastic modulus and actual strain of the randomly distributed
SF in the three dimensions of the SFRC SW web, respectively.

Existing test results have indicated that, in the wall web, most of the randomly dis-
tributed steel fibers are pulled out from the matrix concrete rather than being damaged
due to their good mechanical properties. Therefore, the tension strength of the randomly
distributed SF in the wall web, fsf, is primarily influenced by the bonding strength between
the SF and matrix concrete, and the following functional relationship needs to be satisfied
as [42]:

As f fs f ≤ λs f Asp f τs f ,max (22)

where λsf is the effective coefficient of SF type, and the values of λsf for the type of long
straight, wave-shaped, and hooked SF are 0.5, 0.75, and 1.0, respectively; τsf,max is the
maximum bonding strength between SF and matrix concrete according to the existing
research results in the literature [42]; τsf,max can be considered equal to 2.5 times f ct, where
f ct represents the matrix tension strength of SFRC; Aspf represents the surface area of SF; in
Aspf = πdflsfo, df and lsfo are the equivalent diameter and the effective bounding length of SF
respectively; and in lsfo = 0.25 lf, lf is the length of SFs.
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Thus, the tension strength of the randomly distributed SF in the wall web, f sf, can be
described as the following according to Equation (22):

fs f ≤ λs f

(
l f

d f

)
τs f ,max (23)

In summary, the relationship between tension force values and strains of the tie rod
can be expressed as:

Fh = Fh,s + Fh,s f = 0.75Ah,sEh,sεh,s + 0.41ρ f bHEs f εh,s f / sin θ ≤ Fyh (24)

Fv = Fv,s + Fv,s f = 0.8Av,sEv,sεv,s + 0.41ρ f bhEs f εv,s f / cos θ ≤ Fyv (25)

εh,s = εh,s f = εh
εv,s = εv,s f = εv

(26)

where εh, s and εh,sf are the strains of the horizontally distributed reinforcements and SF,
respectively; εv,s and εv,sf are the strains of the vertically distributed reinforcements and SF,
respectively; εh and εv are the average horizontal strain and the average vertical strain of
the SFRC wall web, respectively; and Fyh and Fyv are the yield force values of the horizontal
and vertical tie rods, respectively.

3.3. Compatibility Equations

The strain compatibility equations used in this research are shown as follows [43]:

εr = εh + (εh − εd) cot2 θ (27)

εr = εv + (εv − εd) tan2 θ (28)

3.4. Solution Steps

The proposed solution steps for the SBC of SFRC SWs are shown in Figures 3 and 4,
and the main solving steps are as follows: at first, the horizontal shear resistance capacity
value of the SFRC SW, Vjh, is assumed, and the values of D, Fh, Fv, and σd,max can be
derived by solving the Equations (9)–(14). Subsequently, the softened coefficient of the
SFRC, ξ, is initially determined using Equation (18), assuming that the concrete diagonal
strut reaches its compressive strength. Next, the strains of the tension and compression
struts are obtained by using the corresponding constitutive equations. At last, the average
principal tensile strain in the r-direction, εr, is determined using compatibility equations.
Then, a new value of ξ is obtained through the Equation (17). If the initial value of the
softened coefficient of SFRC, ξ, closely approximates the new value, ξ, then the assumed
value, Vjh, represents the SBC of the SFRC SW. Otherwise, back to the iterations.

However, it is important to realize that the solution flow in Figure 3 is categorized into
five calculation types based on different yield conditions of the tie rods [34], as illustrated
in Table 1. Figure 4 depicts the stress redistribution of shears of the SFRC SW web after the
horizontal tie rod has yielded.
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Table 1. Calculation type.

Type Type E Type YH Type YV Type YHV Type YVH

Condition Fh < Fyh
and Fv < Fyv

Fh = Fyh
and Fv < Fyv

Fh < Fyh
and Fv = Fyv

Fh = Fyh
and then Fv = Fyv

Fv = Fyv
and then Fh = Fyh
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4. Test Verification

In order to verify the SBC calculation model of SFRC SWs described above in this
study, two SW specimens with 1/4 scale and a shear–span ratio of 1.0 were subjected to
low-cycle repeated loading. This included one RHSC SW specimen and one SFHSC SW
specimen. Table 2 shows the detailed properties of the SF. Table 3 shows the concrete
mix proportion of the two test specimens. The test specimens considered herein have
three major common features: (1) all walls showed a wall web shear-dominant failure
mode; (2) they were one-story isolated walls; (3) all contained both horizontal and vertical
reinforcement uniformly distributed basically throughout the wall web. The dimensions
and reinforcement configurations of the two SW specimens designed and manufactured are
shown in Figure 5. The reinforcement strength grade and the concrete strength grade of the
SW specimen were HRB400 and C60, respectively. The SF was provided by Bekaert, Shang-
hai, China. Table 3 also presents the remaining design parameters of the SW specimens,
including the volume ratio of SF, axial compression ratio, and concrete strength. After
loading completely, the two SW specimens exhibited distinct shear failure characteristics,
as illustrated in Figure 6, which depicts the failure patterns of the two SW specimens after
the test. The test results indicated that the inclusion of SF significantly improved the crack
formation and seismic behavior of the HRB400 level high-strength reinforced concrete SW
specimen. As the volume ratio of SF increases, the cracks in the SW specimen become
thinner and denser. The crack distribution area significantly increases, and the amount of
concrete crushing and spalling of the wall web is reduced significantly in the final failure
of the SW specimen. The test data of nine other SFRC SW specimens from the existing
literature are also collected and utilized to validate the proposed method in this paper,
as shown in Table 4. The SW specimens examined in this study encompass various test
parameters, including the volume ratio of SF, reinforcement ratio, shear–span ratio, and
concrete strength. All the tested SW specimens showed a shear failure mode.

The research in [44] gives the functional relationship between f c and f c
′. The last

column of Table 4 provides the Vjh,t/Vjh,c ratios, illustrating the computational accuracy
of the proposed calculation method. The average strength ratio (Vjh,t/Vjh,c) is 0.958 with
a coefficient of variation (COV) of 0.18 (refer to Table 2), and the results indicate that the
calculated values are in excellent agreement with the experimental values for the 11 SFRC
SW specimens mentioned above. The proposed calculation method is both scientific and
accurate in analyzing and predicting the SBC of SFRC SWs. The SSTM can be applied to
calculate the SBC of SFHSC and SFRC SWs.

Table 2. Properties of SF.

SF Type
Equivalent
Diameter

(mm)
Length (mm) Aspect Ratio

Tension
Strength

(MPa)

Elastic
Modulus

(GPa)

Hooked 0.55 35 65 1345 200
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Table 3. The concrete mix proportion of the test specimens.

Specimen Strength
Grade

Material Consumption/(kg·m−3)
ρf

Cement Water Steel
Fiber Sand Crushed

Stone
Water-Reducing

Agent

RC-1.0-00-C60 C60 529 164 0 646 1110 5.819 0
RC-1.0-10(H)-CF60 CF60 529 164 78 646 1110 5.819 1.0%

SW-05-40 [45] CF40 454 168 39 676 1152 —— 0.5%
SW-10-40 [45] CF40 476 176 78 719 1079 —— 1.0%
SW-15-40 [45] CF40 503 186 117 740 1021 —— 1.5%
SW-20-40 [45] CF40 524 194 156 779 953 —— 2.0%
SW-10-30 [45] CF30 436 196 78 763 1054 —— 1.0%

FSW1 [46] CF60-CF70 550 165 78 374 1326 5.5 1.0%
FSW2 [46] CF60-CF70 550 165 117 369 1309 5.5 1.5%
FSW3 [46] CF60-CF70 550 165 156 366 1299 5.5 2.0%
FSW4 [46] CF60-CF70 550 165 78 374 1326 5.5 1.0%

Table 4. Experimental verification.

Specimen fc/
MPa

H/
mm

b × h/
mm

n

Horizontal
Reinforcement

Vertical
Reinforcement Steel Fiber

Vjh ,t
/kN

Vjh ,c/
kN

Vjh ,t/
Vjh ,cReinforce-

ment fyh/MPa Reinforce-
ment fyv/MPa lf/df ρf/%

RC-1.0-00-C60 55.4 750 120 × 750 0.2 φ6@100 369.17 12φ6 369.17 — — 546 552 0.989
RC-1.0-10(H)-CF60 55.6 750 120 × 750 0.2 φ6@100 369.17 12φ6 369.17 64 1.0 630 629 1.002

SW-05-40 [45] 21.2 900 200 × 900 0.1 φ8@150 340 6φ14 373.5 57 0.5 730 608 1.201
SW-10-40 [45] 26.8 900 200 × 900 0.1 φ8@150 340 6φ14 373.5 57 1.0 745 730 1.021
SW-15-40 [45] 25.1 900 200 × 900 0.1 φ8@150 340 6φ14 373.5 57 1.5 770 748 1.029
SW-20-40 [45] 26.9 900 200 × 900 0.1 φ8@150 340 6φ14 373.5 57 2.0 808 792 1.020
SW-10-30 [45] 17.8 900 200 × 900 0.1 φ8@150 340 6φ14 373.5 57 1.0 730 586 1.246

FSW1 [46] 36.0 600 70 × 1000 0.09 6φ6.5 310 6φ6.5 310 64 1.0 335 431 0.777
FSW2 [46] 33.5 600 70 × 1000 0.09 6φ6.5 310 6φ6.5 310 64 1.5 330 436 0.757
FSW3 [46] 35.0 600 70 × 1000 0.09 6φ6.5 310 6φ6.5 310 64 2.0 340 465 0.731
FSW4 [46] 34.5 600 70 × 1000 0.09 6φ6.5 310 8φ6.5 310 64 1.0 330 430 0.767

5. Conclusions

In this paper, a scientific and accurate calculation method for determining the SBC of
the SFRC SW is established. The proposed SSTM is based on the principles of struts and
ties, and it satisfies the equilibrium, constitutive, and compatibility equations of cracked
SFRC. Drawing from the test results of 11 low-rise SFRC SWs under low-cycle repeated
loading in this study, along with data from the existing literature and a comparison with
the established calculation method, the following conclusions can be made:

1. The two SFRC SW specimens in this paper exhibited obvious shear failure characteris-
tics, and all SFRC SW specimens primarily showed a typical diagonal cracking pattern
after the test. The inclusion of SF notably improved the crack formation and seismic
behavior of the HRB400 level high-strength reinforced concrete SW specimen. With an
increase in the volume ratio of SF, the cracks of the SW specimen became thinner and
denser. The crack distribution area significantly increased, and the amount of concrete
crushing and spalling of the wall web was significantly reduced in the final failure of
the SW specimen.

2. The loading mechanism of SFRC SWs can be described by the SSTM. The SSTM
of SFRC SWs, which consists of diagonal struts, horizontal, and vertical resistance
members, has been established. This model distinguishes the contributions of SF,
concrete, and distributed web reinforcement to the SBC of SFRC SWs.

3. The randomly distributed SF in the SW web can be equivalent to horizontal and verti-
cal finely distributed steel bars in the SBC analysis of SFRC SWs, and the contributions
of SF to the wall SBC are accurately predicted and identified.

4. After the experiments, the shear capacities of the two SFRC SW specimens in this
paper are 546 kN and 630 kN, respectively, while the shear capacities calculated by the
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SSTM model are 552 kN and 629 kN, respectively. The difference between the former
and the experimental results is only 1.10%, and the latter differs from the experimental
results by only 0.15%. This shows that the calculation results of the SSTM model
proposed in this paper differ very little from the actual results, and the method can
accurately calculate the shear bearing capacity of the specimen.

5. In addition to the above experimental verification, we collected the shear capacity
results of nine specimens from the literature for comparison with the calculated results.
By using the proposed methodology, we obtained the calculated bearing capacity of
these nine specimens and compared them with the known test results. The average
strength ratio (Vjh,t/Vjh,c) is 0.95 with a COV of 0.18. The results show that the
proposed calculation method is scientific and accurate for analyzing and predicting
the SBC of SFRC SWs for diagonal compression failures.

The research on SFRC SWs based on SSTM still requires more simulation and exper-
imental verification. Future studies can use more realistic structural models and more
accurate experimental methods to further verify and improve the applicability and accu-
racy of the model. The ultimate goal is to apply the research results on the SBC of SFRC
SWs under low-cycle repeated loading based on SSTM to practical engineering. Future
research needs to strengthen communication and cooperation with engineering practices to
transform research results into actual design specifications and construction guidelines.
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Nomenclature

SFRC Steel-fiber-reinforced concrete
SW shear wall
SSTM softened strut-and-tie model
SF steel fiber
SBC shear bearing capacity
SFHSC steel fiber reinforced high-strength concrete
RC reinforced concrete
HSC high-strength concrete
RHSC reinforced high-strength concrete

References
1. El-Azizy, O.A.; Mohamed, E.; Wael, E.-D. Comparative analyses of reinforced masonry and reinforced concrete shear walls with

different end configurations: Seismic performance and economic assessment. Eng. Struct. 2023, 296. [CrossRef]
2. Yilin, L.; Luyang, J.; Feng, L. Seismic performance of precast concrete shear wall using grouted sleeve connections for section

steels reinforced at wall ends. Structures 2023, 57, 105068. [CrossRef]
3. Asfaw, B.; Temesgen, W. Seismic performance evaluation of steel and GFRP reinforced concrete shear walls at high temperature.

J. Eng. Appl. Sci. 2023, 70, 1–39. [CrossRef]
4. Giulia, C.; Yacine, R.; Wanqing, Z.; Ioan, P. Shear walls optimization in a reinforced concrete framed building for seismic risk

reduction. J. Build. Eng. 2022, 54, 104620. [CrossRef]

https://doi.org/10.1016/j.engstruct.2023.116852
https://doi.org/10.1016/j.istruc.2023.105068
https://doi.org/10.1186/s44147-022-00168-3
https://doi.org/10.1016/j.jobe.2022.104620


Buildings 2024, 14, 12 15 of 16

5. Xu, W.; Guo, S.; Yao, S. Structural stiffness evaluation of suspension bridge based on monitoring data. J. Intell. Constr. 2023,
1, 9180013. [CrossRef]

6. Rui, H.; Zhi, F.; Caijun, S.; Brahim, B.; Jie, S. A review on seismic behavior of ultra-high performance concrete members. Adv.
Struct. Eng. 2021, 24, 1054–1069. [CrossRef]

7. Yuwei, Z.; Guanglin, Y.; Qianjin, S.; Mingquan, Z.; Limin, L. Investigation on seismic behavior of RC shear walls with multiple
post-construction openings based on experiment and simulation. J. Build. Eng. 2022, 46, 103707. [CrossRef]

8. Guang-Bin, P.; Jian, C.; An, H.; Qing-Jun, C.; Zhi-Liang, Z.; Bing-Quan, H.; Xu-Lin, T.; Hong-Wei, W. An experimental study of
the seismic behaviour of precast concrete shear walls with bolted-plate connections. Eng. Struct. 2021, 248, 113203. [CrossRef]

9. Liu, J.; Liyue, M.; Xiuli, D. Shear failure of geometrically similar RC shear walls: Mesoscopic modellings and analysis. Structures
2023, 51, 1109–1122. [CrossRef]

10. Hongmei, Z.; Yi, F.; Yuanfeng, D. Seismic and failure behavior simulation for RC shear walls under cyclic loading based on vector
form intrinsic finite element. Structures 2022, 43, 1834–1853. [CrossRef]

11. SuYong, K.; Uijin, C.; JooHong, C.; BaekIl, B.; ChangSik, C. Seismic Performance of Existing RC Structural Walls Retrofitted in
Flexure by Wall End Plate. Sustainability 2021, 13, 509. [CrossRef]

12. Hassanein, A.; Mohamed, N.; Farghaly, A.S.; Benmokrane, B. Effect of boundary element confinement configuration on the
performance of GFRP-Reinforced concrete shear walls. Eng. Struct. 2020, 225, 111262. [CrossRef]

13. Woods, J.E.; Lau, D.T.; Jeffrey, E. Evaluation by Hybrid Simulation of Earthquake-Damaged RC Walls Repaired for In-Plane
Bending with Single-Sided CFRP Sheets. J. Compos. Constr. 2020, 24, 04020073. [CrossRef]

14. Li, L.; Yapeng, Q.; Cao, M.; Guan, J.; Xie, C. Bending performance and calculation of reinforced beam with hybrid fiber and
CaCO3 whisker. Comput. Concrete 2023, 31, 197–206. [CrossRef]

15. Li, L.; Yan, C.; Zhang, N.; Farooqi, M.; Xu, S.; Deifalla, A. Flexural Fracture Parameters of Polypropylene Fiber Reinforced
Geopolymer. J. Mater. Res. Technol. 2023, 24, 1839–1855. [CrossRef]

16. Li, L.; Ma, Z.; Ming, X. Multiscale ab-initio modeling and experiment of nano-CaCO3 and fiber synergy on toughening low-carbon
geopolymer composites. Mater. Des. 2023, 233, 112280. [CrossRef]

17. Gu, Z.; Feng, H.; Gao, D.; Zhao, J.; Wei, C.; Wu, C. Fatigue behavior and calculation methods of high strength steel fiber reinforced
concrete beam. Sustain. Struct. 2023, 3, 000028. [CrossRef]

18. Li, H.; Li, L.; Zhang, N.; Feng, Q. Assessment of hybrid effect between polyethylene fiber and nano-calcium carbonate for
flowability and strength of geopolymer composite. Mag. Concr. Res. 2023, 1–33. [CrossRef]

19. Liu, Y.; Li, A.; Cao, J.; Yu, D.; Zhang, J.-l. Mechanical properties of timber-concrete connections with steel tube connectors. Sustain.
Struct. 2022, 2, 17. [CrossRef]

20. Lu, X.; Zhang, Y.; Zhang, H.; Zhang, H.; Xiao, R. Experimental study on seismic performance of steel fiber reinforced high strength
concrete composite shear walls with different steel fiber volume fractions. Eng. Struct. 2018, 171, 247–259. [CrossRef]

21. Zhang, H.; Tang, Z.; Duan, Y.; Chen, Z. Seismic Performance of SFRC Shear Walls with Window Opening and the Substitution
Effect for Steel Bars. Buildings 2023, 13, 1550. [CrossRef]

22. Shen, D.; Yang, Q.; Huang, C.; Cui, Z.; Zhang, J. Tests on seismic performance of corroded reinforced concrete shear walls repaired
with basalt fiber-reinforced polymers. Constr. Build. Mater. 2019, 209, 508–521. [CrossRef]

23. ZeHui, X.; Jun, W.; JianGang, N.; Yao, X. Experimental Study on the Seismic Performance of Hollow Columns with Fiber
Lightweight Aggregate Concrete. Buildings 2022, 12, 2164. [CrossRef]

24. Zhao, J.; Dun, H. A restoring force model for steel fiber reinforced concrete shear walls. Eng. Struct. 2014, 75, 469–476. [CrossRef]
25. Aslani, K.; Kohnehpooshi, O. Structural behavior of FRP-strengthened reinforced concrete shear walls with openings using finite

element method. Adv. Struct. Eng. 2018, 21, 1072–1087. [CrossRef]
26. Sun, C.Y.; Hwa, L.J.; Kyu, J.J. Evaluation of Shear Resisting Capacity of a Conventional Reinforced Concrete Wall with Steel or

Polyamide Fiber Reinforcement. J. Korean Soc. Hazard Mitig. 2013, 13, 1–7. [CrossRef]
27. Lim, W.G.; Kang, S.W.; Yun, H.D. Shear Behavior of Squat Steel Fiber Reinforced Concrete (SFRC) Shear Walls with Vertical Slits.

Appl. Mech. Mater. 2013, 372, 207–210. [CrossRef]
28. Cai, G.; Zhao, J.; Degée, H.; Vandoren, B. Shear capacity of steel fibre reinforced concrete coupling beams using conventional

reinforcements. Eng. Struct. 2016, 128, 428–440. [CrossRef]
29. Panatchai, C.; Weerapong, C.; Jaruek, T.; Somboon, S. Strut-and-tie model for predicting shear strength of squat shear walls under

earthquake loads. Eng. Struct. 2022, 256, 114042. [CrossRef]
30. Oudah, F.; El-Hacha, R. Two-discrete-elements concrete shear deformation model: Formulation and application in the seismic

evaluation of reinforced concrete shear walls. Adv. Struct. Eng. 2020, 23, 3429–3445. [CrossRef]
31. Fan, G.; Wang, D.; Jia, J. Improvement, analytical verification and applicationof RC frame beam-column joint models. Earthq.

Struct. 2018, 14, 273–283. [CrossRef]
32. Li, S.S.; Zheng, J.Y.; Zhang, F.J.; Li, H.M.; Jia, M.X.; Liu, Z.J.; Chen, A.J.; Xie, W. Prediction of Shear Strength for Steel-Fiber

High-Strength Concrete Corbels with the Softened Strut-and-Tie Model. Buildings 2023, 13, 1107. [CrossRef]
33. Hwang, S.-J.; Yang, Y.-H.; Li, Y.-A. Maximum Shear Strength of Reinforced Concrete Deep Beams. ACI Struct. J. 2021, 118, 155–164.

[CrossRef]
34. Hwang, S.-J.; Lee, H.-J. Analytical Model for Predicting Shear Strengths of Interior Reinforced Concrete Beam-Column Joints for

Seismic Resistance. Struct. J. 2000, 97, 846–857. [CrossRef]

https://doi.org/10.26599/JIC.2023.9180013
https://doi.org/10.1177/1369433220968451
https://doi.org/10.1016/j.jobe.2021.103707
https://doi.org/10.1016/j.engstruct.2021.113203
https://doi.org/10.1016/j.istruc.2023.03.103
https://doi.org/10.1016/j.istruc.2022.06.054
https://doi.org/10.3390/su13020509
https://doi.org/10.1016/j.engstruct.2020.111262
https://doi.org/10.1061/(ASCE)CC.1943-5614.0001085
https://doi.org/10.12989/cac.2023.31.3.197
https://doi.org/10.1016/j.jmrt.2023.03.035
https://doi.org/10.1016/j.matdes.2023.112280
https://doi.org/10.54113/j.sust.2023.000028
https://doi.org/10.1680/jmacr.23.00090
https://doi.org/10.54113/j.sust.2022.000017
https://doi.org/10.1016/j.engstruct.2018.05.068
https://doi.org/10.3390/buildings13061550
https://doi.org/10.1016/j.conbuildmat.2019.02.109
https://doi.org/10.3390/buildings12122164
https://doi.org/10.1016/j.engstruct.2014.06.013
https://doi.org/10.1177/1369433217737121
https://doi.org/10.9798/KOSHAM.2013.13.3.001
https://doi.org/10.4028/www.scientific.net/AMM.372.207
https://doi.org/10.1016/j.engstruct.2016.09.056
https://doi.org/10.1016/j.engstruct.2022.114042
https://doi.org/10.1177/1369433220916938
https://doi.org/10.12989/eas.2018.14.3.273
https://doi.org/10.3390/buildings13041107
https://doi.org/10.14359/51733076
https://doi.org/10.14359/739


Buildings 2024, 14, 12 16 of 16

35. Hwang, S.-J.; Lee, H.-J. Strength Prediction for Discontinuity Regions by Softened Strut-and-Tie Model. J. Struct. Eng. 2002,
128, 1519–1526. [CrossRef]

36. Paulay, T.; Priestley, M.N. Index. In Seismic Design of Reinforced Concrete and Masonry Buildings; Wiley: New York, NY, USA, 1992;
pp. 735–744. [CrossRef]

37. Hwang, S.-J.; Fang, W.-H.; Lee, H.-J.; Yu, H.-W. Analytical Model for Predicting Shear Strengthof Squat Walls. J. Struct. Eng. 2001,
127, 43–50. [CrossRef]

38. Al-Ta, S.A.; Al-Husaini, N.S.H. Softened Truss Model Theory for the Analysis of Fibre Reinforced Concrete Deep Beams and
Corbels—E. Al-Rafidain Eng. J. (AREJ) 2014, 22, 12–23. [CrossRef]

39. Schäfer, K. Strut-and-Tie Models for the Design of Structural Concrete, Notes of Workshop; Department of Civil Engineering, National
Cheng Kung University: Tainan, Taiwan, 1996.

40. Zhang, L.X.B.; Hsu, T.T. Behavior and Analysis of 100 MPa Concrete Membrane Elements. J. Struct. Eng. 1998, 124, 24–34.
[CrossRef]

41. Stephen, J.F.; Gilbert, R.I. The Design of Nonflexural Members with Normal and High-Strength Concretes. ACI Struct. J. 1996,
93, 3–10. [CrossRef]

42. Voo, J.Y.L. Variable Engagement Model for Fibre Reinforced Concrete in Tension; University of New South Wales: Sydney, Aus-
tralia, 2003.

43. Hsu, T.T.C. Unified Theory of Reinforced Concrete; CRC Press: Boca Raton, FL, USA, 1994; p. 2017. [CrossRef]
44. Peng, Z.; Shidong, F.; Kaixuan, Z.; Tianhang, Z. Mechanical Properties of Polyvinyl Alcohol Fiber-Reinforced Concrete Composite

Containing Fly Ash and Nano-SiO2. Sci. Adv. Mater. 2018, 10, 769–778. [CrossRef]
45. Zhao, J.; Gao, D.Y.; Du, X.L. Seismic behavior of steel fiber reinforced concrete low-rise shear wall. J. Earthq. Eng. Eng. Dyn. 2009,

29, 103–108. (In Chinese)
46. Tang, X.; Jiang, Y.; Ding, D. Application of the theory of softened truss to low-rise steel fiber high strength concrete shear walls.

J. Build. Struct. 1993, 14, 2–11. (In Chinese)

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1061/(ASCE)0733-9445(2002)128:12(1519)
https://doi.org/10.1002/9780470172841.index
https://doi.org/10.1061/(ASCE)0733-9445(2001)127:1(43)
https://doi.org/10.33899/rengj.2014.89966
https://doi.org/10.1061/(ASCE)0733-9445(1998)124:1(24)
https://doi.org/10.14359/9671
https://doi.org/10.1201/9780203734650
https://doi.org/10.1166/SAM.2018.3259

	Introduction 
	Loading Mechanism of SFRC SW 
	Computation Method for SBC of SFRC SW 
	Equilibrium Equations 
	Constitutive Equations 
	Compatibility Equations 
	Solution Steps 

	Test Verification 
	Conclusions 
	References

