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Shear design is an important part of structural design. External vertical prestressing rebars (EVPRs) have proven to be an effective
way to enhance structural shear resistance. *e objectives of this study are to simulate EVPR strengthening of concrete beams
using a nonlinear three-dimensional finite element model and to explore its shear enhancement features under different EVPR
stirrup ratios, vertical compressive stress degrees, and optimal arrangements of EVPRs. Concrete, common reinforced bars, and
EVPRs use solid, steel, and truss elements, respectively. In addition, the total strain crack model is used to characterise the
concrete.*e results indicate that the EVPR stirrup ratio can reduce the diagonal crack width and improve the shear capacity, and
the vertical compressive stress degree can effectively control crack development in the initial loading. A “small-area EVPR dense
arrangement” is the recommended EVPR configuration method. Both experiments and numerical analyses show that EVPRs can
effectively improve the shear performance of concrete.

1. Introduction

Shear failure of concrete beams is a sudden brittle failure.
Once shear damage occurs, the consequences are very se-
rious. *erefore, in order to improve the shear strength of
concrete beams, scholars have performed numerous studies.
Recent research has been conducted on the shear theory of
reinforced concrete (RC) beams, especially critical shear
crack theory (CSCT) [1–5]. From the aspect of materials,
steel fibre reinforced concrete (SFRC) [6–8] and ultra-high
performance concrete (UHPC) [9–11] are used for shear
reinforcement research. For existing concrete structures,
carbon fibre reinforced polymer (CFRP) [12–14], carbon
FRP ropes [15, 16], steel plates [17, 18], and other methods
for shear reinforcement are utilized, such as U-shaped
mortar jackets [19].

In addition to the abovementioned shear strengthening
methods, there is also an external vertical prestress shear
strengthening method that arranges external vertical pre-
stressing rebars (EVPRs) outside the web. Adhikary and
Mutsuyoshi [18] compared multiple shear strengthening

methods and proved that vertical prestress reinforcement is
the most effective one. Aboutaha and Burns [20] used ex-
ternal prestressing bars to retrofit composite beams that
originally lacked shear reinforcement and had a smooth
interface bonded with epoxy. Before retrofitting, these
beams experienced sudden horizontal shear failure. Ductile
flexural failure occurred after being retrofitted by external
prestressing bars. Experimental results obtained by Altin
et al. [21] showed that this strengthening method is effective
and that the specimens’ strength, rigidity, and ductility were
improved. Clamps controlled any shear cracks and helped to
improve the ductile flexural behaviour of the members. An
investigation conducted by Bolger [22] showed that the
shear strengthening method of concrete girders using ex-
ternal vertical clamping with existing shear cracks repaired
with epoxy injection is effective.

Many studies have used various numerical analysis
methods to study the shear behaviour of beams. Lei [23] used
ABAQUS to establish a finite element model (FEM) to
analyse the effect of RC beams strengthened with steel plates.
A cohesive layer was established at the interface between the
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steel plate and concrete, and the cohesive element used zero-
thickness COH3D8. Lampropoulo [24] conducted a nu-
meric study on full-scale beams strengthened with ultra-high
performance fibre reinforced concrete (UHPFRC) layers and
jackets, and the interface between the concrete beam and the
UHPFRC was modelled using special two-dimensional el-
ements, representing a well-roughened interface for the
analysis of reinforcement technology. Ferreira et al. [25]
extended a shear-sensitive fibre beam model to account for
the effects of unbonded vertical external prestressed rein-
forcement in the structural response of RC beams. Bahraq
et al. [10] presented a study on the shear behaviour of RC
beams strengthened by jacketing the surfaces of beams using
UHPC by experiments and numerical analysis. *e bond
between normal concrete and UHPC was considered as a
perfect bond because during all experimental tests there was
no debonding observed. Yin et al. [26] proposed a novel
technique using equivalent beam elements at the interface
between UHPC and normal strength concrete (NSC) sub-
strate for the prediction of the structural behaviour of RC
members strengthened with UHPC. Compared with nu-
merical models of perfectly bonded interfaces and numerical
models of unbonded interfaces, the developed FEM was
found to effectively and efficiently predict the structural
response of composite UHPC-concrete members with good
accuracy.

*e present research group has used external tensile
prestressed steel bars to strengthen the shear test using
parameters such as tensile strength and vertical prestressed
steel bar space, and the relevant results of the experimental
part have been published in this journal [27]. U-shaped
mortar jackets [19] can improve the rigidity and shear ca-
pacity of the structure, but it is a passive strengthening
method. External vertical prestressing is an effective way to
enhance the strength of concrete structure, but so far the
strength efficiency and related influencing factors of this
strengthening method have not been clearly explored.

In this study, the total strain crack model, which has
many good examples for analysing concrete structures
[28–30], uses nonlinear three-dimensional finite element
analysis (FEA) to model the shear strength concrete beams
of EVPRs. *e main objectives of this study are as follows:

(1) To investigate the principle of enhancing the shear
performance by EVPRs through numerical analysis.

(2) To develop an effective method to simulate the effect
of EVPRs on concrete beams.

(3) Given that testing is limited by conditions and that
the study of specimens has been insufficient, this
study takes a closer look at the following: (i) the
parameters, including the vertical compressive stress
degree and EVPR stirrup ratio; and (ii) the optimal
arrangement of EVPRs.

2. Experimental Program

2.1. Geometric Features. Seven RC beams were cast using
normal concrete with the cube compressive strength of
28.2MPa (fcu), and the corresponding compressive

strength fc is 18.9MPa. *ese beams were made of rect-
angular cross sections (250mm × 500mm) and spanned
over 2600mm. *e beams were reinforced with steel re-
inforcement composed of five 22mm bars in the tensile
zone and two 22mm bars in the compression zone. In the
longitudinal direction of the beam, the specimens were
divided into two segments: the left segment without
stirrups and the right segment with embedded stirrups, as
shown in Figure 1. Stirrups with a space of 100mm, a
diameter of 12mm, and a stirrup ratio of 0.905% were
embedded in the right segment to avoid shear failure. *e
segment without stirrups is the expected zone to encounter
shear failure in the RC and EVPR members.

*e EVPR anchoring device for reinforcing the beam is
shown in detail in Figure 2. Four EVPR anchoring devices
are arranged on the side without the stirrups, and the ar-
rangement space is shown in Figure 1. Gauges PS1, PS2, PS3,
PS4, TS1, TS2, TS3, and SS were placed on the steel bars to
measure the strain values.

In this study, the following is the main basis for the
configuration of EVPR. Studies [31] showed that a vertical
compressive stress σz which was applied in the shear span of
the beam can close the cracked diagonal crack and the
vertical compressive stress σz is approximately 0.04fc. *e
vertical compressive stress σz is calculated according to the
following equation:

σz �
Fp

(b · s)
(MPa), (1)

where Fp is the sum of the pretensioning forces of the EVPRs
on the cross section (N), b is the width of the beam (mm),
and sp is the space of the EVPRs (mm).

Concrete with strength grade C30 was used in this study,
and its fc is approximately 18.9MPa. *erefore, the vertical
compressive stress σz should be 0.04×18.9MPa, that is,
0.76MPa. *e research range of the vertical compressive
stress σz was 0.51MPa∼0.74MPa. *e specific parameters of
the specimens are shown in Table 1.

*e description of the members and related parameters
are provided in Table 2. Among them, the test beams RC-1
and RC-2 are the control beams; the other members are
reinforced with EVPRs.*e information of the failure model
and ultimate bearing capacity of members is also provided in
Table 2. *e terms ρsEP and EVPR shown in Table 2 are
detailed in Section 4.

2.2. Material Property. All RC beams were cast using C30
concrete, with a cube compressive strength of 28.16MPa.
*e obtained average cube compressive strength (fc

′) after
28 days of casting was 30.11MPa. *e steel bars and
stirrups used to reinforce the RC beam specimens were
HRB400 bars. *e EVPRs were subjected to HPB300.
Uniaxial coupon tensile tests were employed to examine
the mechanical properties of the utilized reinforcing bars.
*e characteristics, including elastic modulus Es, yield
strength fy, and ultimate strength fu, of the steel bars are
listed in Table 3. More detailed material parameters are
given in [27].
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3. Numerical Simulation of Test Specimens

FEMs were developed to investigate the behaviour of EVPR
strengthening beams. Midas FEA software was used to create
the FEMs. *e designations of the developed FEMs that are
compared with the experimental results are given in Table 2.
*is section provides details of the element types, material
properties, loading and boundary conditions, and failure
criteria of the developed FEMs.

3.1. Concrete. In this study, the rotating crack model of the
total strain crack model was used to simulate concrete and the
advantages of which are as follows: (1) the crack distribution is
convenient to show; the crack unit does not separate at the
crack position and (2) the crack direction changes with the
direction of the main strain, only the normal stress is generated
on the crack surface, and the calculation process is simpler.

*e nonlinear properties of concrete under com-
pression were assigned to the developed FEMs by defining
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Figure 1: Geometry size of the test beam (unit: mm).
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Figure 2: Model of vertical prestressed test beam.

Table 1: Parameter of the EVPRs.

Parameter EP-P18-S3 EP-P22-S1 EP-P22-S3 EP-P22-S2 EP-P26-S3
Fp (kN) 18× 2 22× 2 22× 2 22× 2 22× 2
sp (mm) 280 340 280 240 280
b (mm) 250 250 250 250 250
σz (MPa) 0.51 0.52 0.63 0.73 0.74
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the stress-strain relation developed by the parabolic
hardening softening model [32, 33], which depends on
three parameters: concrete compressive strength fc,
concrete fracture energy Gc, and concrete characteristic
element length hc, as shown in Figure 3. Concrete com-
pressive strength fc, concrete characteristic element length
hc, and elasticity modulus of concrete Ec can be obtained
through experimental tests.

*e calculation formula of Gc is shown in the following
equation:

Gc � Gc0
fc

fcmo

 

0.7

. (2)

In equation (2), fcmo is the benchmark average com-
pressive strength, and its value is 10N/mm2. Gco is related to
the maximum aggregate size, and the corresponding rela-
tionship is listed in Table 4.

*e peak strain εc0 corresponding to the concrete
compressive strength fc and the ultimate compression strain
at the softening stage are expressed in the following
equations:

εc0 �
4
3

fc

Ec

, (3)

εcu � εc0
3
2

Gc

hcfc

. (4)

*e linear softening tension model [32, 34]
employed nonlinear tension material properties, whose
constitutive model consists of a linear ascending seg-
ment and a linear softening segment, as shown in
Figure 4.

*e constitutive model of the linear softening tension
model includes twomain parameters: the peak tension strain
εt0 and the ultimate tension strain εtu, which are given by the
following equations:

εt0 �
ft

Ec

, (5)

εtu � 2
1
ft

Gc

hc

. (6)

3.2. Steel Reinforcement. In this study, the reinforcement
was modelled using embedded rebar elements that added the
stiffness of the reinforcement to the parent elements. *e
basic properties of steel bars include position information,
shape information, and physical properties without degrees

Table 2: Main parameters of beams.

Specimen label
EVPR

Ultimate load (kN) Failure mode
Diameter (mm) Space (mm) Tension force (kN) ρsEP

RC-1 — — — — 253 Diagonal tension failure
RC-2 — — — — 276 Diagonal tension failure
EP-P22-S1 14 340 22 0.36% 505.0 Shear compression failure
EP-P22-S2 14 240 22 0.51% 516.8 Shear compression failure
EP-P22-S3 14 280 22 0.44% 527.6 Shear compression failure
EP-P26-S3 14 280 26 0.44% 535.2 Shear compression failure
EP-P18-S3 14 280 18 0.44% 517.6 Shear compression failure

Table 3: Properties of steel bars [27].

Type Diameter (mm) Yield strength fy (MPa) Ultimate strength fu (MPa) Elastic modulus Es (MPa)

EVPR 14 300 515 2.1× 105

Stirrup 12 445 630 2.0×105

Longitudinal reinforcement 22 455 670 2.0×105

fc

Gc/hc

εc0 εcu
εc0

Figure 3: Parabolic hardening softening model.

Table 4: Relationship between Gco and maximum aggregate size
[32].

Dmax(mm) Gco (J/m2)
8 23
16 30
32 58
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of freedom. *ere is no slip between the rebar elements and
the parent elements, and the strain of the rebar elements is
calculated by the displacement of the parent elements.

*e von Mises model is adopted in the constitutive
structure of steel bars, which is a good response to the
mechanical properties of metal materials. For EVPR, the
ideal elastoplastic model is used, and εu � 13.2%. *e tri-
linear model is used for longitudinal steel bars, where
fu � 670MPa and εu � 13%. *e stress-strain curve of the
steel bar is shown in Figure 5, where fu is the ultimate tensile
strength of the steel bar and fy is the yield strength of the steel
bar. In this study, the main mechanical parameters of the
steel bars were obtained through experiments.

In order to analyse the parameters of the EVPR
strengthening beam in Section 4, this part evaluates the test
results to verify the validity of the numerical analysis
method, and the baseline FEM for parameter analysis is
obtained. *e FEM is introduced in Sections 4.1–4.3, re-
spectively, and the models of the control beam and
strengthened beam are established and compared.

3.3. AnalysisModel. *e EVPR strengthening beam consists
of concrete beams, longitudinal reinforcements, and stirrups
in the concrete beams, EVPRs, and anchoring systems.

*e anchoring systems contain EVPRs (HPB300: diameter
14mm and length 800mm), anchoring beam, nut, and backing
plate. *e entire FEM is meshed according to a size of 50mm.

In the numerical analysis, EVPRs and the embedded
rebar elements (including longitudinal reinforcements and
stirrups) in the concrete beam are simulated by truss ele-
ments and rebar elements, respectively. Eight-node solid
elements are utilized to simulate concrete beams and an-
choring systems.*e distribution of cracks, stress, and strain
of solid elements can be clearly and directly observed in the
analysis results. *e concrete beam adopts the concrete total
strain crack model; the EVPRs and the longitudinal rein-
forcement and stirrups are analysed by the vonMises model.

*e boundary of the simply supported beam is adopted
and set at the bottom of the beam.

A vertical downward displacement load (10mm) is
applied above the elastic rubber block. *ere are 60 load
steps, and the maximum number of iterations for each load
step is 800.

After the EVPRs are tensioned, a pretension is generated
in the EVPR. *e pretension exerts a vertical compressive
stress on the beam through the anchor beam, which can
reduce the main tensile stress of the beam. *e reduction in
the main tensile stress can be effective; the ground reduces
the width of the oblique crack and even avoids the occur-
rence of oblique cracks. In the program, pretension is ap-
plied to the EVPRs by the “prestress loading” function.
Figure 2 shows the FEA model of the shear-strengthened
beam using externally prestressed steel bars. Compared with
the shear-strengthened beam, the control members have no
EVPRs and anchoring systems, and the FEM is not shown.

In addition, the control member is divided according to
1/10 of the height of the concrete beam; that is, the global
element size is 50mm. In the same way, models with global
element sizes of 25mm and 10mm were established. Load-
displacement curve results show that the influence of global
element size is very small.

3.4. Numerical Analysis: Control Members. *e control
members in the experiment were modelled and analysed.
*e finite element prediction data were compared with the
experimental data to verify the validity of the FEA method.

Figure 6(a) shows the principal tensile stress contour of
the control beam, and Figure 6(b) shows the destruction
results of the test. *e diagonal tensile failure loads of the
experimental and finite element analyses were 255 kN and
273 kN, respectively, with a difference of only 7.06%. Both
show brittle failure, as shown in Figure 6(c).

*e analysis results show that the concrete adopts the
total strain crack model and the steel bar adopts the von
Mises model, which can well simulate the control members.

fu

fy

εy εu
εs0

Figure 5: Stress-strain curve of steel.

Gc/hc

ft

εt0 εtu
εt

0

Figure 4: Linear softening tension model.
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3.5. Numerical Analysis: EVPR Strengthening Members.
*is section presents the results of the model analysis of the
EVPR strengthening beams and compares them with the
experimental data. Figure 7(a) shows the principal tensile
stress contour of the strengthening beam, and Figure 7(b)
shows the destruction results of the test.

3.5.1. Test Results. Shear compression failure occurred in the
EVPR strengthening beam, and the shearing capacity and
ductility were greatly improved compared with those of the
control member.

First, during the loading process, there were many
flexural cracks in the beam. As the loading force increased,
the flexural cracks near the support developed into diagonal
cracks and further produced one or several main diagonal
cracks. Subsequently, the main diagonal cracks gradually
developed, resulting in specimen shears and breaks
(Figure 7(b)).

When shear failure occurs, the EVPRs near the loading
point reach the yield strength. At the same time, the tensile
stress of the longitudinal reinforcements does not reach the
yield strength, which means that the structure does not
exhibit flexural failure. Sometimes, the anchoring beam in
the EVPR anchoring device showed local buckling.

3.5.2. FEA Simulation. As can be seen from Figure 7, FEA can
simulate the development process of concrete cracks and the
final failure form. *e obtained shear capacity was approxi-
mately 7.90% different from the test results. In the FEA results,
the tensile stress of some EVPRs reached the yield strength, and
the longitudinal tensile steel did not reach the yield strength,
which is consistent with the test results. In addition, Figure 7(c)
shows the load-displacement curve of the FEM and the test,
which are in good agreement with the force process, bearing
capacity, and development after failure.

*e comparison results of other FEMs and experimental
comparison analysis results are similar to those of Figure 7 and
are not illustrated one by one. It can be clearly seen from
Figure 7 and Table 4 that the FEM predicted the crack de-
velopment process, ultimate bearing capacity, and failure form,
which agree well with the various experimental members.

Table 5 shows that the difference between the experi-
mental results and the numerical results is essentially less
than 10%, which indicates that the established FEM is ef-
fective and can be used to predict the effect of the shear-
strengthened beam using EVPRs for the shear behaviour.
*e established FEM can also be used for the study of
different parameters of the design to test the influence of
parameters on the shear performance of the shear-
strengthened beam using EVPRs.
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Figure 6: Results of RC-1 beam: (a) FEM failure pattern, (b) experiment failure pattern, and (c) load-deflection response.
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4. Parametric Study

It was shown in Sections 2 and 3 that the diagonal tensile
failure of the control specimens and the shear failure of the
strengthened specimens were well simulated. In this sec-
tion, multiparameter research is carried out based on the
baseline FEM. *e effects of various parameters on the
shear performance of EVPR beams are studied using the
vertical compressive stress degree and different EVPR
stirrup ratios.

4.1. Effect of Vertical Compressive Stress Degree. *e pre-
tensioning force of the EVPRs is transmitted to the RC beam
through an anchor device that forms a vertical compressive
stress on the beam. *e vertical compressive stress has an
inhibitory effect on the development of diagonal cracks. To
characterise themagnitude of the vertical compressive stress,
the concept of vertical compressive stress degree cp is
proposed, which is the ratio of the vertical compressive stress
to the tensile strength of the concrete. *e calculation
formula is as follows:

Displacement load

Beam support

(a) (b)
Lo

ad
 (k

N
)

Displacement (mm)

600

500

400

300

200

100

0
0 3 6 9 12

FEM
Experiment EP-P22-S2

(c)

Figure 7: Results of EP-P22-S2 beam: (a) FEM failure pattern, (b) experiment failure pattern, and (c) load-deflection response.

Table 5: Results contradistinction between experimental and FEM developed models.

Beam ID
Exp. FEM

Pu,Exp./Pu,FEMPu,Exp (kN) Failure mode Pu,FEM (kN) Failure mode
RC-1 255 Diagonal tension failure 273 Diagonal tension failure 93.41%
RC-2 290 Diagonal tension failure 273 Diagonal tension failure 106.23%
EP-P22-S1 505.0 Shear compression failure 550.3 Shear compression failure 91.77%
EP-P22-S2 516.8 Shear compression failure 561.1 Shear compression failure 92.10%
EP-P22-S3 527.6 Shear compression failure 557.5 Shear compression failure 94.64%
EP-P26-S3 535.2 Shear compression failure 557.3 Shear compression failure 96.03%
EP-P18-S3 517.6 Shear compression failure 560.1 Shear compression failure 92.41%
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cp �
Fp/ b · sp 

ft

, (7)

where Fp is the sum of the pretensioning forces of the EVPRs
on the cross section, b is the width of the beam, sp is the space
of the EVPRs, and ft is the tensile strength of concrete.

Based on specimen EP-P22-S2 in Section 2, the diameter
of the longitudinal steel bars was changed from 22mm to
28mm, and the yield strength was changed from 400MPa to
550MPa. *e space of EVPRs was adjusted from 240mm to
200mm, and the corresponding EVPR stirrup ratio was
adjusted from 0.513% to 1.539%. *e vertical compressive
stress degree cp of this model was changed according to 0,
0.2, 0.4, and 0.6, and the influence of vertical prestress on the
shear performance was examined. Details of the sample are
listed in Table 6.

*e load and midspan displacement curves of the four
different FEMs of the vertical compressive stress degree cp
are shown in Figure 8. It is clearly shown in Figure 8 that the
four curves are substantially coincident; that is, the four
types of vertical compressive stress degree models have little
difference in stiffness degradation and ultimate bearing
capacity, and the final bearing capacity difference is less than
2%.

Figure 9 shows the axial tensile stress of EVPRs labelled
PS3. *e yield strength of the vertical prestressed steel bar is
300MPa. When the load is 580 kN, 640 kN, 720 kN, and
780 kN, the EVPRs of cp � 0.6, cp � 0.4, cp � 0.2, and cp � 0
models reached the yield strength.

Before the EVPRs reach the yield strength, the concrete
of the EVPR beam gradually cracks and the stiffness of the
EVPR beam decreases, but the stiffness decreases slowly.
After the EVPR yield, the stiffness of the reinforced beams
decreases rapidly, and the load-displacement curve develops
in an approximately horizontal direction. *ereafter, the
load-carrying capacity of the reinforced beams increases
slowly. At this time, because the longitudinal reinforcement
does not reach the yield strength, the continued load can be
provided.

*e crack width located in the main crack in the middle of
the beam height was investigated with the development of the
load.When the loading force is 85 kN, cracks begin to appear in
all four models. When the load is 300 kN, the crack widths of
the four EVPRmodels cp� 0, cp� 0.2, cp� 0.4, and cp� 0.6 are
0.56mm, 0.17mm, 0.09mm, and 0.05mm, respectively, as
shown in Figure 10. When the vertical prestress was 0.2, the
crack width was reduced by 69.65% compared with the vertical
prestressing. When the vertical prestress was 0.4 and 0.6, the
crack width was further reduced to 83.91% and 91.07%. When
the beam was damaged, the crack widths of the four models
were close to 2mm.*e analysis results fully demonstrate that
the vertical prestressing degree plays a favourable role in
suppressing the development of cracks during the use phase of
the structure, and the effect is very obvious.

4.2. Effect of EVPRStirrupRatio. Similar to the RC structure,
this study proposes a new concept similar to the stirrup ratio
of ordinary concrete beams. *e EVPR stirrup ratio, ρsEP, is

used to characterise the degree of EVPR placement. Tests
have shown that the EVPR ratio has a significant impact on
the shear performance of the beam.

*e EVPR ratio is expressed as the ratio of the area of the
EVPRs to the corresponding space and beam width and is
calculated as follows:

ρsEP �
AsEP

b · sp

, (8)

where AsEP is the total area of the EVPRs in one section, b is
the width of the beam, and sp is the space of the EVPRs in the
longitudinal direction.

Based on the EVPR beammodel of cp � 0.2 in Section 4.1,
the effects of different EVPR ratios on the shear resistance of
EVPR strengthening beams under the same vertical pre-
stressing degree are studied. *e longitudinal space of the
EVPR was adjusted from 200mm to 250mm. *ree FEMs
with EVPR ratios of 0.4925%, 0.6435%, and 0.8144% were
established. *e detailed model parameters are listed in
Table 7.

From the load-displacement curve in Figure 11, it can be
seen that the shear bearing capacity of the EVPR
strengthening beam increases with an increase in the EVPR
stirrup ratio, and ρsEP � 0.8144% will increase by 12.1%
compared with ρsEP � 0.4925%.

*e change in the width of the crack at the high-middle
position of the diagonal cracked beam with loading is shown
in Figure 12. Because beams with a small EVPR coupling
ratio have relatively weak constraints on cracks, before
EVPR yields, the greater the EVPR stirrup ratio, the better
the degree of control over crack development. At the same
time, it can be seen from Figure 13 that the smaller the EVPR
stirrup ratio, the earlier the EVPR yield. *erefore, the
strengthened beam with a lower EVPR stirrup ratio, espe-
cially after all the stirrups in the diagonal crack area have
yielded, develops cracks more quickly. For the strengthened
beams with a large EVPR stirrup ratio, the cracks can be well
and smoothly controlled until the bearing capacity of the
structure is reached.

It can be seen from the calculation and analysis that the
larger the EVPR stirrup ratio, the better the shear perfor-
mance. EVPRs are similar to ordinary stirrups and can
enhance the shear bearing capacity of RC beams. In addition,
EVPRs can provide not only vertical compressive stress but
can also function as ordinary stirrups, thereby effectively
controlling the development of crack width.

4.3. Effect of Combination of Area and Space of EVPRs under
the Same ρsEP. It can be seen from equation (8) that the
EVPR stirrup ratio is also related to the area and space of the
EVPRs, except for the structure width b. For a given
structure, the width b is fixed so that the EVPR stirrup ratio
mainly changes with the area and space of the EVPRs. *e
same EVPR stirrup ratio corresponds to countless combi-
nations of EVPR area and space. In the formula, the EVPR
area and space are the numerator and denominator, re-
spectively. *erefore, for a given EVPR stirrup ratio, there
are two types of EVPR arrangements: a small EVPR area
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with a small EVPR space or a large EVPR space. Under the
same conditions of vertical compressive stress degree and
EVPR stirrup ratio, the combination that is more beneficial
to the shear capacity of the structure needs further study.

Based on the sample vertical compressive stress degree
cp � 0.2 model in Section 5.1, the EVPR stirrup ratio is set to
0.616%. *ree configurations of EVPRs were used in this
study:

Combination (i): AsEP � 308mm2 (corresponding
diameter: 14mm) and sp � 200mm

Combination (ii): AsEP � 402mm2 (corresponding
diameter: 16mm) and sp � 261mm
Combination (iii): AsEP � 509mm2 (corresponding
diameter: 18mm) and sp � 330mm

*e specific parameters of the model are listed in Table 8.
As shown in Figure 14, the combination of EVPRs is a

sample of a small area of EVPRs with a small space of
EVPRs. *e shear capacity is the highest. Combination (i)
(EVPRs with a diameter of 14mm and a space of 200mm)
has an ultimate bearing capacity of 1050 kN, which is higher

Table 6: Parameter table for vertical compressive stress degree.

Vertical compressive stress degree cp Diameter of EVPRs (mm) Space of EVPRs (mm) EVPRs stirrup ratio ρsEP (%)

0 14 200 1.539
0.2 14 200 1.539
0.4 14 200 1.539
0.6 14 200 1.539
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Figure 8: Load-deflection response.
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than that of Combination (ii) (diameter of 16mm, space of
261mm) and Combination (iii) (diameter of 18mm, space
of 330mm). At the time of final failure, the EVPRs all yielded
and had good ductility. However, as can be seen from
Figure 15, the EVPRs of Combination (iii) yielded first and
Combination (i) yielded last, so that the stiffness of Com-
bination (iii) structure first decreased. At the same time, for
the control of diagonal cracks, the small area of the EVPR
dense arrangement is far better than the large-area EVPR
sparse arrangement.

*erefore, in the theoretical calculations, a scheme
with a small EVPR dense arrangement is more conducive
to the bearing capacity and crack control of the structure.
In practical applications, the densely arranged vertical
prestressing steel bars will bring more construction
burden, and supplementary anchoring measures are
needed, and in combination with the actual situation, a
scheme with a small EVPR area and a dense layout should
be used as much as possible.

Table 7: Parameter table for EVPR stirrup ratio.

EVPR stirrup ratio ρsEP Space of EVPRs (mm) Vertical compressive stress degree cp Diameter of EVPRs (mm)

0.4925 250 0.2 14
0.6435 250 0.2 16
0.8144 250 0.2 18
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5. Summary and Conclusion

Based on experimental research, this study analysed the
shear behaviour of EVPR strengthening beams without web
reinforcement using a three-dimensional FEM. *e main
conclusions are as follows:

(1) Both experiments and numerical analyses show that
EVPRs can effectively improve the shear perfor-
mance of concrete. *e shear capacity can be sig-
nificantly improved, and crack propagation can be
well restrained.

(2) EVPRs can provide not only vertical compressive
stress but also function as ordinary stirrups.
*erefore, in the numerical analysis, the effect of
EVPRs cannot be simulated only by applying vertical
compressive stress, which will cause the effect of the
stirrups to not be achieved.*is study uses tensioned
truss units to simulate EVPRs. *e comparison re-
sults show that this method is effective.

(3) Vertical compressive stress has little effect on
resisting shear capacity, but it can have a good in-
hibitory effect on crack development in the initial
loading. With an increase in the vertical compressive
stress, the initial crack suppression effect is more
obvious.

(4) *e EVPR stirrup ratio plays an important role not
only in shear capacity but also in controlling cracks.
With the increase in the EVPR stirrup ratio, the shear
capacity is significantly improved, and diagonal
cracks can be better controlled.

(5) Under the condition of the same EVPR stirrup ratio,
a “small-area EVPR dense arrangement” is more
suitable than the “big area EVPR sparse arrange-
ment” in strengthening the shear performance of the
reinforced beam.
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Table 8: Parameter table for combination of area and space of EVPRs.

EVPR stirrup ratio ρsEP (%) Vertical compressive stress degree cp Diameter of EVPRs (mm) Space of EVPRs (mm)

0.616 0.2 14 200
0.616 0.2 16 261
0.616 0.2 18 330
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