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In order to improve the failure state of over-reinforced beams and enhance their ductility, an innovative reinforcement method
was proposed by adding an ultrahigh performance concrete (UHPC) layer on the top surface of the over-reinforced beam to take
advantage of the high compressive strength of UHPC. Te numerical simulation method was used to carry out the research. Te
validity of the fnite element model was verifed by comparing it with the experimental results, and the efectiveness of the new
reinforcement method was verifed by comparing it with the calculation results after adding the UHPC layer. Ten, a detailed
parameter study was carried out, including the thickness of the UHPC layer, the cross-section area of longitudinal tension rebar,
and concrete strength. Te load-defection curve, fexural bearing capacity, and defection ductility coefcient were studied. Te
results show that the bearing capacity of the UHPC-reinforced over-reinforced beams is signifcantly increased by 88.1%. And the
stifness and ductility of the beams are also signifcantly increased, with the ductility coefcient reaching 23.85. In addition,
fexural bearing capacity increases with the thickness of the UHPC layer and sectional area of longitudinal tension rebar. Finally, a
prediction model for the fexural bearing capacity of UHPC layer-reinforced over-reinforced beams is proposed, which further
verifes the efectiveness of this method.

1. Introduction

In recent years, the need for structural reinforcement has
increased dramatically, which is mainly to overcome
structural aging, disaster-related structural damage, and
degradation of material properties, or to improve the ca-
pacity of structures to withstand greater loads. Reinforce-
ment techniques commonly used in tension and
compression zones of reinforced concrete (RC) beams, such
as externally bonded steel plates [1] and fber-reinforced
polymer (FRP) laminates [2], have been studied extensively.
Tere are some disadvantages of the external bonded steel
plate reinforcement method, such as difculty in carrying
heavy steel plate, shear failure of reinforced beam, and
corrosion of steel plate. At the same time, the FRP laminate
reinforcement technology also has some shortcomings. For
example, FRP laminates cannot be efectively compressed

under cyclic loading, and the reinforced members may sufer
brittle failure due to the mismatch of tensile strength and
stifness between FRP and concrete [3]. As a material with
superior compressive performance, UHPC provides a fea-
sible method for strengthening RC beams. UHPC, also
known as reactive powder concrete (RPC), is an innovative
cementifying material consisting of an optimized gradation
of particle composition, a water-binder ratio of less than
0.25, and a high proportion of discontinuous internal fbers
[4]. It has superior properties such as high compressive
strength, durability, and long-term stability [5–7]. It is
possible to increase the UHPC layer in the compression zone
of the over-reinforced beam to improve its fexural bearing
capacity and ductility.

A large number of studies have shown that UHPC is
feasible to strengthen RC beams. UHPC has been widely
used in highways and bridges [8, 9], roads [10], and tunnels
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[11]. RC slabs have been reinforced by Yin et al. [12, 13] with
UHPC, and loading experiments have been carried out. Te
results show that compared with the unreinforced RC slab,
the RC slab with UHPC has less oblique cracks, and UHPC
has good energy absorption property and extensive fexural
hardening and ductility after cracking. Besides, the ultimate
load increases with the increase of the thickness of the
reinforced layer. Farzad [14] used the UHPC layer to re-
inforce RC beams and conducted an in-depth study on the
performance of reinforced beams. Te results showed that
the UHPC layer improved the fexural bearing capacity,
stifness, and ductility of RC beams.

Fatigue experiments were conducted by Ramachandra
Murthy et al. [15] on RC beams reinforced with UHPC layers
and found that the use of UHPC layers could efectively
strengthen and repair damaged RC beams. A fnite element
model was proposed to predict the number of failure cycles
and load-defection characteristics of RC beams, while the
damage degree of RC beams and fracture behavior of
concrete and UHPC were considered. Te results show that
the UHPC layer has great potential in strengthening the
bridge deck under cyclic loading. In conclusion, UHPC, as
an innovative high compressive material, can be used to
strengthen or repair RC beams. It not only enhances the
crack resistance and fexural bearing capacity of RC beams
but also improves the permeability and durability of RC
beams and prolongs their service life.

Too much longitudinal tension rebar will increase the
possibility of brittle failure of RC beams. Before the rebar
yields, concrete in the compression zone is broken pre-
maturely, which leads to the sudden failure of the section. At
this time, the defection and crack of the beam are small, and
this failuremode is not desirable. In addition, when the over-
reinforced beam is destroyed, the tension rebar does not
reach the yield strength. Although this kind of beam has
many rebars, it cannot give full play to their tensile strength.
Accordingly, over-reinforced beams are undesirable in
practice [16]. However, over-reinforced beams may be used
when the height of beams is limited due to the needs of
building functions. In addition, over-reinforced beams may
occur when the strength of concrete decreases over time, or
when the strength of poured concrete does not meet design
requirements. In order to avoid brittle compression failure,
the research of over-reinforced beams mainly focuses on
setting external constraints or adding compression layers in
the compression zone. Te external constraints mainly in-
clude the use of steel and other materials to constrain the
compression of concrete. At present, many researches re-
strict the compression zone of beams in the form of spiral
rebar or stirrups. Hadi and Elbasha [17] made experiments
on 10 beams constrained by spiral rebar to study the ductility
of beams with spiral rebar applied in the compression zone.
Te results showed that the defection ductility coefcient of
beams constrained by spiral rebar was larger, and the de-
fection ductility coefcient increased as the pitch decreased.
Whitehead and Ibell [18] placed spiral bars in the com-
pression zone of over-reinforced beams and conducted
experimental researches. Te results showed that a large
ductility would be obtained by using this method, and brittle

failure caused by a large proportion of tension rebar would
be avoided by using constraints in the compression zone of
the beam. Mohamed [19] made experiments by setting
constraints in the compression zone of over-reinforced
beams. Te results showed that the ductility of RC beams
could be improved by using rectangular tension bars to
constrain the compression zone, and the spiral constraint
was more efective than the rectangular constraint. Priastiwi
et al. [20] set additional constraint stirrups in the com-
pression zone of concrete beams, which improved fexural
bearing capacity and ductility signifcantly compared with
the control beams. Te method of adding the UHPC layer in
the compression zone of over-reinforced beams has not been
reported in the current research. Terefore, it is of great
value to verify its feasibility theoretically.

Workforce andmaterial resources are often consumed in
the experiments of reinforced concrete components. Using a
reasonable fnite element model to analyze and predict the
performance of concrete components can solve the prob-
lems of time-consuming, expensive, and consuming
workforce. Fahiminia and Shishegaran [21] simulated and
presented computational fuid dynamics (CFD) models and
formulas in their experiments on viscous dampers and
evaluated the validation of numerical and computational
models. Tey also accurately analyzed the seismic perfor-
mance of building components with and without viscous
dampers. Shishegaran et al. [22] used ultrasonic pulse ve-
locity (UPV) and rebound number (RN) to predict the
mixed model of concrete compressive strength. Bigdeli et al.
[23] used nonlinear fnite element analysis and alternative
models to evaluate the performance of reinforced concrete
tunnels (RCT) under internal water pressure. Te fnite
element model is also widely used in studying the fexural
behavior of reinforced concrete beams. A suitable fnite
element model can also simulate the mechanical behavior of
RC beams. Shishegaran et al. [24] carried out fnite element
analysis on reinforced concrete members, evaluated the
fexural capacity, ductility, strength, and cracking zone, and
compared it with the traditional model. Te fnite element
simulation and experimental test results showed that the
proposed system had a signifcant impact on improving the
bearing capacity and stifness of RC beams. In addition, he
verifed the validity of the fnite element model by com-
paring the load-defection results obtained from fnite ele-
ment analysis and experimental tests with the observed
cracks in his research on improving the fexural ability of
concrete beams. Based on the verifed fnite element model,
the stress distribution on ordinary and TSS rebars was
evaluated [23, 25, 26]. Te fnite element model of UHPC-
RC composite slabs was established by Zhu et al. [27] with
ABAQUS, and at the same time, geometric discontinuous
cracks were introduced on this basis. Meanwhile, the UHPC-
RC interface model was introduced into the fnite element
model based on the study of the bond strength between
UHPC and concrete. Te fnite element model results are in
good agreement with the experimental results, which verifes
that the interface model has a good accuracy in fnite ele-
ment simulation. Yuan et al. [28] proposed a fnite element
modeling method for UHPC-NC composite components,
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which considered the fracture and softening behaviors of
UHPC and NC as well as their interface contact. In ABA-
QUS software, user subroutines UEL and UMATwere used
to simulate UHPC-NC composite components, and damage
experiments were carried out as well as comparison between
fnite element simulation results and experimental results.
Te results showed the fnite element modeling method
could truly refect the damage mode and load-defection
curve of unreinforced UHPC-NC composite members. In
conclusion, the fnite element model can be used as an ef-
fective tool to make the evaluation of ultimate bearing ca-
pacity and failure state of reinforced RC beams.

Te frst novelty of this study is based on the high
compressive strength, durability, and long-term stability of
UHPC, using the UHPC layer to strengthen the over-
reinforced beam to change its brittle failure state and im-
prove its ductility. Te second novelty is to simulate the
mechanical properties of RC beam and UHPC layer rein-
forced RC beams and analyze the changes in the bearing
capacity and ductility of the reinforced beams. Te rein-
forcement method is shown in Figure 1. Te fnite element
model of the RC beam was established, and the fnite ele-
ment model results were compared with the experimental
results in the literature [29]. Te rationality of the fnite
element model was verifed by comparison of the load-
defection curve, crack distribution, and failure modes,
which is a common research method [30, 31]. A more de-
tailed study was carried out on the parameters of the new
reinforcement method later, including the thickness of the
UHPC layer, the cross-section area of longitudinal tension
rebar, and concrete strength. Finally, a prediction model of
the fexural bearing capacity of UHPC layer reinforced over-
reinforced beams was proposed, and the predicted fexural
bearing capacity of the model is in good agreement with the
fnite element model.

2. Methods

2.1. Experiment Overview. Te basic information of the
experimental beam in this study is shown in Table 1. Two
22mm diameter steel bars are arranged at the bottom of the
section, and four 10mm diameter steel bars are used in the
top compression zone. Te 8mm diameter stirrups are
placed at 80mm intervals in the shear span. Te thickness of
the concrete protective layer is 20mm. Shear connectors are
set at the interface between the RC beam and UHPC layer,
with a depth of 60mm and a spacing of 250mm, to ensure
that the performance of the reinforced material is fully
utilized, which conforms to the requirements of GB50017-
2003 [32]. Namely, the depth of the shear connector shall not
be less than four times the diameter of the shear connector.
Four-point loading scheme is adopted in experiments, the
distance between the two loading points is 400mm, and the
net span of the beam is 1700mm, as shown in Figure 2.

Among the 11 beams, 10 are UHPC layer reinforced
beams, and 1 is unreinforced control beam. In addition,
variable parameters include (a) thickness of the UHPC layer,
(b) sectional area of longitudinal tension rebar, and (c)
concrete. Table 1 shows the specifc parameters of the

experimental beam. Te meaning of UB30-20-24 is as fol-
lows: UB represents RC beams reinforced with UHPC layer,
30 represents the thickness of UHPC layer which is 30mm,
20 represents the diameter of tensile longitudinal rebar
which is 20mm, and 24 represents the strength of concrete
which is 24MPa. CB-2 is an unreinforced beam.

2.2.FiniteElementModel. In this study, ABAQUS is adopted
to simulate the experimental beam, which will make re-
fections of the nonlinear behavior of the material accurately.
It is assumed that there is no bond slip between rebar and
concrete as well as UHPC layer and concrete. In order to
avoid stress concentration, rigid pads are set at the support
and loading point, respectively.

C3D8R solid element is used to simulate concrete,
UHPC layer, pad, and studs, and T3D2 element is used to
simulate steel bars. Te binding constraint is adopted be-
tween plates and the beams, the internal area contact is used
between steel bars and the concrete beams, and UHPC layers
and the RC beams are connected by the bolts. At the same
time, the “tractor-separation model” is used to simulate the
contact between UHPC layers and beams. Simply supported
constraints are adopted in experimental beams, that is, the
displacement degrees of freedom U1, U2, and U3� 0 are set
at the left end, the rotational degrees of freedom UR2 and
UR3� 0, and the displacement degrees of freedom U1 and
U2� 0 are set at the right end, the rotational degrees of
freedom UR2 and UR3� 0. Te “Tie” method is used to
simulate the interaction between beam and pad, and the
“Embedment” method is used to simulate the interaction
between beam, rebar, and bolt. Te mesh size of the fnite
element model is 40× 40mm [30, 31]. Te fnite element
model is shown in Figure 3.

2.2.1. Concrete. In ABAQUS, there are two main methods
for concrete simulation, namely, concrete dispersion
cracking model and concrete plastic damage (CDP) model
[33]. Diferent from the dispersion cracking model, which is
only used for dynamic load analysis, the CDP model can be
used to simulate the mechanical behavior of concrete under
static and dynamic loads. Lee et al. [34] made conductions of
fnite element analysis on RC beams with ABAQUS. He
assumed that the rebar and concrete were perfectly bonded,
and the tension damage form of concrete obtained from the
fnite element model was similar to the crack form in the
experiment. Meanwhile, ultimate strength, deformation, and
stress obtained by the fnite element model were in good
agreement with the measured values. In addition, the CDP
model does not give rise to convergence problems.Te use of
CDP in themodeling process requires the determination of a
set of parameters to capture the mechanical behavior of
concrete accurately, and the values of these parameters are
from the ABAQUS manual [35]. Te simulation results
obtained by Raza et al. [36] using these parameters are in
good agreement with experimental results, and these pa-
rameters are also used in this study, as shown in Table 2. Te
mechanical properties of concrete are shown in Table 3.

Mathematical Problems in Engineering 3



Table 1: Parameters of the experimental beam.

Beam Diameter of longitudinal tension rebar (mm) Tickness of UHPC layer (mm) Strength of concrete (MPa)
CB-2 22 — 24
UB30-20-24 20 30 24
UB30-22-24 22 30 24
UB30-25-24 25 30 24
UB30-28-24 28 30 24
UB40-22-24 22 40 24
UB50-22-24 22 50 24
UB60-22-24 22 60 24
UB70-22-24 22 70 24
UB30-22-29 22 30 29
UB30-22-34 22 30 34

P/2
P/2

RC Beam

UHPC Layer

Figure 1: Schematic diagram of UHPC layer reinforced over-reinforced beam.
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Figure 2: Continued.
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Concrete constitutive relation curve refers to the current
GB 50010-2010 code for the design of concrete structures
[37]. Figure 4 provides the constitutive relation curve,
compression damage, and tension damage parameters of
concrete.

2.2.2. Rebar. In this study, an elastoplastic model is used to
simulate longitudinal rebar and stirrup, namely, the linear
elastic behavior of rebar is defned by elastic modulus and
Poisson’s ratio, and the plastic behavior is defned by yield
stress and plastic strain.Te properties of rebar are shown in
Table 4, and the stress-strain curve of rebar is shown in
Figure 5.

2.2.3. UHPC. In order to obtain the constitutive relationship
of UHPC, Zhang et al [38] conducted an axial tension test on
UHPC specimens, the axial tension characteristic

parameters of four kinds of UHPC with diferent fber
content were compared and analyzed by using the control
variable method. Based on experimental results, a tensile
constitutive model of UHPC was proposed. Te expression
of the stress-strain curve of UHPC proposed by diferent
scholars was summarized by Prem et al. [39], the efects of
diferent steel fber content on the performance of UHPC
were studied, the stress-strain characteristics of UHPC were
evaluated, and the compressive constitutive model of UHPC
was established according to the experimental data. Te
model can completely express the stress-strain behavior of
UHPC and has a good correlation with the experimental
data.

Te tensile stress-strain relationship of UHPC used in
this study is shown in the following formulas:

σ(ε) �
fctε
εca

0≤ ε≤ εca, (1)

σ(ε) � fct εca ≤ ε≤ εpc, (2)

40
0

UHPC Layer

Shear Connector

Longitudinal Tensile
Reinforcement

300

d

(b)

Figure 2: Schematic diagram of experimental beam size: (a) elevation; (b) sectional view.
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Figure 3: Schematic diagram of fnite element model.

Table 2: Plastic damage model parameters.

Parameters Values
Expansion angle 30°
Eccentricity 0.1
fb0/fc0 1.16
K 0.667
Viscosity coefcient 0.001

Table 3: Mechanical properties of concrete.

Item fc′ (MPa) ft (MPa) Ec ]

Value 24.0 2.27 31553 0.2
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where σ(ε) is the tensile stress of UHPC; ε is the tensile strain
of UHPC; fct is the elastic ultimate tensile strength of
UHPC; εca is the elastic ultimate tensile strain of UHPC; εpc
is the ultimate tensile strain of UHPC.

Te tension stress-strain relationship of UHPC is shown
in the following formula:

y �

Ax +(6 − 5A)x
5

+(4A − 5)x
6
, (0≤ x≤ 1),

x

α(x − 1)
2

+ x
, (x≥ 1),
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Figure 4: Constitutive relation curve of concrete: (a) compressive stress vs. inelastic strain; (b) compressive damage vs. inelastic strain;
(c) tension stress vs. cracking strain; (d) tension damage vs. cracking strain.

Table 4: Mechanical properties of rebar.

Rebar Diameter (mm) Elasticity modulus (GPa) Poisson’s ratio Yield strength (MPa)
Stirrup 8 200 0.3 305
Compression rebar 10 200 0.3 405

Tension rebar
20

200 0.3 40522
25
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where x � σc/fc is stress of concrete under compression, fc
is axial compressive strength of prismatic body, y � σc/σ0, σc
is strain of concrete under compression, and σ0 is peak
compressive strain of concrete; Parameter A has clear
physical signifcance, and it is the ratio of tangent elastic
modulus E0 at the zero point of the stress-strain curve to
secant modulus Ep at the peak point.

Te mechanical properties of UHPC used in this study
are shown in Table 5, and the stress-strain curves of UHPC
under compression and tension are shown in Figure 6.

2.2.4. Contact Interface between UHPC Layer and Concrete.
Tere are two ways to defne the contact interface between
the UHPC layer and concrete, one of which was proposed by
AASHTO [40] and the other by ACI [41], which specifes the
minimum shear resistance at the interface of the two ma-
terials. However, the shear calculation is conservative and
ignores the bond strength at the interface of concrete poured
at diferent times. Furthermore, ACI [41] assumed that
cracks have already appeared at the interface.Terefore, only
the friction coefcient and shear-friction reinforcement are
considered in the calculation of shear strength.

Two types of traction-separation models are available in
ABAQUS to simulate interface connections. Te frst
method uses cohesive elements of a certain thickness to
simulate the contact between the UHPC layer and concrete.
Te other is to use surface-to-surface property settings
[42, 43].Te latter is used in this study because no adhesive is
added between the UHPC layer and the concrete, so the
adhesive thickness can be assumed to be 0. In this study,
bolts are used as the connecting member between UHPC
layer and concrete, and the tractor-separation model in
ABAQUS is used to simulate the interface contact between
UHPC layer and concrete beam. Te slip parameters of the
contact surface between bolts and UHPC layer and concrete
are shown in Tables 6 and 7.

2.3. Calculation Method of Yield Load. Te “farthest point
method” proposed by Feng et al. [44] is adopted to deter-
mine yield load on the load-defection curve. Te point

farthest from the line between the origin and the peak point
on the load-defection curve is yield point, and the load at
this point is yield load. If there are more than one such point,
the average of these points is taken, and yield point is ob-
tained on the load-defection curve. As shown in Figure 7, a
straight line connects the origin and the peak point, the
parallel line of the line is tangent to the load-defection curve,
and the tangent point obtained is yield point.

Defection ductility is an important mechanical property
index. In this study, ductility of RC beams before and after
reinforcement is analyzed, and defection ductility coef-
cients are calculated according to the following formula:

μ �
Δu
Δy

, (4)

where μ is defection ductility coefcient; Δ refers to various
parameters related to deformation, such as defection, strain,
section curvature, rotation angle, or defection; Δu is ulti-
mate defection; Δy is initial yield defection.

3. Results and Discussion

3.1. Verifcation of the Finite Element Model. Te fnite el-
ement model of CB-2 was compared with the experimental
results, and the correctness of fnite element model was
verifed from the load-defection curve, crack distribution,
and failure mode.

3.1.1. Load-Defection Curve. Te fnite element model
established by ABAQUS simulated the whole loading pro-
cess of CB-2. Te comparison between the fnite element
model results of CB-2 and experimental results is shown in
Figure 8.

As for the load-defection curve obtained in experiment,
OA is elastic working stage before cracking of CB-2.Te frst
crack appears at the bottom of CB-2 at point A, and cor-
responding cracking load is 9.73 kN. AB is the working stage
with cracks. Te tension rebar yields at point B, corre-
sponding yield load is 85.93 kN, and BD is the failure stage,
at which the tension rebar stress remains unchanged at yield
strength where BC is elastic-plastic cracking stage of CB-2.
When the load reaches the peak, the upper concrete is
crushed, while longitudinal tension rebar remains elastic,
and the peak load at point C is 104.90 kN.

Te results of the fnite element model are roughly
similar to experimental results with a high degree of
agreement, which can also be divided into OA′ elastic
working stage. Te cracking load corresponding to point A′
is 15.25 kN, which is larger than experimental results. Te
yield load at point B′ is 86.81 kN, slightly larger than ex-
perimental result. B′D′ is failure stage, and the peak load at
point C′ is 108.85 kN, which is close to experimental peak
load. In addition, the slope (characteristic stifness) of OA′ is
larger than that of the experimental beam.

In general, the load-defection curves calculated by the
fnite element model ft well with experimental results, in-
dicating that the fnite element model has good accuracy and
applicability. In the elastic stage, the overall stifness
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Figure 5: Stress-strain curve of rebar.
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calculated by the fnite element model is higher than the
experimental result. Te main reasons for this deviation
are as follows: (1) slight cracks occur in concrete due to
shrinkage of concrete and hydration of cement, but such
cracks are not considered in the fnite element model; (2)
the boundary conditions as strict as the fnite element
model cannot be achieved in the experiment; (3) the
contact established in the fnite element model assumes
rebar and concrete are perfectly combined, and in fact,
there will be bond slip between rebar and concrete in the
experiment, leading to reduction of the bond between
rebar and concrete.

3.1.2. Failure Mode. Te fnite element model can record
the failure mode and crack distribution of RC beams. Te
failure of the experimental beam is caused by fracture of
upper concrete, which is mainly related to excessive

reinforcement of tensile rebar at the bottom. DAMAGET
output via ABAQUS records the fracture distribution
generated by this failure mode efectively. As shown in
Figure 9, the fracture distribution of CB-2 in the fnite
element model and experiment is presented,
respectively.

As can be seen from Figure 9, for CB-2, the crack
distribution obtained by the fnite element model and
experiment is relatively consistent. At the early stage of
loading, the frst vertical crack appeared at the lower edge
of the mid-span section. Te number, width, and length
of cracks increase with the increase of load. Due to the
large amount of longitudinal tension rebar, when the
load reaches peak, the concrete at the top of the section is
crushed, but the longitudinal tension rebar still does not
yield, and the beam presents brittle failure mode.

Table 5: Mechanical properties of UHPC.

Elasticity modulus (GPa) Poisson’s ratio fc (MPa) ft (MPa)
48.6 0.19 144.82 8.1

Table 6: Mechanical properties of the study.

Elasticity modulus (GPa) Poisson’s ratio Yield strength (MPa)
200 0.3 405

Yield point

Peak point
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e
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Figure 7: Schematic diagram of farthest point method.
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Figure 6: Stress-strain curve of UHPC: (a) compression and (b) tension.

Table 7: Slip parameters of UHPC layer and concrete interface.

Parameters Values
Knn (N/mm3) 1358
Ks, Kt (N/mm3) 20358
tn, ts, tt (MPa) 5.63
Total/plastic defection 0.241
Viscosity coefcient 0.001
Friction coefcient 1.44
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3.2. UHPCLayer ReinforcedOver-Reinforced Beam. As CB-2
is over-reinforced beam, it shows the compressive failure of
concrete in the compression zone, while longitudinal tensile
rebar fails to yield. If the UHPC layer is added to the
compression zone, the compressive capacity of the upper
edge can be greatly improved. UB30-22-24 is obtained by
adding a 30mm thickness UHPC layer on the top of CB-2.
Load-defection curves of UB30-22-24 and CB-2 are shown
in Figure 10.Te infuence of the UHPC layer on the fexural
bearing capacity and ductility of over-reinforced beams are
analyzed from the load-defection curve, fexural bearing
capacity, and ductility.

It can be seen from Figure 10 that before the frst crack,
the load-defection curve of reinforced beam is almost the
same as that of unreinforced beam, indicating that UHPC
layer contributes little to the stifness of RC beam before
cracking. After concrete cracking at lower edge of the sec-
tion, bending stifness of the beam decreases and slope of the
curve decreases, but the change is not obvious. Due to the
UHPC layer being confgured in the compression zone of the
section, the tangent slope of the load-defection curve of the
reinforced beam after cracking is larger than that of the
unreinforced beam, indicating that bending stifness is
higher than that of the unreinforced beam. And with the
increase in load, the UHPC layer can still maintain a large
stifness of the beam. Te load decreases obviously after
reaching the peak point, and then, the load remains stable
until the RC beam is destroyed after the steel bar is pulled.

Table 8 lists the main results obtained by UB30-22-24
and CB-2, including yield load, peak load, and corre-
sponding defection. Te yield load is obtained by the
“farthest point method,” and the peak load is the maximum
load. Te defection under yield load is Δy, the ultimate load
is the value when the load drops to 85% of the peak load, and
the defection under ultimate load is Δu. Te ductility co-
efcient of defection is calculated according to formula (4).
According to Table 8 and Figure 10, compared with CB-2,
the cracking load of UB30-22-24 reinforced by the UHPC
layer increases from 15.25 kN to 22.96 kN, the yield load
increases from 86.81 kN to 163.26 kN, with an increase of
88.1%, and the peak load also increases from 108.85 kN to
178.76 kN. Te ductility coefcient increased by 880% from
2.43 to 23.85. Te results show that adding UHPC layer to
the top of over-reinforced beam can signifcantly improve its
fexural bearing capacity and ductility.

3.3. Parameter Study. In order to investigate the infuence of
related parameters on RC beams reinforced by UHPC layer,
parameters were studied on the basis of UB30-22-24. Te
infuences of thickness of UHPC layer, cross-section area of
longitudinal tension rebar, and strength of concrete on RC
beams are discussed from the aspects of load-defection
curve, fexural bearing capacity, and ductility. Te load-
defection curves of reinforced beams with diferent pa-
rameters are shown in Figure 11.

3.3.1. Tickness of UHPC Layer. On the basis of adding
UHPC layer on the top of RC beam, the infuence of UHPC
layer thickness on the fexural performance of over-

reinforced beams is studied. Based on UB30-22-24, the
thickness of UHPC layer is changed, and the thickness of
UHPC layer is increased from 30mm to 70mm at 10mm
intervals. Te load-defection curve obtained by fnite ele-
ment model is shown in Figure 11(a). Te load-defection
curves of reinforced beams with diferent thicknesses of
UHPC layer coincide with each other before cracking, in-
dicating that the change in thickness of UHPC layer has no
infuence on stifness of RC beams before cracking. After the
appearance of the frst crack, the stifness increases with the
thickness of UHPC layer, but the change is not obvious. In
addition, the change in UHPC layer thickness has an obvious
infuence on the fexural bearing capacity and ductility of RC
beams. Yield load, peak load, and defection ductility co-
efcient obtained by the fnite element model are shown in
Table 9.

As can be seen from Table 9, with the increase of UHPC
layer thickness, the yield load of reinforced beams increases
from 163.26 kN to 171.33 kN, 180.43 kN, 193.63 kN, and
201.73 kN, respectively, compared with UB30-22-24. Te
peak load increased from 178.76 kN to 187.97 kN, 198.84 kN,
210.36 kN, and 221.62 kN, respectively, increasing by 5.2%,
11.2%, 17.7%, and 24.0%, showing an approximate linear
increase. Te defection ductility coefcient decreased from
23.85 to 19.52, 16.23, 16.24, and 15.77. However, when the
thickness of UHPC layer increases from 50mm (UB50-22-
24) to 60mm (UB60-22-24), defection ductility coefcient
hardly changes, but generally, the defection ductility co-
efcient decreases with the increase of UHPC layer thick-
ness. It can be seen that increasing the thickness of UHPC
layer in a certain range will improve fexural bearing capacity
of RC beams, but ductility of reinforced beams decreases.
Changing the thickness of UHPC layer has a signifcant
impact on fexural bearing capacity of RC beams.

3.3.2. Areas of Tension Rebar. Based on UB30-22-24, the
infuence of longitudinal tension rebar on fexural perfor-
mance of over-reinforced beams is studied by changing
diameter of longitudinal tension rebar. Te load-defection
curve obtained by the fnite element model is shown in
Figure 11(b). It can be seen that the change of longitudinal
tension rebar area has no obvious infuence on preyield
stifness of RC beams, but it has a great infuence on fexural
bearing capacity and ductility. Yield load, peak load, and
defection ductility coefcient are shown in Table 10.

Compared with UB30-22-24, the cross-section area of
the longitudinal tension rebar area of UB30-20-24 is slightly
reduced, and the yield load of UB30-20-24 is reduced to
138.09 kN. Te peak load is reduced to 152.43 kN by 14.7%.
Defection ductility coefcient increases by 2.9%. Compared
with UB30-22-24, the yield loads of UB30-25-24 and UB30-
28-24 increase to 209.26 kN and 218.99 kN, respectively,
with the increase of the area of longitudinal tension rebar.
Te peak load increases to 217.74 kN and 266.62 kN, by
21.8% and 49.1%, respectively; the defection ductility co-
efcient of UB30-25-24 is reduced to 14.42. It can be seen
that with the increase of longitudinal tension rebar area, the
yield load and peak load of the reinforced beams are greatly
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increased. Except UB30-28-24, the defection ductility co-
efcients of the other three reinforced beams decrease
successively. It shows that the fexural bearing capacity of RC
beams can be improved by increasing the area of longitu-
dinal tension rebar in a certain range, and the area of
longitudinal tension rebar has a great infuence on the
fexural performance of RC beams.

3.3.3. Concrete Strength. Based on UB30-22-24, the infu-
ence of concrete strength on fexural bearing capacity and
ductility has been studied. By increasing the concrete
strength at 5MPa intervals, UB30-22-29 with 29MPa
strength and UB30-22-34 with 34MPa strength were ob-
tained. Te load-defection curve obtained by the fnite el-
ement model is shown in Figure 11(c). Before yielding, the
load-defection curves of the three reinforced beams coin-
cide, indicating the change of concrete strength has no efect
on the stifness of reinforced beams, and the change law of
load-defection curves is still relatively similar after reaching
yield point.

Table 11 lists the yield load, peak load, and defection
ductility coefcient for each beam. Compared with UB30-
22-24, the yield load of UB30-22-29 and UB30-22-34 hardly

changes. Te peak load of UB30-22-29 and UB30-22-34
increases to 179.43 kN and 179.86 kN by 0.4% and 0.6%,
respectively, and the defection ductility coefcient decreases
to 21.81 and 16.42. It can be seen that when concrete strength
increases from 24MPa to 34MPa, the fexural bearing ca-
pacity of reinforced beams does not increase signifcantly,
and the ductility coefcient of defection decreases, indi-
cating that increasing concrete strength cannot improve the
fexural bearing capacity of reinforced beams and will also
reduce the ductility.

3.4. Teoretical Analysis. Te ultimate fexural bearing ca-
pacity of RC beams can be predicted according to formulas
(5) and (6) for the rectangular section with single rebar. Te
strain and stress distributions of the section are shown in
Figures 12 and 13.

 X � 0α1fcbx � fyAs, (5)

Mu � α1fcbx h0 −
x

2
 , (6)

where Mu is ultimate fexural bearing capacity; α1 is
equivalent rectangular stress graphic coefcient of concrete
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Figure 10: Load-defection curve.

Table 8: Comparison of yield load, peak load, and ductility coefcient.

Beam Py/kN Pp/kN Peak load increment (%) Δy (mm) Δu (mm) μ
CB-2 86.81 108.85 — 5.26 12.80 2.43
UB30-22-24 163.26 178.76 64.2 7.16 170.77 23.85
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Figure 11: Load-defection curves of reinforced beams with diferent parameters: (a) thickness of UHPC layer; (b) areas of tension rebar;
(c) concrete strengths.

Table 9: Comparison of yield load, peak load, and ductility coefcient.

Beam Py/kN Pp/kN Peak load increment (%) Δy (mm) Δu (mm) μ
UB30-22-24 163.26 178.76 — 7.16 170.77 23.85
UB40-22-24 171.33 187.97 5.2 7.18 140.13 19.52
UB50-22-24 180.43 198.84 11.2 6.70 108.72 16.23
UB60-22-24 193.63 210.36 17.7 7.02 114.02 16.24
UB70-22-24 201.73 221.62 24.0 6.51 102.69 15.77
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Table 10: Comparison of yield load, peak load, and ductility coefcient.

Beam Py/kN Pp/kN Peak load increment (%) Δy (mm) Δu (mm) μ
UB30-20-24 138.09 152.43 −14.7 6.89 168.98 24.53
UB30-22-24 163.26 178.76 — 7.16 170.77 23.85
UB30-25-24 209.26 217.74 21.8 9.44 136.16 14.42
UB30-28-24 218.99 266.62 49.1 6.87 276.12 40.19

Table 11: Comparison of yield load, peak load, and ductility coefcient.

Beam Py/kN Pp/kN Peak load increment (%) Δy (mm) Δu (mm) μ
UB30-22-24 163.26 178.76 — 7.16 170.77 23.85
UB30-22-29 163.49 179.43 0.4 7.14 155.69 21.81
UB30-22-34 162.94 179.86 0.6 7.11 116.75 16.42
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Figure 12: Strain and stress distribution: (a) section; (b) strain; (c) equivalent stress.
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compression zone; fc is the design value of axial compressive
strength of concrete; b is the cross-section width; h0 is the
efective height of the section; x is the height of concrete
compression zone; fy is the yield strength of rebar; As is
sectional area of tension rebar.

α1fcUHPCbx1 + α2fcbx2 � fyAs, (7)

Mu � α1fcUHPCbx1 h0 −
x1

2
  + α2fcbx2 h0 − x1 −

x2

2
 .

(8)

For UB-2, ultimate fexural bearing capacity can be
predicted by Formula (6). Since there are two types of
materials in the compression zone of UB-2, it is necessary to
revise Formulas (5) and (6) to obtain Formulas (7) and (8).

Among them, α1 � α2 �1; fcUHPC � 144.82MPa;
b� 150mm; x1 � 30mm; h0 �199mm; fc � 24.0MPa;
x2 � 73.1mm; fy � 405MPa; As � 759.88mm2; as� 31mm.

According to formula (8), ultimate fexural moment of
UB30-22-24 is 154.77 kN.m, and the result of the fnite el-
ement model is 160.88 kN.m.Te result of the fnite element
model is 3.95% larger than that of the experiment, which are
close to each other, indicating the correctness of the pre-
diction model, as shown in Figure 14.

4. Conclusions

A new structural form of UHPC layer reinforced over-
reinforced beams is proposed, and its efectiveness in im-
proving fexural bearing capacity and ductility of over-
reinforced beams is discussed.

(1) Te fnite element model was used to simulate the
whole loading process of CB-2, and its load-de-
fection curve, fexural bearing capacity, and failure
state were highly consistent with the experimental
results, which verifed the correctness of fnite ele-
ment model.

(2) Te fexural bearing capacity and ductility of RC
beams will be signifcantly improved by adding
UHPC layer in the compression zone of over-rein-
forced beams.

(3) Increasing the thickness of UHPC layer or using a
larger area of longitudinal tension rebar will increase
fexural bearing capacity of RC beams, but defection
ductility coefcient will decrease accordingly. Te
change in concrete strength has little infuence on
fexural bearing capacity of RC beams, while the
ductility of RC beams will be reduced when using
higher strength concrete.

(4) A prediction model for fexural bearing capacity of
UHPC reinforced over-reinforced beams is pro-
posed, which is in good agreement with the results of
the fnite element model.
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