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Abstract: The polyvinyl-alcohol-engineered cementitious composite (PVA-ECC) is a superior cemen-
titious material when used for tension and flexural loading. The utilization of PVA-ECC in the tension
zone can prevent the development of wide cracks and increase the flexural resistance of reinforced
PVA-ECC members. In this paper, a nonlinear finite element model is established to simulate the
behavior of PVA-ECC beams in bending. In the model, the constitutive models for PVA-ECC in com-
pression and tension are employed by simplifying them as piece-wise linear models, and the bond
between the reinforcing bar and PVA-ECC is also considered. The load–deflection curve and failure
mode of beams can be obtained from the finite element model. Comparisons between numerical and
experimental results show that the developed numerical model can estimate the ultimate load and
failure mode of beams with reasonably good accuracy. After evaluating the accuracy of the finite
element model, parameter analysis is conducted to investigate the effects of the reinforcement ratio,
steel strength grade, and mechanical properties of PVA-ECC on the flexural behavior of reinforced
PVA-ECC beams. The numerical results conclude that the effects of reinforcement ratio on the peak
load, stiffness, and deflection are obvious while the influence of steel grade is mainly on the peak
load. The tensile localization strain of PVA-ECC mainly affects the ductility of the beam. Furthermore,
a design method is proposed based on the plane-section assumption to calculate the ultimate load of
reinforced PVA-ECC beams, in which the contribution of PVA-ECC to the moment resistance of beam
sections is considered. Comparisons between existing design methods and the proposed method
indicate that the ultimate load of beams can be predicted more accurately by considering the tensile
strength of PVA-ECC in the tension zone.

Keywords: finite element analysis; bond–slip model; load–deflection relationship; failure mode;
design method

1. Introduction

The polyvinyl-alcohol-engineered cementitious composite (PVA-ECC) is a superior
cementitious material for its excellent mechanical properties under tension. Combined with
discontinuous fiber, the ECC can mitigate the development of major cracks and attain a
tensile strain capacity higher than 3% [1–3]. As a bendable concrete suitable for sustainable
and resilient infrastructure, ECC has been studied by many researchers and has been
applied in high buildings, bridge structures, and high railways [4].

Due to its superior tensile properties, the application of ECC in the tension zone
of flexural members has been investigated by many researchers [5]. Ge et al. [5] stud-
ied the effect of reinforcement type and ECC thickness on the flexural behavior of re-
inforced ECC-concrete beams. The moment capacity and bending stiffness were en-
hanced and the crack width was well controlled when ECC was used to replace the
concrete with the same thickness. Yuan et al. [6] investigated the flexural behavior of
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ECC/concrete composite beams and confirmed the enhancement from ECC to the flex-
ural resistance of reinforced concrete beams. Apart from the application of ECC in the
tension zone, flexural properties of the whole ECC beam have also aroused great interest.
Even though the influence of concrete type and reinforcement ratio on reinforced concrete
beams has been investigated [7–10], its effect on PVA-ECC beams showed different results.
Shao et al. [11–13] proposed two failure paths of PVA-ECC beams, namely, failure after a
dominant crack or after gradual strain hardening of a reinforcement, depending on the
reinforcement ratio. According to the test results of twelve simply supported beams, the
failure paths were mainly affected by the reinforcing ratio and steel type. A simplified
flexural strength prediction method was also proposed to predict the load-bearing capacity
of ECC beams. The shear behavior of reinforced ECC beams has also been investigated by
researchers from different countries [14–16].

Besides experimental results, finite element simulations were also utilized to study
the behavior of reinforced PVA-ECC beams. Zheng et al. [17] adopted ABAQUS/Standard
software to estimate the shear capacity of RC beams strengthened by ECC composite
layers. Shanour et al. [18] tested twelve reinforced ECC beams with different ratios of
PVA and polypropylene fibers. Nonlinear element analysis was also conducted to predict
the load–deflection curves and crack patterns of ECC beams. However, the calculated
initial stiffness from the numerical results was greater than that from the experimental
results. Selim et al. [19] developed three-dimensional finite element models for beams
under four-point loading by using ABAQUS. The numerical results were in good agreement
with the test results at the initial loading stage, followed by significant differences at the
peak load. Shao et al. [20] adopted a new ECC compression model to simulate the gradual
compression softening behavior of flexural members by using nonlinear element analysis
software DIANA. The numerical results concluded that the proposed model with the new
compression model and a hybrid-rotating/fixed-crack model predicts the beam behavior,
especially the failure mode and drift capacity of beams, with good accuracy.

To predict the flexural properties of reinforced PVA-ECC beams, a nonlinear finite
element model without initial flaws is proposed in this paper. Six four-point bending
specimens from the literature [21] are simulated to evaluate the accuracy of the proposed
model. Parameter analyses are conducted to investigate the effect of the reinforcement
ratio, steel strength grade, and mechanical properties of PVA-ECC on the load–deflection
behavior. In addition, a design method is developed to consider the tensile strength of
PVA-ECC in calculating the moment capacity of beams. Comparisons are made between
different design methods and test data to show the effect of the tensile strength of PVA-ECC
in beams.

2. Numerical Model
2.1. Finite Element Models

In reference [11], singly reinforced PVA-ECC beams were tested in four-point bending.
The PVA-ECC used for beams was designed by using cement, fly ash, sand, PVA fibers,
and superplasticizer. Cement, fly ash, and sand were put into a mixer and mixed for about
five minutes, and then fibers were put in the cement paste and mixed for three minutes
to ensure uniform dispersions. Nonlinear finite element analysis is conducted to model
the flexural behavior of the PVA-ECC beam. Software DIANA FEA [22] is employed to
simulate the load–deflection curves and failure modes of the beam. Figure 1 shows the
geometry, test setup, and finite element model for the beam. A two-dimensional model
with a quadrilateral mesh is used for the beam. Simple supports are defined at the two
ends of the beams. The plane stress element is defined for PVA-ECC and the mesh size is
10 mm× 10 mm with a 150 mm thickness. The height of the cross-section is 250 mm. Stirrup
and longitudinal reinforcements are embedded into the PVA-ECC. As for longitudinal
reinforcements, the bond–slip behavior between PVA-ECC and the reinforcement is taken
into consideration. A displacement-control load is applied at the middle point of steel
block, with 0.1 mm at each step in the simulation.
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Figure 1. Finite element model for simply supported beams. (a) Geometry of beams. (b) Experimental
setup. (c) Finite element model.

The mechanical model of PVA-ECC used in the simulations is based on tension and
compression tests conducted by Shao [12]. As shown in Figure 2a, four stages are observed
from the compressive stress–strain curve, namely, the elastic stage, nonlinear riding stage,
linear descending stage, and plateau stage. Table 1 summarizes the mechanical properties
of PVA-ECC in tension and compression. In the table, fr represents the residual compressive
stress and is suggested to be 30% of the peak stress in this paper, εc,p represents the peak
strain when the compressive strength is reached, εc,1/2 is obtained using a compressive
stress equal to 0.5 times the peak stress divided by the elastic modulus, and εc,u is the
residual strain when the residual stress reaches 30% of the peak stress.

The constitutive model for ECC in tension is simplified as four stages, namely, the
elastic stage (OA), linear rising stage (AB), plateau stage (BC), and linear softening stage
(BC), as shown in Figure 2b. Table 1 shows values of tensile stress and strain at different
stages in the numerical simulation. In the table, ft is taken as 1.96 MPa according to four-
point flexural tests; ft,cr represents the tensile cracking strength and is recommended to be
1.86 MPa; ft,cr is assumed to be 95% of the tensile strength ft [20]; εt,cr represents the tensile
strain when the stress is 0.95 times the peak strain; εt,1 is the tensile cracking strain when
obvious cracking forms; εt,p is the tensile strain when a principal crack forms, namely, the
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localization strain. The steel constitutive model adopts the elastoplastic model and detailed
data are shown in the literature [21].
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Figure 2. Mechanical properties of PVC-ECC: (a) compressive constitutive model; (b) tensile constitu-
tive model.

Table 1. ECC properties in numerical model.

Parameter Symbol Unit ECC

Compressive strength f ′c MPa 38.5

Compressive strain at peak strength εc,p mm/mm 0.0034

Compressive strain at 0.5 times the peak strength εc,1/2 mm/mm 0.0011

Compressive strain at the residual strain εc,u mm/mm 0.005

Elastic modulus Ec GPa 17.1

Tensile strength ft MPa 1.96

Tensile cracking strength ft,cr MPa 1.86

Tensile strain when the stress is 0.95 times of peak stress εt,cr mm/mm 0.00011

Tensile cracking strain εt,1 mm/mm 0.0011

Tensile localization strain εt,p mm/mm 0.0073

Maximum tensile strain of ECC εt,u mm/mm 0.035

The longitudinal reinforcement is embedded in PVA-ECC. The embedded reinforce-
ment element coupled with concrete elements deforms together as a whole and contributes
to the stiffness. In DIANA software, the bond–slip model of the reinforcement can be de-
fined based on the embedded reinforcement element without the definition of an interface
element, which can save time and improve modeling efficiency. The bond–slip relationship
between ECC and the reinforcement is shown in Figure 3. Equation (1) shows the equation
of the bond–slip curve proposed by Shao et al. [20] and Bandelt et al. [23]. The bond–slip
curve consists of three stages, including a nonlinear ascending stage, a linear descending
stage, and a plateau stage resulting from the presence of a frictional bond.

τ

1.17 · τmax
=


s0.28 s ≤ s1

1− 0.06 · (s− 1) s1 < s ≤ s2
0.3 s2 < s

(1)

where τmax is the peak bond stress and can be taken as 1.2
√

f ′c ; s1 and s2 are quantified to
be 1 and 12.7, respectively.
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2.2. Validation of Proposed Model

Before simulations, a mesh sensitivity is performed to calibrate the finite element
model with different mesh sizes for specimen ECC-16-1.072, namely, 25 mm, 10 mm, and
5 mm. It can be seen from Figure 4 that the load–deflection curves are identical to each other
for three mesh sizes before peak load is reached. However, the load–deflection relationship
after the peak load is lower than that of the experimental results when the mesh size is
increased to 25 mm. Even though the results with a mesh size of 5 mm are closer to the test
result, the simulation is time-consuming, taking more than 24 h, which is not appropriate.
Therefore, a mesh size of 10 mm is suitable for numerical modeling.
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Figure 5 compares the load–deflection curves of three PVA-ECC beams obtained in the
experimental tests and numerical models. Note that the blue cross denotes the point where
the fracture of rebars occurs. It can be observed from the figure that the load–deflection
curves of the numerical results are in good agreement with the experiment results at the
initial and ultimate stages. The maximum load capacity of experimental and numerical
results is shown in Table 2. The ratio of numerical results to experimental results of the peak
load ranges between 1.01 and 1.07, with a mean value of 1.04. The mean ratio of the beam
deflection at the fracture of rebars is 0.96, with a coefficient of variation of 6.7%, as shown
in Table 2. It indicates that the ultimate load of beams is slightly overestimated by using
the developed numerical model, whereas the deflection at the fracture of reinforcement is
underestimated. The overestimation of the load capacity might come from the difference
between the actual and measured tensile strengths of PVA-ECC. In reinforced PVA-ECC
beams, the presence of flaws in PVA-ECC can reduce its tensile strength.
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Figure 5. Experimental and numerical results of load deflection curves: (a) ECC-10-0.419;
(b) ECC-12-0.603; (c) ECC-14-0.821; (d) ECC-14-0.821; (e) ECC-14-0.821; (f) ECC-14-0.821.

Figure 6 shows the principal tensile strain contours of the three specimens. Similar
to the experimental results, the failure model of ECC-10–0.419 is due to the fracture of
reinforcement in the tension zone, as shown in Figure 6a, and then the load value decreases
sharply. When the reinforcement ratio is increased to 1.075% (see Figure 6b) and 1.675%
(see Figure 6c), the purple zone, namely, the compression zone, is extended and the
crack length across the section decreases. This indicates that the failure model is changed
from the fracture of steel reinforcement to the crushing of the compression zone. Thus,
the failure mode of reinforced PVA-ECC beams depends highly on the reinforcement
ratio at the bottom side. When the reinforcement ratio is low, fracture of the tensile
reinforcement occurs near the loading points, leading to the failure of beams. However, if
the reinforcement is high, crushing of PVA-ECC may occur in the compression zone first,
resulting in significant reductions in the applied load.

Besides the principle tensile strain, the strain of steel reinforcement can also be obtained
from the numerical model. The maximum stress of the beam bottom reinforcement is
located at the midspan of beams, with a value of 509.0 MPa for specimen ECC-10-0.419.
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With the increase in reinforcement ratio, the maximum steel stress decreases from 509.0 MPa
to 463.4 MPa. With regard to the top reinforcement, the compression stress increases from
35.8 MPa to 125.5 MPa when the reinforcement ratio increases from 0.419% to 1.675%.
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Table 2. Comparison of test results and finite element results.

Specimen Ultimate Load Deflection at Fracture of Rebars

Experimental
Results

PExp (kN)

Numerical
Results

PFE (kN)
PFE/PExp

Experimental
Results

DExp (%)

Numerical
Results
DFE (%)

DFE/DExp

ECC-10-0.419 64.7 68.2 1.05 5.94 5.97 1.01

ECC-12-0.603 84.7 88.7 1.05 10.99 10.34 0.94

ECC-14-0.821 102.8 103.5 1.01 13.91 11.71 0.84

ECC-16-1.072 117.7 120.5 1.02 15.55 15.11 0.97

ECC-18-1.357 142.4 146.3 1.03 6.62 6.46 0.98

ECC-20-1.675 153.4 164.3 1.07 9.53 9.63 1.01

Average 1.04 0.96

Coefficient of
variation 2.2% 6.7%

2.3. Parameter Analysis

With the verified numerical model, three beams with different reinforcement ratios
of 0.269%, 0.343%, and 0.419% are modeled to study the effect of reinforcement ratio on
the flexural behavior of beams. Other parameters of the beam remain the same as those
of ECC-10-0.419. Figure 7a shows the load–deflection curves with different reinforcement
ratios. It can be observed that specimen ECC-10-0.419 develops the highest load after
the development of a principal crack. The effects of reinforcement ratio on the peak load,
stiffness, and deflection are obvious when the specimen fails. By reducing the reinforcement
ratio from 0.419% to 0.269%, the ultimate load of the beam is considerably decreased. The
initial stiffness of beams is nearly the same before the cracking of PVA-ECC, whereas
the stiffness after the cracking of PVA-ECC shows a remarkable difference due to the
development of microcracks. The stiffness following the cracking of PVA-ECC decreases
gradually with decreasing reinforcement ratio.

In addition to the reinforcement ratio, the influence of steel grade, maximum tensile
strain, tensile localization strain, and bond strength on the flexural behavior of beams is
also investigated using the numerical model. Three different steel grades, namely, yield
strengths of 335 MPa, 450 MPa, and 500 MPa, are selected in the numerical simulation.
Figure 7b presents the load–deflection relationship of beams with different steel strengths.
The peak loads of the three specimens are 54.7 kN, 64.3 kN, and 68.4 kN for beams with
steel yield strengths of 335 MPa, 450 MPa, and 500 MPa, respectively. This indicates that
the ultimate of beams can be enhanced if the reinforcement strength increases. As for
the deformation capacity, namely, the deflection at which the load decreases to 85% of
the ultimate load, it is increased slightly with increasing steel yield strength, as shown
in Figure 7b. The influences of the maximum tensile strain and tensile localization strain
on load–deflection curves are also discussed, as shown in Figure 7c,d. It can be seen
from these three figures that the ultimate tensile strain of ECC does not have a significant
effect on the load–deflection curve of beams when the value varies between 0.001 and
0.035. Nevertheless, when the tensile localization strain varies from 0.005 and 0.010, the
deformation capacity of beams is considerably increased, but the ultimate load of beams is
not considerably affected.
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3. Existing Design Methods

Numerical modeling is used to predict the load–deflection curves, crack width of
singly reinforced beams. Even though it is possible to obtain multiple simulation results,
the calculation procedure is time-consuming and complicated. To obtain the peak load
easily and concisely, existing design methods are used to calculate the ultimate load of
reinforced PVA-ECC beams and are then compared with test data to show their accuracy.

3.1. American Concrete Institute and Chinese Code

For conventional concrete beams, American concrete institution and Chinese guide-
lines propose similar calculation methods for the load-bearing capacity based on the
plane-section assumption. They assume that the maximum strain at the extreme concrete
compression fiber is equal to 0.003 and the tensile strength of concrete is neglected. The
compressive stress in the compression zone is represented by a rectangular compressive
stress block. Equations (2) and (3) show the calculation method of moment capacity. Table 3
shows the peak load of reinforced PVA-ECC beams calculated by using GB 50010-2010 [24]
and ACI 318-19 [25]. For the design method in GB 50010-2010, it cannot consider the
contribution of PVA fibers. However, for reinforced PVA-ECC beams, the tensile strength
of PVA-ECC has not been exhausted when the load capacity of the beam is reached. As a
result, the peak load is far lower than the experimental values except for specimen ECC-20-
1.675. Hence, the tensile strength of PVA-ECC has to be considered. The peak load of all
specimens calculated by ACI-318-19 is also lower than the experiment result. Therefore, it
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is essential to consider the contribution of fibers in the tension zone while calculating the
peak load of PVA-ECC beams.

M = α1βb fcbx(h0 − x/2) (2)

x =
fy As

α1βb fcb
(3)

where βb represents the simplified coefficient and is 0.85 and 0.8 in ACI-318-19 [25] and GB
50010-2010 [24], respectively.

3.2. fib Model Code

fib Model Code [26] proposes a calculation method to consider the influence of fiber in
the tension zone. Flexural failure occurs when one of the following conditions is reached
(see Figure 8):

1. Attainment of the ultimate compressive strain of ECC, εc,u;
2. Attainment of the ultimate tensile stain in the steel, εs,u;
3. Attainment of the ultimate tensile strain of ECC, εt,u’
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Similar to conventional concrete, it is assumed that the ultimate compressive strain of
ECC is achieved. In order to calculate the compressive stress and tensive stress conveniently,
a rectangular zone is used in the compression and tension zones, as shown in Figure 8. The
second condition is neglected in the calculation, as the steel bar is at the post-yield stage
when PVA-ECC beams achieve the peak load. Coefficients λ and η adopt 0.8 and 1.0 from
fib Model Code, respectively [26]. In Figure 8, ft represents the tensile strength of PVA-ECC,
and fFtud represents the residual tensile strength and is assumed to be 1/3 ft.

The calculation results are presented in Table 3. The mean value of Pfib/PExp is 0.84,
with a coefficient of variation of 0.19. fib Model Code adopts the Prisco model [27] and the
basic principles governing the structural design of fiber-reinforced concrete elements. Even
though the contribution of fiber-reinforced concrete in tension is considered, the calculated
load is still lower than the experimental value, but it is higher than the value calculated
using GB 50010-2010 and ACI 318-19 for conventional concrete.

3.3. Fehling

Fehling [28] extended the design principles for ultra-high-performance concrete by
taking fibers into consideration. In the design method, the plane-section assumption is
used to define the strain profile, and the stress in the compression and tension zones is
calculated from the corresponding constitutive models. However, the tensile stress of
ultra-high-performance concrete is assumed to be uniformly distributed in the tension zone,
which is different from the actual distribution of tensile stresses across a beam section. The
stress–strain curve of ultra-high-performance concrete is defined by a stress–crack-width



Sustainability 2023, 15, 10130 11 of 16

relationship. Figure 9a shows the stress distributions and internal forces acting on the cross-
section. The concrete compressive stresses are simplified as a triangle and the resulting
stress Fcd lies at the centroid of the triangle. The distribution of tensile stresses is parabolic,
which is directly in accordance with the minimum crack width. In this section, σc f 0d is
assumed to be ft, as shown in Figure 9a. To simplify the calculation, the tensile stress
distribution in Figure 9a can be converted to an equivalent stress block (see Figure 9b).

Table 3. Comparison of experimental ultimate load with values calculated using different codes and
models.

Specimen
Experimental Results GB 50010-2010 [24] ACI 318-19 [25] Fib Model Code

[26] UHPC [28] Proposed
Method [20]

Load (kN) Load (kN) Load (kN) Load (kN) Load (kN)

PExp PGB PGB/PExp PACI PACI/PExp Pfib Pfib/PExp PUHPC PUHPC /PExp PPo PPo/PExp

ECC-10-0.419 64.7 44.8 0.69 40.1 0.62 46.3 0.72 60.6 0.94 65.7 1.02

ECC-12-0.603 84.7 61.2 0.72 54.7 0.65 62.7 0.74 75.7 0.89 79.2 0.93

ECC-14-0.821 105.1 80.3 0.76 71.6 0.68 81.7 0.78 93.4 0.89 94.5 0.90

ECC-16-1.072 117.7 105.9 0.90 94.1 0.80 107.3 0.91 117.8 1.00 114.7 0.97

ECC-18-1.357 142.4 127.4 0.89 112.8 0.79 128.7 0.90 138.6 0.97 130.9 0.92

ECC-20-1.675 153.4 155.6 1.01 137.1 0.89 156.7 1.02 173.9 1.13 151.4 0.99

Mean value 0.83 0.74 0.85 0.97 0.95

Coefficient of
variation 0.20 0.28 0.19 0.09 0.06
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stress distribution; (b) simplified diagram.

Table 3 shows the comparison between the experimental result and that calculated
by using the method proposed by Fehling. It can be observed that the mean load ratio is
0.97, with a coefficient of variation of 0.09. Thus, the calculated result is in good agreement
with the experimental result. However, the tensile stress distribution in the tension zone
is a bit different from that of ECC in tension and should be properly modified in the
subsequent study.

4. Proposed Calculation Method

Wang et al. [20] suggested a calculation method to compute the moment capacity and
peak load of singly reinforced PVA-ECC beams. The constitutive model of ECC in tension
is modified in the design method, especially at the formation stage of microcracks, namely,
the plateau stage of tensile stresses. Two limiting reinforcement ratios are developed based
on different flexural behavior in Equations (4) and (5), namely, the minimum reinforcement
ratio and the balanced reinforcement ratio. When the reinforcement ratio is lower than the



Sustainability 2023, 15, 10130 12 of 16

minimum reinforcement ratio, the failure mode of flexural beams is characterized by the
fracture of reinforcement following the formation of a principle crack at the mid-span of
beams. Once the reinforcement ratio is higher than the minimum reinforcement ratio, the
failure mode changes from major cracking to crushing of PVA-ECC in the compression zone.
The balanced reinforcement ratio represents the case in which the ultimate tensile strain of
PVA-ECC in the tension zone and the ultimate compressive strain in the compression zone
are achieved simultaneously.

ρmin =
0.16 ft

fu − fy
(4)

ρt =

[
f ′c
(
0.75εc,p − 0.5εc,1/2

)
− ft

(
εt,p − 0.5εt,1

)]
fy
(
εt,p + εc,p

) (5)

where ρmin is the minimum reinforcement ratio and ρt is the balanced ratio.
With increasing reinforcement ratio, it is possible that the reinforcement does not yield

when the ultimate compressive strain of PVA-ECC beams is obtained. Therefore, the yield
reinforcement ratio when the yielding of tensile reinforcement and crushing of compressive
PVA-ECC occur simultaneously is suggested in Equation (6).

ρy =

[
f ′c
(
0.75εc,p − 0.5εc,1/2

)
(h− as)− ft

(
εyh + εc,pas − 0.5εt,1(h− as)

)]
fy
(
εy + εc,p

)
h

(6)

Based on different calculation equations of reinforcement ratio, all the values of ρmin,
ρt, and ρy for different rebar diameters are calculated and presented in Table 4.

Table 4. Minimum, balance, and yield reinforcement ratio for different steel diameters.

Diameter
(mm)

Actual
Reinforcement

Ratio (%)

Minimum
Reinforcement

Ratio (%)

Balanced
Reinforcement

Ratio (%)

Yield
Reinforcement

Ratio (%)

10 0.419 0.297 0.390 1.806

12 0.603 0.201 0.407 1.772

14 0.821 0.199 0.416 1.903

16 1.072 0.202 0.405 1.741

18 1.357 0.183 0.419 1.945

20 1.675 0.200 0.414 1.911

Mean value 0.214 0.409 1.846

It can be seen from Table 4 that the minimum reinforcement ratio, balanced rein-
forcement ratio, and yield reinforcement ratio are close to each other for different rebar
diameters. The average values for ρmin, ρt, and ρy are 0.214%, 0.409%, and 1.846% for the
HRB400-deformed steel bar, respectively. The actual reinforcement ratio in reference [21]
was between the average balanced reinforcement ratio of 0.409% and the yield reinforce-
ment ratio of 1.846%. Hence, the tensile reinforcement is in the post-yielded stage, while
the compression strain at the edge of the compression zone reaches the peak compression
strain when the beam is at the peak load.

A calculation method is also proposed to calculate the ultimate moment capacity
of reinforced PVA-ECC beams in bending. Figure 10 shows the proposed method for
the calculation of ultimate load, which is controlled by the crushing of PVA-ECC in the
compression zone, namely, compression-control failure. Compared with the design method
by Fehling [28] for ultra-high-performance concrete, the constitutive model in the tension
and compression zone of beams is simplified bilinear, as shown in Figure 10. The plane-
section assumption and force equilibrium are adopted in the calculation procedures.
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Table 3 lists the comparisons of the calculated load capacity and the experimental
loads. The mean ratio and coefficient of variation of the calculated load capacity to the
experimental loads are 0.95 and 0.06, respectively. Figure 11 shows the comparison among
experimental results and calculated results based on different methods. It can be observed
that the design methods in GB 50010-2010 [24], ACI 318-19 [25], and fib Model Code [26]
significantly underestimate the ultimate load of reinforced PVA-ECC beams, as shown in
Figure 11a, particularly when the diameter of longitudinal reinforcement is small, as the
tensile strength of PVA-ECC is not considered in the design methods. When the bilinear
constitutive model for PVA-ECC is considered in the numerical model and the proposed
method, the ultimate load of beams can be predicted with good accuracy, as shown in
Figure 11b.
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5. Conclusions

In this study, a nonlinear finite element model is proposed for singly supported PVA-
ECC beams in bending to simulate the load–deflection curve and failure mode. In the
numerical model, the constitutive models for PVA-ECC are represented by simplified piece-
wise linear curves, and the bond–slip behavior between the embedded reinforcing bar
and surrounding PVA-ECC is considered in the numerical model. Calculation methods in
different design codes are used to calculate the ultimate load of PVA-ECC beams. Moreover,
a design method is also proposed to consider the tensile strength of PVA-ECC in calculation.
The following conclusions can be obtained from the numerical study and design method.

(1) By considering the piece-wise constitutive models for PVA-ECC in tension and
compression and the bond–slip behavior between PVA-ECC and steel reinforcement in
the numerical model, the numerical results show a good agreement with the experiment
results in terms of the load–deflection curves and failure modes. The ultimate load and de-
formation capacity of reinforced PVA-ECC beams can be predicted by using the numerical
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model with good accuracy. The average numerical-to-experimental ratio of load capacities
is 1.04, and the mean ratio of the numerical to experimental deflection at the fracture of
reinforcement is 0.96.

(2) Parameter analyses show that increasing the reinforcement ratio of reinforced
PVA-ECC beams significantly increases the stiffness after cracking and the ultimate load of
beams. However, the increase in reinforcement strength grade has a limited effect on the
initial stiffness of beams, whereas the ultimate load-bearing capacity of beams is effectively
increased. The tensile localization strain of PVA-ECC affects the deformation capacity of
beams. The deformation capacity of reinforced PVA-ECC beams is increased by increasing
the tensile localization strain.

(2) The ultimate load of PVA-ECC beams is calculated using three different design
codes, ACI 318-10, GB 50010-2010, and fib Model Code. All design methods underestimate
the ultimate load of PVA-ECC beams due to the neglection of the tensile strength of PVA-
ECC in the tension zone. By considering the tensile strength of PVA-ECC in the tension
zone, the method proposed by Fehling can yield more accurate predictions of experimental
results.

(3) When the tensile stress–strain relationship is considered, the proposed design
method for reinforced PVA-ECC beams can predict the ultimate load of PVA-ECC beams
accurately by dividing the failure modes into tension-control and compression control.
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Notation
as thickness of the concrete cover PACI peak load calculated by ACI 318-19
As cross-sectional area of reinforcement PExp peak load of experimental results
b width of cross-section PFE peak load of numerical results
d diameter of reinforcement Pfib peak load calculated by fib Model Code
DExp experimental deflection at ultimate load PGB peak load calculated by GB 50010-2010
DFE numerical deflection at ultimate load PPo peak load calculated by proposed method
Ec elastic modulus of ECC PUHPC peak load calculated by Fehling’s method
Eh hardening modulus of steel bars s1 slip at peak bond stress
Es elastic modulus of steel bars s2 slip at the onset of frictional bond stress
f ′c compressive strength εc,1/2 compressive strain at 50% of peak strength

fd
compressive stress in the compression zone
that adopts the compressive strength

εc,p compressive strain at compressive strength

fFtud ultimate strength, assumed as 1/3 ft εc,u
compressive strain at 50% of compressive
strength

ft tensile strength εs,u ultimate tensile stain of steel
ft,cr cracking tensile strength εt,1 cracking strain of ECC

fu ultimate strength of reinforcement εt,cr
tensile strain when the stress is 95% of peak
stress

fy yield strength of reinforcement εt,p tensile localization strain
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fr residual stress of PVA-ECC εt,u ultimate tensile strain of ECC
Fcd force in the compression zone ρmin minimum reinforcement ratio
Fcd1 force in the initial compression zone ρt balanced reinforcement ratio
Fcd2 force in the second compression zone ρy yield reinforcement ratio
Ff d force of ECC in tension zone βb simplified coefficient

Ff d1 force of increasing stage in tension zone σc f 0d
tensile stress at the bottom of the tension
zone, assumed to be ft

Ff d2 force of plateau stage in tension zone τmax maximum bond stress
Fsd reinforcement force τf frictional bond stress
M moment of beams in bending λ a coefficient that adopts 0.8
h height of cross-sections η a coefficient that adopts 1
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