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In this paper, the flexural characteristics of stainless steel (SS) reinforced concrete beams are studied and analyzed. We mainly
focus on their crackmode, failure mode, load-deflection curve, and bearing capacity. Six beams with test parameters, including the
diameter of reinforcement, the type of the reinforcement, and the stirrup spacing, were tested in 4-point bending. .e test results
indicate that the failure mode of SS reinforced concrete beam can be divided into three stages: elastic stage, cracking stage, and
failure stage. .e midspan section deformation of SS reinforced concrete beam conforms to the assumption of plane section.
Under the same reinforcement condition, the normal section and the oblique section bearing capacities of the SS reinforced
concrete beams are significantly higher than those of the ordinary reinforced concrete beams. In addition, the prediction of
cracking moment and bearing capacity calculated by ACI 318-14 and GB 50010-2010 was also evaluated..e calculation results of
the two codes were safe and conservative, and GB 50010-2010 provided more accurate prediction of cracking moments.
Furthermore, to verify the reliability of the test results, finite element models were established and the analytical results cor-
roborated well with the test results.

1. Introduction

SS has many outstanding properties that can be popularized
in engineering construction. Due to its excellent ductility,
durability, and recyclability, it is possible to create a tougher,
more environmentally friendly SS construction [1, 2]. With
its excellent plasticity and extensibility, it provides more
possibilities for the appearance, color, and style of the en-
gineering structure. In addition, SS has excellent corrosion
resistance and high chemical stability, so SS reinforcement
can be used for bridges, coastal equipment, and buildings.

Corrosion resistance plays a vital role in the stability of
reinforced concrete structures [3, 4]. .e occurrence of steel
corrosion problems is accompanied by high maintenance
costs and maintenance intervals. Many researches on cor-
rosion resistance of SS reinforcement in concrete have been
carried out. At a certain concentration of chloride ion, the
passivation film of SS reinforced concrete structure will be

destroyed and the durability will be threatened. Chloride ion
concentration has different effects on SS and conventional
carbon steel; the acceptable limit of chloride ion concen-
tration of SS reinforcement is 10 times that of carbon re-
inforcement [5]. When exposing ordinary steel
reinforcements and SS reinforcements to chlorides, the
damage of ordinary steel reinforcements is more serious
than that of SS reinforcements [6–8]. It was found that the
presence of chloride affects the electronic properties of
reinforced concrete structure passivation films, and the
austenitic SS reinforcements have better electronic and
electrochemical properties than duplex SS reinforcements.
Also, SS alloy can effectively enhance the slip-resistance,
hardness, and corrosion resistance of ordinary stainless steel,
so as to solve the problem of steel corrosion, but it was also
affected by factors such as chloride ion concentration,
corrosion inhibitor, and cold work levels [9–13]. Based on
the research above, it can be concluded that the corrosion

Hindawi
Advances in Civil Engineering
Volume 2020, Article ID 4048750, 13 pages
https://doi.org/10.1155/2020/4048750

mailto:kuangyihang@gs.zzu.edu.cn
https://orcid.org/0000-0002-9914-2556
https://orcid.org/0000-0003-2005-2812
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/4048750


resistance of SS reinforced concrete structure is enough to
increase by an order of magnitude compared with con-
ventional carbon steel.

On the other hand, many researchers have studied SS
mechanical properties, residual stress, high-temperature
properties, tensile properties, and so on [14–23]. In the
uniaxial tensile test at room temperature, SS does not have a
well-defined yield point and shows great strain hardening
behavior. In addition, the cold-forming process has a certain
influence on the mechanical properties of SS. .rough the
cold-forming process, the nominal yield stress and ultimate
tensile stress of SS increase and the elongation decreases.

Recently, some research on the structural properties of
SS reinforced concrete structures has been reported. Some
studies showed that replacing carbon steel reinforcements
with SS reinforcements had little effect on the bonding
property [24–26]. Hassanein and Silvestre [27] studied the
bending mechanical properties of tilted duplex SS beams
using a finite element model for analysis and concluded that
the bending prediction provided by EN 1993-1-4 is con-
servative. Shamass et al. [28, 29] provided several prediction
methods for bending performance of SS composite beams
based on the continuous strength method.

However, there is currently no experimental investiga-
tion of the flexural performance of SS reinforced concrete
structures. In this paper, two sets of specimens were man-
ufactured and tested. .e type (SS reinforcement and or-
dinary reinforcement) and diameter (6.5, 12, and 16mm) of
the reinforcement were considered as variables. Moreover,
based on the design theory of reinforced concrete flexural
members and the experimental results, the prediction
equations of the Chinese and American codes for the flexural
performance were evaluated. Meanwhile, finite element
models were developed to verify and predict the experi-
mental results.

2. Design Theory of Reinforced Concrete
Flexural Members

.e probability limit condition design methods used in the
current Chinese code GB 50010-2010 [30] and American
code ACI 318-14 [31] divide the limit state of engineering
structures into two types: ultimate limit states and ser-
viceability limit states. When designing the reinforced
concrete members, the bearing capacity should be calculated
according to the ultimate limit states to ensure safety and
reliability. First, the calculation of bearing capacity of
concrete flexural members mainly includes the calculation of
the bending capacity of the normal section and the calcu-
lation of the shear capacity of the oblique section. Second, it
is also necessary to design the flexural members according to
the serviceability limit states. .is is mainly to check the
deformation and crack resistance or crack width, to ensure
that the members can be used normally. .e calculation
method of the bearing capacity of the Chinese code and the
American code is the same, and the calculation method of
the cracking moment is different. .e rectangular section of
the specimens was taken as an example to illustrate the
design method of reinforced concrete flexural members.

2.1. Bending Capacity of Normal Section. .e theoretical
ultimate moment represents the bending capacity of the
normal section, which is proposed by

M
C
u,c � αsfcbh

2
0, (1)

where αs is the section resistance moment coefficient, fc is
the design value of concrete axial compressive strength, b is
the width of the rectangular section, and h0 is the effective
height of the section.

2.2. Shear Capacity of Oblique Section. To avoid brittle
failure, the number of stirrups in the design should meet the
construction requirements. .e six beams in this test were
equipped with stirrups and were not equipped with bent
reinforcements. .e ultimate shear capacity of the beam is
composed of the shearing force of the concrete and the
shearing force of the stirrups..erefore, the basic calculation
method for the shear capacity of the oblique section of the
beams is presented in

Vu � Vc + Vsv, (2)

where Vu is the ultimate shear capacity of the oblique
section, Vc is the shear capacity of concrete, and Vsv is the
shear capacity of the stirrups.

2.3. Cracking Moment. .e calculation of the cracking
moment in the Chinese code and the American code is
different. Equation (3) shows the calculation method of
theoretical concrete cracking moment in ACI 318-14:

M
A
cr,c �

frIg

yt
, (3)

where MA
cr,c is the theoretical value of concrete cracking

moment. fr is the flexural tensile strength of concrete,
fr � 0.62

��

fc′
􏽱

, fc′ is the compressive strength of the concrete
cylinder test block, and its conversion relationship with the
cubic compressive strength fcu is fc′ � 0.8fcu. Ig is the
sectional resistance moment on the centroid axes, regardless
of the area of the reinforcement. yt is the distance between
the centroidal axis and the edge of tensile concrete.

As is shown in equation (4), the theoretical value of the
cracking moment in GB 50010-2010 is related to the strength
and size of reinforcement and concrete:

M
C
cr,c � cmαctftkW0, (4)

where MC
cr,c is the theoretical value of concrete cracking

moment, cm is the plastic coefficients of section modulus, αct
is concrete tensile stress control coefficient, ftk is the
standard value of concrete tensile strength, and W0 is the
transformed section modulus to the edge of tensile concrete
calculated by

W0 �
I0

h − y0
, (5)

where I0 is the sectional resistance moment on the centroid
axes, y0 is the distance between the transformed section
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center of gravity and compression edge of section, and h is
the height of the section.

3. Experimental Program

3.1. Materials. .e reinforcement used in the six beams
included SS reinforcement and ordinary steel reinforcement.
As is shown in Figure 1, the SS reinforcement was the
022Cr22Ni5Mo3N SS reinforcement produced by Shanxi
Taigang Stainless Steel Co., Ltd., which was available in three
types of diameter: 6.5mm, 12mm, and 16mm. Ordinary
steel reinforcement adopted HRB335 thread reinforcement
of 12mm and 16mm diameter and HPB335 round rein-
forcement of 6.5mm diameter produced by Anyang Iron
and Steel Co., Ltd. According to Chinese code GB/T 228-
2010 [32], two kinds of steel reinforcement were tested under
uniaxial tension at room temperature.

Table 1 shows the material properties of steel rein-
forcement. .e elongation of SS reinforcement is greater
than 30%. Compared with ordinary steel reinforcement, SS
reinforcement has the characteristics of higher strength,
higher yield ratio, greater elongation, and lower elastic
modulus. .e mechanical properties and process properties
of SS reinforcement meet the requirements for the forming
and structural use of concrete components. Table 2 presents
the concrete mix proportion, and the specific design strength
of concrete was 30MPa.

3.2. Experimental Design. Figure 2 shows the six specimens
and their production process. .ere were two SS reinforced
concrete flexural beams (Nos. BKW1 and BKW2), two SS
reinforced concrete shear beams (Nos. BKJ1 and BKJ2), one
ordinary reinforced concrete flexural beam (No. PKW1),
and one ordinary reinforced concrete shear beam (No.
PKJ1). Figure 3 shows the details of longitudinal rein-
forcement. All beams were designed with a length of
2400mm, and a rectangular cross-sectional area of
150× 300mm..e clear span of the beamwas 1800mm, and
the length of the pure bending segment was 600mm.

Table 3 shows the types and specifications of the steel
reinforcements of each beam in detail. .e diameter of the
tensile reinforcement used in the flexural beam was 12mm,
and the diameter of the tensile reinforcement used in the
shear beam was 16mm.

Standard cube blocks with a side length of 150mm were
reserved when constructing the beams, and the blocks and
the beams were maintained in the same condition for ex-
amining the concrete compressive strength of the specimens.
.e average values of concrete compressive strength of the
blocks are shown in Table 3.

3.3. Experimental Method. .e positions of pressure sen-
sor, LVDTs, strain gauges, and loading points are shown
in Figures 4 and 5..e quasi-static graded loading method
was adopted to test the flexural behavior of all specimens.
A compression testing machine with total capacity of
2000 kN was used to apply the load to a distributive girder.
.e steel distributive girder distributed concentrated

loads on the two trisection points of the top of the beam.
.e test adopted graded loading, and all beams were
preloaded to 20 kN and then unloaded. Before the loading
reached 80% of the theoretical cracking load of the beam,
the ratio of each load stage was 5% of the theoretical
ultimate load, and the load value of each stage was no
more than 5 kN when approaching cracking load. After
the occurrence of first crack, the load value of each stage
was 10% of the theoretical ultimate load, and when
approaching the theoretical ultimate load, the loading rate
was slowed down. .e load was maintained for 5 minutes
after each stage of loading, while the crack width was
recorded with crack observation apparatus with an ac-
curacy of 0.02mm, and the occurrence and development
of cracks were observed.

Pressure sensor was used to observe the applied load. To
monitor the deflection of the beam, five LVDTs with a range
of 50mm were arranged along the longitudinal direction of
the beam. As is shown in Figure 4, the positions of the
LVDTs were, respectively, in the midspan of the beam, the
two loading points, and the two center points of the support.
.e net deflection of the beams was the difference between
the midspan displacement and the settlement of the support
measured by the LDVT.

To verify the assumption that the deformation of the
section conforms to the plane section, a total of 5 strain
gauges in total were used in the midspan of the beam to
observe the strain distribution along the height. .e heights
at which the strain gauges were located (the distance from
the compression edge of the beam) were 0mm, 75mm,
150mm, 225mm, and 300mm, respectively.

4. Experimental Results and Discussion

4.1. Load-Deflection Curves and Failure Modes.
Figure 6(a) shows the load-deflection curves for the midspan
of the three flexural beams. .e beams BKW1 and BKW2
and the beam PKW1 all showed ductile failure. .e de-
flection of the beam continued to increase after yield, while
the load slowly increased. Figure 6(b) presents the load-
deflection curve of the midspan of the three shear beams.
.e ordinary reinforced concrete shear beam PKJ1 showed
ductile failure, and the deflection continued to increase after
the beam yielded, while the load increased slowly. .e ul-
timate bearing capacity of BKW1 and BKW2was 140 kN, the

Figure 1: Stainless steel reinforcement.
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ultimate bearing capacity of PKW1was 100 kN, and the ratio
of ultimate bearing capacity of the two types was 1.40. .e
shear beams BKJ1 and BKJ2 of SS reinforcement showed
brittle failure. When the beam was damaged, the tensile
reinforcement had not yielded yet, but the concrete of the
compression section was crushed, causing the beam to
suddenly break. .e ultimate bearing capacity of BKJ1 and
BKJ2 was 185 kN, the ultimate bearing capacity of PKJ1 was

140 kN, and the ratio of ultimate bearing capacity of the two
types was 1.32.

Figure 7 presents photographs and crack patterns of all
beams after damage. Under the same load, the crack width of
shear beam was significantly smaller than that of the flexural
beam. .e reason might be that the higher reinforcement
ratio of the shear beams controlled the development of the
crack width..e failure modes of the two kinds of reinforced

(a) (b)

(c) (d)

Figure 2: Photographs of the specimens: (a) reinforcement cage; (b) formwork; (c) production process; (d) cured specimens.
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Figure 3: Details of longitudinal reinforcement (all dimensions in mm).

Table 1: Mechanical properties of reinforcements.

Type of reinforcements Diameter (mm) Yield strength (MPa) Tensile strength (MPa) Elongation (%) Elastic modulus
(105N/mm)

SS reinforcement
6.5 595 800 32.5 1.41
12 660 830 37.8 1.41
16 640 795 33.9 1.51

Ordinary steel reinforcement
6.5 280 430 29.7 2.12
12 380 530 30.7 2.30
16 400 555 28.7 2.22

Table 2: Concrete mix design.

Water-binder ratio Sand ratio (%) Cement (kg) Sand (kg) Gravel (kg) Water (kg) Water reducing agent (kg)
0.49 37 350 719 1173 171.5 2.7
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concrete beams are similar; they can be approximately
classified into the following three stages:

.e first stage is the elastic stage. At the beginning of
loading, the stress of reinforcement was small, the deflection
changed slowly with the load, and no crack appeared.

.e second stage is the cracking stage. At this stage, with
development of the cracks, the stiffness of the beams decreased
gradually. After reaching the cracking moment, the first vertical
crack appeared near the midspan at the bottom of the beam.
With increased loading, the cracks slowly developed upward and
the crack width slowly increased. When the load reached about
30% of the beam’s ultimate load, several vertical cracks appeared
in the pure bending segment.When the load reached about 40%
of the ultimate load, the number of cracks reached a relatively
stable value, and these cracks were fine and short and appeared
below the neutral axis. As the load continued to increase, the
crack still developed slowly, and more vertical cracks appeared
between the initial cracks.When the reinforcements approached
the yield strength, oblique cracks appeared in the middle and
lower parts of the shear-bending segment and developed rapidly
toward the loading points and the supports.

.e third stage is the failure stage. At this stage, almost
no new cracks appeared, and the vertical and oblique cracks
developed rapidly upward until the beam was damaged.
Among the flexural beams, the width of vertical cracks in the
midspan developed sharply and the height extended above
the neutral axis after the longitudinal tensile reinforcement
yielded. .e length of the oblique cracks kept growing, but
the width did not change much. When the strain of the
concrete near the loading points approached the ultimate
compressive strain and was crushed, the bearing capacity
was drastically lowered and the beams broke. Before the
damage, the deflection of the three beams kept growing, and
the growth of the load slowed down. Among the shear
beams, after the stirrups of the beam yielded, the oblique
cracks developed rapidly from near the supports to the
loading points, and their width also increased rapidly. .e
length and width of the vertical cracks in the midspan
developed more slowly. BKJ1 and BKJ2 showed a phe-
nomenon of approximate brittle failure: after the beams
yielded, they were quickly destroyed and the deflection did
not significantly grow. By contrast, PKJ1 maintained a de-
flection growth as it approached failure.

4.2. Concrete Strain Distribution. Figure 8 shows the con-
crete strain distribution along the height at the midspan
section of six beams under loads at various levels. .e

Strain gauge

Test beamLVDT

600300 600 600 300

Pressure sensor

2400

Figure 4: Instrumentation setup and load distribution (all di-
mensions in mm).

Figure 5: Test setup.

Table 3: Types and specifications of the steel reinforcements.

Specimen Type of steel
reinforcement

Compression
reinforcement

Tensile
reinforcement Stirrup Average of concrete compressive

strength (MPa)

BKW1

SS reinforcement

2Ø6.5 2Ø12 Ø6.5@
150 41.92

BKW2 2Ø6.5 2Ø12 Ø6.5@
150 41.54

BKJ1 2Ø12 2Ø16 Ø6.5@
180 41.88

BKJ2 2Ø12 2Ø16 Ø6.5@
180 43.41

PKW1 Ordinary steel
reinforcement

2Ø6.5 2Ø12 Ø6.5@
150 40.13

PKJ1 2Ø12 2Ø16 Ø6.5@
180 35.77
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concrete strain at the moment of failure of the beams was
obviously abnormal at the upper and lower edges of the
midspan section. .e reason was that as the beams were
being destroyed, the deformation of the section sharply

increased, and the concrete strain was difficult to record.
At each stage, the concrete strain in the midspan section
of all beams was approximately linearly distributed along
the height. It is reasonable to believe that the section
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Figure 6: Load-deflection curves of all tests: (a) flexural beams; (b) shear beams.
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Figure 7: Photographs and crack patterns of all beams. (a) PKW1. (b) BKW1. (c) BKW2. (d) PKJ1. (e) BKJ1. (f ) BKJ2.
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deformation of all beams conforms to the assumption of
plane section. .is is in line with the basic assumptions of
material mechanics and provides a basis for the
following theoretical calculations of SS reinforced con-
crete beam.

4.3. Comparison of Test Results with :eoretical Results

4.3.1. Cracking Moment. Based on equations (3) and (4), the
cracking moment was calculated and is presented along with
the experimental values in Figure 9. .e experimental
cracking moments of both SS and ordinary reinforced

concrete beams were greater than the theoretical cracking
moments. Among them, the ratio between the experimental
cracking moments and the cracking moments calculated
according to the code ACI 318-14 is between 1.21 and 1.43,
and the average value is 1.328. Some of the results calculated
by the American code deviate significantly from the test
results; nevertheless, the overall trend is safe. .e ratio
between the experimental cracking moments and the
cracking moments calculated according to the code GB
50010-2010 is between 1.07 and 1.20, and the average value is
1.138. .e Chinese code provides more accurate prediction
of the test results.
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Figure 8: Concrete strain distribution along the height at the midspan section. (a) BKW1. (b) BKW2. (c) PKW1. (d) BKJ1. (e) BKJ2. (f) PKJ1.
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4.3.2. Bearing Capacity of the Normal Section. .e theoretical
ultimatemoments of the three flexural beamswere calculated by
equation (1). Figure 10 shows the theoretical value and ex-
perimental value of the ultimate moments, which stand for the
bearing capacity of normal section. .e experimental ultimate
moments of SS and ordinary reinforced concrete beams were
greater than the theoretical ultimatemoments..e average ratio
of the experimental ultimate moments to the theoretical ulti-
matemoments of the SS reinforced concrete beam is 1.35 with a
dispersion coefficient of 0.068. It can be concluded that the
ultimate moment of normal section of SS reinforced concrete
beam calculated by the current code is 35% safer.

4.3.3. Bearing Capacity of the Oblique Section. .e theoretical
ultimate shear capacity of the three shear beams is calculated
with equation (2). Figure 11 shows a comparison between the
experimental and the theoretical ultimate shear capacity, which
represents the bearing capacity of oblique section. Under the
same reinforcement condition, the average ultimate shear ca-
pacity of SS reinforced concrete beams is 1.27 times that of
ordinary reinforced concrete beams. .e experimental ultimate
shear capacity of BKJ1 and BKJ2 is 1.41 times the theoretical
value, while the experimental ultimate shear capacity of PKJ1 is
1.13 times the theoretical value. .erefore, equation (2) is
conservative for calculating the ultimate shear capacity of SS
reinforced concrete beams.

5. Finite Element Analysis Study

For finite element analysis study, ABAQUS was used to
verify and predict the experimental results. Six beams
were modeled, and the analysis results were compared
with experimental results for analysis. Figure 12 shows the
finite element model in detail. .e model avoided the
stress concentration at the loading points and the

supports by setting the steel plate, and the loading process
was controlled by the displacement. .e reinforcements
were embedded into concrete. Hexadecimal element
shape and structured technique were adopted for mesh
controls. Subsequently, the constitutive models used for
the three materials of the model were described and the
analytical results were discussed.

5.1. Material Constitutive Models

5.1.1. Concrete Model. .e concrete model adopted the
concrete damage plasticity model (CDP model) provided
by ABAQUS, and the uniaxial constitutive relationship of
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concrete was provided by GB 50010-2010. .e model
reflects the phenomenon that the elastic modulus of
concrete decreases along with the increase of damage
degree. .e uniaxial constitutive model could be deter-
mined by

σ � (1 − d)Ecε, (6)

where d is the evolution parameter of concrete under
uniaxial loading and Ec is the initial elasticity modulus.
When the concrete is under uniaxial tension, d can be
determined by the following equations:

d �

1 − ρt 1.2 − 0.2x5( 􏼁, x≤ 1,

1 −
ρt

αt(x − 1)1.7 + x
, x> 1,

⎧⎪⎪⎪⎨

⎪⎪⎪⎩

x �
ε
εt,r

,

ρt �
ft,r

Ecεt,r
,

(7)

where αt is the parameter value of the descending section of
concrete uniaxial tensile stress-strain curve. ft,r is the
representative value of concrete uniaxial tensile strength. εt,r
is the peak tensile strain corresponding to the representative
value ft,r of the uniaxial tensile strength.

When the concrete is under uniaxial compression, d can
be determined by the following equations:

d �

1 −
ρcn

n − 1 + xn
, x≤ 1,

1 −
ρc

αc(x − 1)2 + x
, x> 1,

⎧⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

ρc �
fc,r

Ecεc,r
,

n �
Ecεc,r

Ecεc,r − fc,r
,

x �
ε
εc,r

,

(8)

where αc is the parameter value of the descending section of
concrete uniaxial compressive stress-strain curve. fc,r is the
representative value of concrete uniaxial compressive
strength. εc,r is the peak compressive strain corresponding to
the representative value ft,r of the uniaxial compressive
strength.

5.1.2. Ordinary Steel Reinforcement Model. Figure 13 shows
the ordinary reinforcement model, which is composed of
three parts. .is model embodies the phenomenon of or-
dinary steel yield and simplifies its mechanical properties

(a)

(b)

Figure 12: Finite element model in detail.
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into three straight lines. .e constitutive relationship is
calculated by

σs �

Esεs, εs ≤ εy,

fy,r, εy < εs ≤ εuy,

fy,r + k εs − εuy􏼐 􏼑, εuy < εs ≤ εu,

0, εs > εu,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(9)

where Es is the elastic modulus of reinforcement, fy,r is the
representative value of the yield strength of reinforcement, εuy is
the hardening starting point strain of the steel reinforcement, εy
is the yielding strain of reinforcement, εu is the peak strain of
reinforcement, k is the slope of reinforcement hardening sec-
tion, k � (fst,r − fy,r)/(εuy − εu), and fst,r is the representative
value of the ultimate strength of reinforcement.

5.1.3. SS Reinforcement Model. Ramberg and Osgood [33]
first proposed using three parameters to describe the nonlinear
relationship between stress and strain. Rasmussen [34] im-
proved the Ramberg–Osgood model, and the improved model
better reflected the real stress-strain curve of SS reinforcement.
As is shown in Figure 14, the SS reinforcement model adopted
the Rasmussen model. .e model consists of two parts and can
be defined as follows:

ε �

σ
E0

+ 0.002
σ
σ0.2

􏼠 􏼡

n

, σ ≤ σ0.2,

σ − σ0.2( 􏼁

E0.2
+ εu

σ − σ0.2

σu − σ0.2
􏼠 􏼡

m

+ ε0.2, σ > σ0.2,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

E0.2 �
E0

1 + 0.002n E0/σ0.2( 􏼁
,

m � 1 +
3.5σ0.2

σu

,

ε0.2 �
σ0.2

E0
+ 0.02,

n �
ln 20

ln σ0.2/σ0.01( 􏼁
,

(10)

where n is the strain hardening index, E0 is the elastic
modulus, σ0.2 and σ0.01 are the corresponding elastic limit
stress values when the residual strain is 0.2% and 0.01%,
respectively, σu is the ultimate stress, and εu is the ultimate
strain.

5.2. Analytical Results and Discussion. In ABAQUS, the
tensile damage picture of concrete can be regarded as a crack
pattern. Figure 15 shows a typical crack pattern for the finite
element models..e first crack occurred at the bottom of the
model. .en, the cracks extended from bottom to top and
from the supports to the loading points. .e crack patterns
and their performance in finite element analysis were
consistent with the test. .is shows that the finite element
model can reflect the phenomena of crack patterns of SS
reinforced concrete beams.

Figure 16 shows the comparison of analytical load-de-
flection curves and experimental results for six beams.
Among these beams, the results (including initial elastic
modulus, cracking load, ultimate load, and load-deflection
curve) predicted by the finite element model showed good
agreement with the experimental results. It can be seen in
Table 4 that the deflection corresponding to cracking load

fst,r

σ

fy,r

εy

k

εuy εu0

1

ε

Figure 13: Stress-strain curve of steel reinforcement.

Ramberg–Osgood model

Rasmussen model

0.
00

2
σ0.01

σ0.2

E0

l

0.
00

01

σ

ε

ε 0
.2

Figure 14: Rasmussen model.
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Figure 15: Typical crack pattern of finite element models.
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Figure 16: Comparison between experimental and analytical load-deflection curves: (a) BKW1; (b) BKW2; (c) PKW1; (d) BKJ1; (e) BKJ2;
(f ) PKJ1.

Table 4: Cracking moment and maximum moment of specimens.

Specimen
Cracking load

Pcr(kN)

Ultimate load
Pu(kN)

Deflection at
ultimate load
Δ(mm) Pcr(FEA)/Pcr(Exp.) Pu(FEA)/Pcr(Exp.) Δ(FEA)/Δ(Exp.)

Exp. FEA Exp. FEA Exp. FEA

BKW1 31.00 33.11 145.00 150.47 23.94 24.84 1.07 1.04 1.04
BKW2 32.50 32.79 145.00 149.46 25.90 26.40 1.01 1.03 1.02
PKW1 34.00 30.56 100.00 101.51 13.17 13.22 0.90 1.01 1.00
BKJ1 36.50 32.67 185.00 182.34 9.48 9.44 0.90 0.99 1.00
BKJ2 39.00 34.52 185.00 195.20 9.46 8.25 0.89 1.06 0.87
PKJ1 29.00 32.74 140.00 138.16 13.76 14.30 1.13 0.99 1.04
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and ultimate load analyzed by the finite element model is
close to the test result. .e ratio of the cracking load of
the analytical value to the experimental value is between
0.89 and 1.13, and the ratio of the ultimate load of the
analytical value to the experimental value is between 0.99
and 1.06. .e maximum error of cracking load is 13%,
and the maximum error of ultimate load is 6%. .is
comparison indicates that the model established by the
finite element program can sufficiently predict the ex-
perimental results.

6. Conclusions

In this paper, SS reinforcement and ordinary steel rein-
forcement were tested under uniaxial tension at room
temperature. .en 6 beams of dimensions
150mm× 300mm, 2400mm, which consisted of steel re-
inforcement of different types and diameters, were examined
for mechanical behavior. Based on the study above, the
following conclusions can be given:

(1) SS reinforcement does not have a well-defined yield
point. Compared with ordinary steel reinforcement,
SS reinforcement has the characteristics of higher
strength, greater yield ratio, greater elongation, and
slightly lower elastic modulus. In the flexural and
shear tests, SS reinforcements show a good coop-
erative working mechanism with concrete.

(2) .e diversion of concrete strain in the midspan
section was approximately linearly distributed along
the height. It can be considered that the section
deformation of SS reinforced concrete beam con-
forms to the assumption of plane section.

(3) Compared with ordinary steel reinforced concrete
beams, SS reinforced concrete beams had larger
ultimate bearing capacity. Under the same rein-
forcement condition, the ratio of ultimate bearing
capacity between two types of steel reinforced
concrete beams was 1.40 in the flexural test and 1.32
in the shear test. However, SS reinforced concrete
beams are prone to brittle failure due to the high
reinforcement ratio.

(4) .e experimental cracking moments of both SS and
ordinary reinforced concrete beams are greater than
the theoretical cracking moment. For the evaluation
of cracking moments, ACI 318-14 provided an av-
erage of 28.5% and 35% safer prediction for SS and
ordinary reinforced concrete beams, respectively. GB
50010-2010 provided an average of 15% and 11.5%
SS for SS and ordinary reinforced concrete beams,
respectively..e results calculated by GB 50010-2010
are closer to the experimental results, while ACI 318-
14 was safer.

(5) .e calculation method for the normal section and
the oblique section bearing capacity is the same in
the American code and the Chinese code. .e the-
oretical bearing capacity for all beams was 1.13∼1.45
times the experimental results. It is safe to predict the

bearing capacity of SS reinforcement flexural
members using the existing codes.

(6) .e crack patterns and the load-deflection curves
obtained from FEA are in good agreement with the
experimental results, and the maximum error of
ultimate load is 6%. .e comparison proves the
rationality and feasibility of this paper.
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