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Abstract

The temperature stress in mass concrete structure is relatively high during construction, which usually leads to tem-
perature cracks. To solve this problem, concrete blocks are usually placed by setting wide slots. Connecting the trun-
cated steel bars at the position of the wide slots by welding or extruding sleeves has many disadvantages. To solve
the problem of temperature-induced stress loss, a new type of slightly curved arc HRB400 (SCAHRB400) steel bars
was proposed without cutting off the steel bars in this article. Tensile tests and numerical simulations were performed
for five types of SCAHRB400 steel bars considering geometric and material nonlinearity. Based on the test results and
numerical simulation results, the equivalent stress—strain relationships of SCAHRB400 steel bars were established,
and the emergence of the plastic zone of SCAHRB400 steel bars in the tensile process were observed, the tensile
properties of SCAHRB400 steel bars were analyzed and discussed. The test results indicate that SCAHRB400 steel

bars are prone to local yielding near the crown of large arches and at the connection of horizontal and arc sections.
The numerical simulation equivalent stress—strain curves have good regularity. The equivalent stress—strain curves of
slightly curved arc HRB400 and HRB335 steel bars have the similar changing law. When the stress is small, the tensile
stiffness and compressive axial stiffness of slightly curved arc HRB400 and HRB335 steel bars are similar; when the
stress is large, the axial stiffness of SCAHRB400 steel bars is greater than that of slight curved arc HRB335 steel bars.
Through test and numerical simulation studies, the theoretical basis can be established for the engineering applica-
tion of new slightly curved arc steel bars in mass concrete.
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1 Introduction

Mass concrete structures are common in hydraulic and
hydropower projects. During construction, the tempera-
ture stresses in mass concrete are relatively large. At the
same time, the mass concrete structure is prone to large
temperature stresses influenced by the external ambient
temperature (Lu et al., 2021; Yang et al., 2019), leading to
thermal cracks in concrete structures (Xin et al., 2021).
Therefore, wide slots are set to cast the mass concrete
into blocks, and the wide slots are backfilled to form a
whole in the later low-temperature season. This measure
has proven to be effective in reducing and avoiding tem-
perature cracks. It is often used in engineering (Li et al.,
2017).

There are usually stressed steel bars passing through
the wide grooves. As the heat of hydration of the con-
crete decreases, the concrete and the straight steel bars
on both sides of the wide slot shrink. Due to the confin-
ing effect (Chen & Zhang, 2014; Woo et al.,, 2018), the
steel bar generates large tensile stresses during construc-
tion (Liu et al., 2010), which reduces the load-bearing
of steel bars during the construction period (Jiang et al.,
2007). Lateral concrete also produces tensile stress and
is more prone to cracking during construction (Gao &
Fang, 2013; Yan et al.,, 2013). It is common practice to cut
the steel bar across the wide slot within 24 to 48 h after
the concrete is poured on both sides of the wide slot, and
then connect it as a whole when the wide slot is backfilled
later in the cold season. Typically, extruded sleeve con-
nections and welded connections are used to connect
the steel bars. Currently, there are three ways to pass the
steel bar through the wide slot, such as no cutting the
steel bar, extruded sleeve connection after cutting the
steel bar, and welded connection after cutting the steel
bar (Shi & Hou, 2013). However, it is difficult to operate
the way of the steel bar across the wide slot using pre-cut
and post-connected. It is almost impossible and costly to
implement when there are many layers of reinforcement
crossing wide slots. Therefore, the treatment of steel bar
across wide slot is a pressing challenge in construction.
Fig. 1 shows the slightly curved arc steel bars (SCASB)
across wide slot (Ma, 2014). The steel bar is not cut off.
The SCASB across wide slot is used to accommodate the
temperature deformation of the concrete on both sides
of the wide slot by using the expansion and contraction
of its slightly curved arc section. Due to the existence of
the slightly curved arc section, its axial stiffness is less
than that of the straight reinforcement, thus reducing
the restriction on the temperature deformation of the
concrete on both sides of the wide slot, but in the slightly
curved arc section, stress concentration occur at the top
of the arc and at the backbend point of the SCASB, and
these parts tend to enter the plastic state.
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Suitable SCASB do not exhibit plasticity in their any
part during construction. They can effectively reduce the
temperature stresses in themselves and in the concrete
on both sides of the wide slot. Due to the temperature
effect and the huge size of the mass concrete to be con-
sidered, the appropriate shape and size of the SCASB can
only be determined by numerical calculations. In practi-
cal engineering, the SCASB are placed horizontally in an
arc and laid flat in a wide slot, so structures or members
reinforced with SCASB should be calculated as a spatial
problem and the beam element should be used to simu-
late the SCASB. The axial stiftness of SCASB is small and
its deformation is large, so it should take into account
the geometric nonlinearity. When the slightly curved arc
section has part of plasticity, it also needs to consider
the material nonlinearity. If the equivalent stress—strain
relationship can be obtained from the material proper-
ties tests and numerical simulations of SCASB, where the
stress is taken as the ratio of the axial force to the cross-
sectional area of the steel bar, i.e., the average stress, and
the strain is taken as the average strain calculated using
the width of the wide slot as the scale distance, as well as
the average stress level in the plastic zone, the SCASB can
be converted into a straight steel bar for calculation, and
the space problem can be converted to a plane problem.

In this article, five types of slightly curved arc HRB400
(SCAHRB400) steel bars were investigated through
tensile tests. Considering the geometric nonlinear-
ity and material nonlinearity, finite element models of
slightly curved arc HRB400 steel bars were established
to simulate their tension and compression stresses. The
numerical simulation equivalent stress—strain curves of
SCAHRB400 steel bars have good regularity. The numer-
ical simulation results are not very different from the test
results, indicating that the numerical simulation curves
are reliable. According to the test and numerical simu-
lation results, the equivalent stress—strain relationship
of five types of SCAHRB400 steel bars was established,
the plastic zone appearance process of SCAHRB400 steel
bars in the tension—compression process was analyzed,
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and the mechanical properties of SCAHRB400 steel bars
under tension and compression stresses were obtained.

2 Tensile Test and Results
2.1 Design and Fabrication of SCAHRB400 Steel Bar
Specimens

During construction, the larger arch height the SCASB
across wide slot in mass concrete was, the smaller stress
caused by concrete expansion or contraction was. How-
ever, during normal operation, the stretching of SCASB
in the curved arc section produced a tensile stress per-
pendicular to the direction of the steel bar, making the
concrete appear to be cracked along the steel bar. When
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the arch height of the curved arc section was larger, the
tensile stress perpendicular to the direction of the steel
bar, the concrete tended to appear cracks along the direc-
tion of the steel bar. The design basis was mainly based
on the different width of the wide slot.

The design details of the five types of SCAHRB400 steel
bars across a wide slot are shown in Fig. 2. Among them,
the first four forms were the same, 1 big arc+2 small
arc+2 horizontal sections, the length of each horizontal
section was 100 mm, and the radiuses of the arcs were
different. The wide slot widths of the first three types of
SCAHRB400 steel bars were 1.5 m, and that of the fourth
type of SCAHRB400 steel bars was 1.2 m. The fifth type
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Fig. 2 Shapes and dimensions of the SCAHRB400 steel bars
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of the steel bars consists of 2 large arcs+2 small arcs+2
horizontal sections, forming an S-shape. The length of
each horizontal section was also 100 mm. The wide slot
width of it was 1.5 m.

Tensile tests were carried out on three specimens
of each type of SCAHRB400 steel bars. The measured
dimensional parameters of each specimen are shown
in Table 1. In this article, the test specimens were made
by conventional steel bending machines, and there were
inevitable errors in the dimensional control of the speci-
mens. The test specimens with diameters of 36 mm are
shown in Fig. 3. The measured modulus of elasticity of
the steel bars was 2x10° MPa. In tensile tests, the non-
linearity of the material is mainly reflected in the stress—
strain curve of the SCAHRB400 steel bar specimens. It
is well known that reinforcing steel is an obvious nonlin-
ear material with four distinct phases of unidirectional
tensile properties, namely, elastic deformation phase,
yield phase, strengthening phase, and necking phase.
SCAHRB400 steel bars did not vary uniformly in cross-
sectional plasticity during the tensile process due to their
specific shape.

2.2 Loading and Measurement

The loading mechanism was specially designed for the
axial tensile test, as shown in Fig. 4a, and the photograph
of the test device is shown in Fig. 4b. Both ends of the
SCAHRB400 steel bars were threaded. The steel bar was
fixed by means of a nut. The tensioning of the bar was
achieved by twisting the nut. The displacement of the
measuring point of the steel bar was measured with a
percentage meter. To prevent the slightly curved steel bar

Table 1 Dimension parameters of SCAHRB400 steel bar specimens
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from rotating during loading, an anti-rotation limit plate
was provided at the loading end.

To obtain the equivalent stress—strain curve for a
SCAHRB400 steel bar within a wide slot width (ly + 2L),
the strain was the average strain calculated using the wide
slot width as the scale distance, and the stress was the
ratio of the axial force to the cross-section of the steel bar
(average stress), so the displacement measurement points
should ideally be located at a distance (/o + 2/3) from the
wide slot width (see Fig. 5). However, the test was set up
to avoid torsional deformation of the specimen during
loading, which affects the installation of the percentage
meter, the displacement measurement points can only be
arranged at the two ends of the slightly curved arc section
of the steel bar, and the distance between the two points
was lg. To obtain the average strain of the SCAHRB400
steel bar across the wide slot, the strain gauges A and B
(see Fig. 5) were arranged near the ends of the slightly
curved arc section of the steel bar, which were located on
the upper surface of the steel bar. In this way, the average
strain over the length of the wide slot width (/o 4 2/2) can
be calculated from Eq. (1):

o (ea +ep)o + A

ot2l (1)

where A was the elongation over the length of /y; ¢4 and
ep were the strains at points A and B; and [y and /5 are
shown in Fig. 5.

2.3 Test Results
The equivalent stress—strain curve is plotted in Fig. 6.
The stresses of the three C-shaped SCAHRB400 steel

Types Design vector span Measured vector span Design vector span Measured vector span Specimen no.
height (mm) height (mm) length (mm) length (mm)

36C1 109.0 105 1300 1292 Test-36C1-3;
103 1293 Test-36C1-b;
107 1295 Test-36C1-c

36C2 83.0 77 1300 1290 Test-36C2-3;
77 1294 Test-36C2-b;
77 1296 Test-36C2-c

36C3 515 55 1300 1295 Test-36C3-3;
51 1296 Test-36C3-b;
51 1302 Test-36C3-c

36C4 63.5 59 1000 985 Test-36C4-a;
60 989 Test-36C4-b;
61 990 Test-36C4-c

365 54.0 (54+55) 1300 1295 Test-365-3;
(50+53) 1296 Test-365-b;
(50+50) 1301 Test-365-c
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(a) 36C1

(¢) 36C1

Fig. 3 Photos of the specimens
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bar specimens do not differ much. The stresses of the
three S-shaped SCAHRB400 steel bar specimens fluctu-
ate slightly more than those of the C-shaped specimens
because of the relatively large difference in the size
of the members. The left end of the specimen is fixed
and its right end is in tension. The tensioning end is
twisted by screwing. The tensioning device is equipped
with a torsion-limiting mechanism, but the tensioning
end still produces a small turning angle. Torque in the
process of transferring to the fixed end, the torsional
stiffness of the curved section is small. Most of the tor-
sional deformation occurs in the curved section. The
torsional effect of the fixed end A is not obvious. As a
result, the strain at point B is slightly more affected by



Gao et al. Int J Concr Struct Mater

S0F

40

Stress (MPa)
S
T

20

(2023) 17:37

W P N [N
(=] (=} S (=]

Stress (MPa)

N3
S

—a— Test-36Cl-a
—&— Test-36C1-b
—A— Test-36C1-c

—_
(=}

Page 7 of 17

—=— Test-36C2-a
—o— Test-36C2-b
—A— Test-36C2-c

2 3 4
Strain (10-%)

(b) 36C2

—=— Test-36C4-a
—o— Test-36C4-b
—A— Test-36C4-c

0 1 1 " 1 " ] G
0 1 2 3 4 5 6
Strain (10-3)
(a) 36C1
60 60
50 50
= a0f £ 40
a a
= =
2 30F % 30
g 8
7] )
20+ 20
—=— Test-36C3-a
1ok —o— Test-36C3-b 10
—4A— Test-36C3-c )
0 L ! 0
0 1 2
Strain (10-3)
(c) 36C3
60 -
50
£ a0t
=
% 30
L
7]
20
—m— Test-36S-a
10 —o— Test-36S-b
i —A— Test-36S-c
O 1 " 1 " 1
0 1 2 3
Strain (10-3)

Fig. 6 Equivalent stress—strain curves of specimens

torsional tension than that at point A. The equivalent
stress—strain curves of C-shaped specimens are lin-
ear as a whole. The equivalent stress—strain curves of
S-shaped specimens change greatly because there are

(e) 36S

2 3
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errors in the fabrication of S-shaped specimens, and
the S-shaped structure makes the plastic deformation
zone of the steel bar section unstable, which is also
reflected in the later numerical calculation.



Gao et al. Int J Concr Struct Mater (2023) 17:37

Comparison of test results of the five types of speci-
mens is summarized in Fig. 7. For C-type specimens
36C1-36C4, the stress corresponding to the same strain
increases with the decrease of the vector span height.
It indicates that the deformation of 36C3 specimens
is the smallest under the influence of the temperature
stress of concrete on both sides of the wide slot. The
vector span length has little effect on the equivalent
stress—strain curve of the specimens. The equivalent
stress—strain curves of 36S-shaped specimens are more
complex because of the S-shaped height characteristics.
It indicates that the equivalent stress—strain curves of
SCAHRB400 steel bar specimens are not only related to
the vector span height, but also related to the shape of
the arc. The selection of the shape and vector span height
of SCAHRB400 steel bar specimens should be combined
with the position of the wide slot on the site.

3 Numerical Simulation Results
3.1 Finite Element Models
Considering the geometric nonlinearity and mate-
rial nonlinearity, ANSYS software was used to simulate
the equivalent stress—strain curve of the SCAHRB400
steel bars, as shown in Fig. 2. As the stresses in the
SCAHRB400 steel bars did not exceed 100 MPa before
the wide slot was backfilled, each specimen was calcu-
lated to end when its average stress reached 100 MPa.
The material stress—strain curves were performed using
the ideal elasti-plastic model BISO, where the yield
strength f, of the steel bars was taken as 415 MPa.
According to the symmetry, 1/4 of the structure of
specimens 36C1-36C4 was taken for modeling. The
finite element model was established using Solid 95 ele-
ment, which was a 20-node isoparametric element with
the ability to consider plasticity, large deformation and
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(=] (=] (=] (=]
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Strain (1073)
Fig. 7 Comparison of test results of the five types of specimens
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large strain. When the external load increased to a certain
level, the outer surface of the steel bar started to yield. As
the external load increased, the plastic region becomes
larger, the horizontal stiffness of the steel bar decreased.
The stress—strain curve obtained using Solid 95 element
deviated from that obtained using the beam element
and was concave toward the strain axis. This was due to
the fact that the Solid 95 element took into account the
stiffness drop caused by material nonlinearity, while the
beam element did not. Thus, it was more practical to sim-
ulate the tensile properties of the SCAHRB400 HRB400
steel bars using Solid 95 element. The sketch and mesh-
ing diagram of the finite element model of specimen
36Cl1 is shown in Fig. 8.

The longitudinal direction along the straight section of
the specimen was x-axis, the vertical direction was z-axis
and the horizontal direction was y-axis. The x-axis sym-
metry plane (section 5) imposed x-directional constraints
on all nodes, the y-axis symmetry plane imposed nor-
mal constraints on all nodes. Straight line section 1-2
was embedded in concrete, and its lower surface nodes
(the nodes with the smallest z-axis coordinate values)
were vertically constrained. For specimen 36Cl, its arc
section 3—4 was divided into 16-layer mesh, its arc sec-
tion 4-5 was divided into 30-layer mesh and the straight
line section 1-3 was divided into 50-layer mesh, with
24 elements in each section. For specimen 36C2, its arc
section 3—4 was divided into 20-layer mesh, its arc sec-
tion 4-5 was divided into 20-layer mesh and its straight
line section 1-3 was divided into 50-layer mesh, with 24
elements in each section. For specimens 36C3 and 36C4,
their arc section 3—4 was divided into 8-layer mesh, their
arc section 4—5 was divided into 40-layer mesh and their
strait line section 1-3 were divided into 50-layer mesh,
with 24 elements in each section.

According to the symmetry, 1/2 of the structure of
specimen 36S was taken for modeling. The finite element
model was also established using Solid 95 element. The
sketch and meshing diagram of specimen 36S is shown
in Fig. 9. The longitudinal direction along the straight
section of the specimen was x-axis, the vertical direc-
tion was z-axis and the horizontal direction was y-axis.
Straight line sections 1-2 and 9-10 were embedded in
concrete. The lower surface nodes (the nodes with the
smallest value in z-axis coordinates) were constrained
vertically. The x-directional constraints were imposed
on the upper surface nodes of section 6 (the nodes with
the largest value in z-axis coordinates), eliminating the
horizontal rigid body displacements. Normal constraints
were imposed on the y-axis symmetry plane nodes. Hor-
izontal loads were applied to section 1 and section 9 at
both ends of the model. Its arc segments 3—4 and 7-8
were divided into a 4-layer mesh, its arc segments 4-6
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and 6-7 were divided into a 30-layer mesh, and straight
line segments 1-3 and 8-10 were divided into a 50-layer
mesh, with 24 elements in each section.

3.2 Comparison of Numerical Simulation Results and Test
Results
3.2.1 Specimens 36C1-36C4
oy stress cloud and deformation diagrams of specimen
36C1 under different loads are given in Figs. 10 and
11. In Fig. 11, the displacement amplification factor is
1 and DMX is the maximum deformation (similar for
other operating conditions). The calculated equivalent
stress—strain curves for specimens 36C1-36C4 are plot-
ted in Fig. 12, while the equivalent stress—strain curves
obtained from the tests are also given.

The axial stiffness of specimen 36C1 decreases as the
compressive stress increases. When the external stress
o <—35.0 MPa, its maximum compressive stress does
not exceed its yield strength and there is no plastic zone.
When d=-35.0 MPa, its maximum compressive stress
exceeds its yield strength, but its plastic zone is small.
The calculation results diverge when =-45.0 MPa.
Under the action of large compressive stress, the possi-
bility of buckling of the steel bar will be elevated and its
plastic zone will be increased. The calculation results of
nonlinear problems using Finite element analysis soft-
ware ANSYS are prone to non-convergence, which is a
normal phenomenon. It can be calculated to 45 MPa has
reached the purpose of the numerical calculation because
curved arc steel bars was designed to resist the loss of
reinforcement tensile stress brought about by the shrink-
age of concrete on both sides of the wide slot, compres-
sive stress is small or does not appear. When the steel bar
is in tension and & <40.0 MPa, its maximum tensile stress
does not exceed its yield strength and there is no plas-
tic zone. When & =40.0 MPa, its maximum tensile stress
exceeds its yield strength, but its plastic zone is small.
When & < 50.0 MPa, the increase in stiffness caused by
the straightening of the steel bar and the decrease in vec-
tor span height is greater than the decrease in stiffness
caused by the increase in the plastic zone of the steel
bar, and its axial stiffness increases as its tensile stress
increases. When & =100.0 MPa, the plasticity in the area
around section 5 and section 3 has developed consider-
ably. The plastic zone in section 5 and section 3 exceeds
half of the entire section.

The actual vector heights of the three specimens dif-
fer somewhat and the stiffness of SCAHRB400 steel
bars at the initial tension is small, their displacements
are not easily measured accurately, thus the test curves
of the three specimens differ somewhat, but they are all
in the vicinity of the numerical simulation curves, indi-
cating that the numerical simulation curves are reliable.
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The numerical simulation tensile and compressive stress
properties of specimens 36C2-36C4 are summarized in
Tables 2 and 3. The numerical simulation results of speci-
mens 36C2-36C4 are approximately the same as speci-
men 36C1. It can be seen from Eq. (1) that the vector
span lengths affect the calculation of the average strains.
The smaller the measured vector span length is, the
larger the average strain is, which leads to the deviation
between the experimental data and the numerical simu-
lation results is larger for specimens 36C4 compared with
other members.

Fig. 13 gives the numerical simulation stress—strain
curves of specimens 36C1-36C4. The axial stiffness
of all 36C SCAHRB400 steel bars is much smaller than
that of the straight steel bars. The axial stiffness of 36C
SCAHRB400 steel bars with the same vector span length
decreases as the vector span height increases. As the
vector span length of specimen 36C4 is different from
the other three, its curve is between those of specimen
36C2 and specimen 36C3. Its equivalent stress—strain
curve is only related to vector span height, but it is also
affected by the vector span length. The equivalent stress—
strain curves of specimens 36C1-36C4 perform the same
trend in tension and compression. When the steel bar is
compressed, the curve is concave toward the strain axis.
When the average tensile stress is small, the curve was
concave toward stress axis; the curve is concave toward
stress axis with the increase of the average tensile stress.
This is because the decrease in the axial stiffness of the
steel bar as the compressive stress increases. When the
steel bar is in tension, the axial stiffness of the steel bar
initially increases with the increase of tensile stress. At
this point, the increase in stiffness caused by the straight-
ening of the steel bar and the decrease in vector span
height is greater than the decrease in stiffness caused by
the increase in the plastic zone of the steel bar. Then, the
axial stiffness of the steel bar decreases with the increase
of the tensile stress.

3.2.2 Specimen 36S

oy stress cloud and deformation diagrams of specimen
36C1 under different loads are given in Figs. 14 and
15, with a displacement amplification factor of 1 in the
deformation diagrams. The numerical simulation stress—
strain curve of specimen 36S is plotted in Fig. 16, which
is compared with the test curves. It can be seen that the
stress—strain curves of specimens 36S and 36C1 have the
similar changing law. When the steel bar is compressed,
the equivalent stress—strain curve is concave toward the
strain axis. Its axial stiffness decreases as its compressive
stress increases. Its maximum compressive stress exceeds
its yield strength when & =-50.0 MPa. When the steel bar
is in tension and & <45.0 MPa, its maximum tensile stress
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-157.519 -68.0448 21.4299 110.905 200.379
-112.782 -23.3074 66.1672 155.642 245.117

(a) 0 =20.0 MPa

-325.415 -174.31S -23.2155 127.884 278.984
-249.865 -98.7653 52.3344 203.434 354.534

(b) 6 =30.0 MPa
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-350 -158.095 33.8098 225.715 417.619
(¢c) & =40.0 MPa
AN
-616.04 -383.826 -151.612 80.6015 312.815
-499.933 -267.719 -35.5055 196.708 428.922

(d) & =100.0 MPa
Fig. 10 oy stress cloud of specimen 36C1 (unit: MPa)



Gao et al. Int J Concr Struct Mater (2023) 17:37

Fig. 11 Deformation diagram of specimen 36C1 (unit: mm)
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Fig. 12 Comparison of test and numerical simulation equivalent stress—strain curves of specimens 36C1-36C4

do not exceed its yield strength and there is no plastic
zone. When & =45.0 MPa, its maximum tensile stress
exceeds its yield strength, but its plastic zone is small.
When & < 65.0 MPa, the curve of the steel bar is con-
cave toward the stress axis. After & >65.0 MPa, the curve
is concave toward the strain axis. When & =100.0 MPa,

the area near the plasticity of section 5 and section 3 has
developed considerably and the plastic zone of section 5
is close to 1/2 of the entire section. The test curves of the
three specimens are somewhat different, but they are all
in the vicinity of the numerical simulation curves.
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Table 2 Numerical simulation compressive stress properties of specimens 36C2-36C4

Specimen no. Stress—strain curves o (MPa)
When the maximum compressive stress exceeds the When
material yield strength calculating
divergence
36C1 Concave toward strain axis —-350 —45.0
36C2 Concave toward strain axis —40.0 —550
36C3 Concave toward strain axis —65.0 —700
36C4 Concave toward strain axis —50.0 -700

Table 3 Numerical simulation tensile stress properties of specimens 36C2-36C4

Specimen no. Stress-strain curves

o, when the maximum tensile

Concave toward stress axis

stress exceeds the material yield

Concave toward strain axis strength
36C1 o < 50.0MPa o > 50.0MPa 40.0
36C2 o < 550MPa o > 55.0 MPa 55.0
36C3 o < 750MPa o > 75.0MPa 60.0
36C4 o < 65.0MPa o > 65.0 MPa 50.0
Simlation 36C1 120 [ same as that of specimen 36C2, its stress is between
D 9 those of specimens 36C1 and 36C2 at higher stresses.
@~ Simulation-36C3 60 Combining with the numerical simulation results and
& —— Simulation-36C4 . .
2 = Simulation-36C-Straight 2 test results, it can be concluded that the stress—strain
% L . curve of SACHRB400 steel bars at the late stage begun
B 15 10 8 -6 -4 2 4 6 8 10 12 to realize a more obvious nonlinear relationship.
-60*[ . .
00 L 3.3 Comparison of Slightly Curved Arc HRB400
Strain (10 and HRB335 Steel Bars
Fig. 13 Numerical simulation stress—strain curves of specimens 36C1 To understand the difference between the stress—strain
0 36C4 curves of HRB400 and HRB335 steel bars, the equiva-

The numerical equivalent stress—strain curves of
specimens 36C1-36C4 and 36S are given in Fig. 17.
The stress—strain curves of specimens 36C and 36S
follow the same trend. When the steel bar is in com-
pression, the equivalent stress—strain curve is concave
toward the strain axis. When the steel bar is in tension,
the curve is concave toward the stress axis. When the
steel bar is in compression, the curve of specimen 36S
between the two curves of specimens 36C2 and 36C3,
indicating that SCAHRB400 steel bars in compression
within the same vector span length has the same chang-
ing law. When the steel bar is in tension, the sum of
the two arc vector span heights of specimen 36S is the
same as the single arc vector span height of specimen
36C1, but its effect is not as good as that of specimen
36C1. The curve of specimen 36S changes basically the

lent stress—strain curves in Yang et al. (2019) and these
in this article are presented in Fig. 18. When the steel bar
is in compression, the equivalent stress—strain curves are
concave toward the strain axis, indicating that the axial
stiffness of the steel bar decreases as the compressive
stress increases, but the axial stiffness of HRB335 steel
bars decreases more rapidly. The compressive stress of
the SCAHRB400 steel bars is greater than that of slightly
curved arc HRB335 steel bars when the calculation stress
is divergent. As the stress increases, both curves change
in the same way, concave toward the stress axis, indi-
cating that the axial stiffness of the steel bar increases
with the increase in tensile stress, but the stiffness of the
SCAHRB400 steel bar increases more quickly. When
the stress is greater than a certain value, the curves are
concave toward the strain axis, indicating that the axial
stiffness of the steel bar decreases with the increase in
tensile stress, but the stiffness of SCAHRB400 steel bars
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Fig. 14 o, stress cloud of specimen 36S (unit: MPa)

is always greater than that of the slightly curved arc
HRB335 steel bar. Under the same stress, the strain of
slightly curved arc HRB335 steel bars is greater, so the
stress of the steel bar across a wide slot caused by con-
crete expansion or contraction in construction may be
smaller.

4 Conclusions

The arc segment of the new type of SCAHRB400 steel
bars can be adapt to the temperature deformation of
concrete and solve the problem of temperature-induced

stress loss without cutting the steel bars in mass concrete.
In this article, tensile tests were carried out on five types
of SCAHRB400 steel bars. Considering geometric and
material nonlinearities, the numerical simulation on the
tensile properties were also investigated. From the tensile
and numerical simulation results, the following conclu-
sions can be drawn.

(1) SCAHRB400 steel bars are prone to local yielding
near the crown of large arches and at the connection of
horizontal and arc sections. The average stress level of
local yield of each SCAHRB400 steel bar varies and is not
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Fig. 17 Numerical equivalent stress—strain curves of specimens
36C1-36C4 and 365

less than 40 MPa. The equivalent stress—strain curves of
SCAHRB400 steel bar specimens are not only related to
the vector span height, but also related to the shape of
the arc.

(2) The numerical simulation equivalent stress—strain
curves have good regularity. When the SCAHRB400 steel
bar is compressed, the equivalent stress—strain curve

is concave toward the strain axis, and the axial stiff-
ness of the steel bar decreases as the compressive stress
increases. When the SCAHRB400 steel bar is in tension,
there is a turning point in the equivalent stress—strain
curve, and the curve is concave toward the stress axis,
that is, with the tensile stress increases the axial stiffness
of the steel bar increases. At this time, the steel bar is
straightened, the decrease in vector span height caused
by the increase in stiffness is greater than the decrease
in stiffness caused by the increase in the plastic zone of
the steel bar. Then, the curve is concave toward the strain
axis, that is, with the tensile stress increases the axial stiff-
ness of the steel bar decreases. The average stress level at
the turning point of different types of SCAHRB400 steel
bars varies. The higher the vector span height is, the
lower the stress level is, no less than 50 MPa.

(3) The differences in size of the three specimens of
each type of the slight curved arc steel bars, the small
stiffness of the slight curved arc steel bars in initial ten-
sion, the displacements are not easy to measure accu-
rately, thus the equivalent stress—strain curves obtained
from the three specimen tests of each type of the slight
curved arc steel bars are somewhat different, but they are
all in the vicinity of the numerical simulation curves. The
test values and numerical simulation values are not very
different, indicating that the numerical simulation curves
are reliable.

(4) The equivalent stress—strain curves of slightly
curved arc HRB400 and HRB335 steel bars have the
similar changing law. When the stress is small, the tensile
stiffness and compressive axial stiffness of them are simi-
lar; when the stress is larger, the axial stiffness of slight
curved arc HRB400 steel bars is greater than that of slight
curved arc HRB335 steel bars.
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Fig. 18 Comparison of equivalent stress—strain curves of HRB400 and HRB335 steel bars
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