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Abstract: In the present study, a new type of slightly
curved arc HRB400 steel bars (SCAHSs) was proposed to
solve the problem of temperature-induced stress loss in
mass concrete structures without cutting off steel bars.
The flexural performance of SCAHSs and straight HRB400
steel bars reinforced one-way concrete slabs were first
experimentally investigated. Then, the effects of the shape
and dimension of SCAHSs on the distribution and width of
concrete cracks were analyzed and discussed. Subsequently,
the synergistic tensile work characteristics between SCAHSs
and concrete were presented. Finally, equations for the
bearing capacity and allowable crack widths for SCAHSs
in hydraulic massive structures were proposed. The test
results indicated that after replacing the straight steel bars
in the concrete slab with SCAHSs, the crack width of the
concrete slabs increased, with the maximum crack width
at the bottom of the concrete slabs increasing by a factor
of 1.2-1.4. As the rise-span ratio of SCAHSs increased, the
flexural stiffness of SCAHSs reinforced concrete slab
decreased slightly, but the deflection increased. The
allowable crack widths of SCAHSs reinforced concrete
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slabs under environment categories I, II, and III were
0.20, 0.17, and 0.12 mm, respectively.
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1 Introduction

Mass concrete structures are common in hydraulic and
hydropower projects. During construction, the tempera-
ture stress in mass concrete is relatively large. At the
same time, mass concrete structures are susceptible to
large temperature stresses due to the influence of external
ambient temperature [1,2], leading to thermal cracks in
concrete structures [3]. Therefore, wide slots are set to
cast the mass concrete into blocks. The wide slots are back-
filled in the later low-temperature season to form a whole.
This measure has been proven to be effective in reducing
and avoiding temperature cracks and is widely used in
engineering [4].

There is usually steel bar passing through the wide
slots. As the heat of hydration of the concrete decreases,
both the concrete and the straight steel bars on both sides
of the wide slot shrink. Due to the confining effect [5,6], the
reinforcement will generate higher tensile stresses during
construction [7], which reduces the load-bearing of the
reinforcement during construction [8]. Lateral concrete
also generates tensile stress and is more prone to cracking
during construction [9,10]. It is common practice to cut the
reinforcement across the wide slot within 24-48 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 connections
and welded connections are used to connect the reinforce-
ment. Currently, there are three ways to pass the reinfor-
cement through wide slots, such as uncut reinforcement,
cut reinforcement followed by extruded sleeve connection,
and cut reinforcement followed by welded connection [11].
However, it is difficult to maneuver reinforcement through
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Figure 1: Diagram of SCASB across wide slot (unit: cm).

wide slots using pre-cut and post connections. It is almost
impossible to implement when there are many layers of
reinforcement crossing a wide slot. Therefore, how to
handle reinforcement through wide slots is an urgent chal-
lenge in construction. Figure 1 shows a slightly curved arc
steel bar (SCASB) without cutting off across a wide slot [12].
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 steel bar 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 occurs at the top of the arc and at the
backbend point of the SCASB, which is prone to enter into a
plastic state.

Currently, there is no knowledge on the flexural per-
formance of the SCASBs reinforced with concrete slabs. To
promote the application of SCASBs in hydraulic and hydro-
power structures, the flexural performance of a new type
of slightly curved arc HRB400 steel bars (SCAHSS) rein-
forced one-way concrete slabs was investigated. Three
sets of SCAHSs reinforced concrete slab specimens and
one set of straight HRB400 steel bars reinforced concrete
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slab specimens were first designed and fabricated. Then,
the damage process of the specimens was observed through
the flexural tests of the slabs. The crack expansion pattern
and damage mechanism of the slabs were analyzed. The
effects of the shape and dimension of SCAHSs on the distri-
bution and width of concrete cracks were analyzed and
discussed. Later, the synergistic tensile work characteristics
between SCAHS and concrete were classified. Finally, equa-
tions for calculating the bearing capacity and the allowable
crack width of SCAHSs in hydraulic massive structures were
presented.

2 Experimental design and loading

2.1 Design and fabrication of reinforced
concrete slab specimens

The design details of the two types of SCAHSs across a wide
slot are shown in Figure 2. The form of the SCAHSs was 1
big arc + 2 small arc + 2 horizontal sections. The horizontal
section length of SCAHSs was 100 mm. The radiuses of their
arcs were different. For type I, the wide slot width of
SCAHSs was 1.5m. For Type II, the wide slot width of
SCAHSs was 1.2 m. Two batches of one-way concrete slabs
were designed and their flexural performance was inves-
tigated. The first batch consisted of 12 concrete slabs (speci-
mens of sets A1-A3) and the second batch consisted of 1
slab (specimen of sets A4). The load-bearing reinforcement
of the slabs of set Al was straight HRB400 steel bar. The
load-bearing reinforcement of the concrete slab specimens
of A2-A4 sets were SCAHSs, which was machined in the
shape and size according to the ratio of the reinforcement
bars of 1:2 as shown in Figure 2. According to the rise-span
of the curved section of SCAHSs, the length of the concrete
slabs was taken as 2,400 mm to ensure the confining effect
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Figure 2: Shapes and dimensions of the SCAHSs in different sets of concrete slabs. (a) Type I for set A2 and (b) type II for sets A3 and A4.



DE GRUYTER
w
K-
£
w
N
=]
@
E-1
£
S
=2 Mm M M —

Distribution of reinforcement

C12@100
C12@100
C12@100
C10@200

Number of reinforcements

00 00 00 WO

Load-bearing reinforcement

C18@100
C18@100
C18@100
C10@120

Reinforcement type
Straight steel bars

Type I of SCAHSs
Type II of SCAHSs
Type II of SCAHSs

Specimen no.
Al-a, Al-b, Al-c
A2-a, A2-b, A2-c
A3-a, A3-b, A3-c
Ad-a

Table 1: Design parameters for reinforcement in concrete slabs

Set no.
Al
A2
A3
A4

Note: C represents HRB400 steel bar.
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of the reinforcement on the concrete slab. The length-to-
width ratio of a concrete slab ranged from 2 to 3. Consid-
ering the limitations of the test conditions, the width of the
concrete slabs was taken as 900 mm for sets Al-A3 and
800 mm for set A4. The thickness of concrete slabs should be
more than 80 mm, so the thickness of the slabs was designed as
200 mm for groups A1-A3 and 150 mm for set A4. The concrete
slabs of sets A1-A3 was made of C25 and the concrete slab of set
A4 was made of C30. The load-bearing reinforcement and dis-
tribution reinforcement were HRB400 steel bars with dia-
meters of 18 and 12 mm, respectively. The design parameters
of each one-way concrete slab are shown in Table 1, and the
reinforcement diagram is shown in Figure 3. The whole pro-
cess of fabricating the slabs was done in the component fabri-
cation plant. Photographs of the reinforcement skeleton and
formwork are shown in Figure 4. The actual dimensions of the
slabs in groups Al-A3 after demolding are illustrated in
Table 2. The actual dimensions of A4-a slab were 152 mm x
802 mm x 2,400 mm.

2.2 Material properties

Nine concrete cube specimens with a volume of 150 mm x
150 mm x 150 mm were poured simultaneously with the
slab concrete to determine the actual strength of the con-
crete at the time of testing. The specimens were cured for
more than 28 days. The measured compressive strength fg, of C25
and C30 concrete cube specimens are listed in Tables 3 and 4,
respectively. The axial compressive strength f;, axial tensile
strength f; and elastic modulus E. of the concrete were
calculated according to Eqs (1)-(3). Three HTRB400 steel
bar specimens were taken and tested according to the mate-
rial test standard [13]. The yield strength f; and ultimate
strength f, were 497.8 MPa and 594.5MPa, respectively.
The elastic modulus E; of HTRB400 steel bar specimens
was 2.0 x 10° MPa.

Jfe = 0.76f, )

f; = 02623, @
108

E.= 99+ B 3

Jfeu

2.3 Loading and measurement program

The loading method uses two points of symmetric loading.
The arc section of SCAHSs was located between the two
load points in a pure bending moment state, which ensures
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Figure 3: Reinforcement diagram with strain gauge arrangement (“g” is the position of strain gauges). (a) Slabs of A1, (b) slabs of sets A2 and A3, and
() slab of set A4.
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(b)

Figure 4: The formwork of one-way concrete slab specimens. (a) Distribution of straight steel bars and (b) distribution of SCAHSs.

Table 2: Actual dimensions of concrete slabs of sets A1-A3 (mm?)

Specimen no. Actual size (mm?) Specimen no. Actual size (mm?) Specimen no. Actual size (mm®)
Al-a 220 x 910 x 2,403 A2-a 217 x 920 x 2,392 A3-a 210 x 920 x 2,415
Al-b 212 x 900 x 2,410 A2-b 201 x 910 x 2,402 A3-b 200 x 910 x 2,400
Al-c 205 x 910 x 2,400 A2-c 200 x 910 x 2,410 A3-c 200 x 905 x 2,415

that the maximum crack width appeared in the arc section
of the reinforcement. The location of the supports and
loading points are shown in Figure 5. The test setup is
shown in Figure 6. The data collected for the tests were
for reinforcement strain, concrete strain, mid-span deflec-
tion, and crack distribution and width. The exact locations
of the concrete strain gauges are shown in Figure 7. In
Figure 7(a), 5 points of concrete strain 1-5 were used to
check the assumption of the plain section. In Figure 7(b), 20
points of concrete strain 1-20 were used to check the
assumption of the plain section. Strain during the test
was automatically collected every 5s by a static strain
gauge system. Deflection was measured by an electronic
displacement meter, which was connected to the static

Table 3: Strength and elastic modulus of C25 concrete (MPa)

strain gauge for loading along with the force transducer
and was collected simultaneously with the strain.

3 Test results and discussion

3.1 Test phenomenon
3.1.1 Damage processes and failure mode

Slab Al-b was taken as an example to illustrate the damage
process of the concrete slab of set Al. When loaded to

Measured compressive strength f, of cube test blocks fc (MPa) fi (MPa) E.
Test block No. 1 2 3 4 5 6 Average
Strength values 237 25.2 24.0 25.7 253 26.0 25.0 19.00 2.22 2.79 x 104
Table 4: Strength and modulus of elasticity of C30 concrete (MPa)
Measured compressive strength of cube test blocks fc (MPa) ft (MPa) E. (x10%)
Test block no. 1 2 3 Average
Strength values 37.09 37.95 38.06 37.70 28.65 2.92 313
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Figure 5: Supports and loading point locations.

53.5kN (approx. 0.127 RB,, B, was the ultimate load, B, =
420 kN), a crack appeared on one side of the slab from
the bottom of the span, and the mid-span deflection is
very small, about 2 mm. Thereafter, the loading continued
and the crack extended along the span in the transverse
direction, while expanding vertically upwards and the
mid-span deflection of the slab developed rapidly. When ~Figure 6: Photograph of the actual loading.
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Figure 7: Concrete strain gauge locations (“=” is the concrete strain gauge locations). (a) Sets A1-A3 and (b) set A4.
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loaded to 160 kN, the cracks at the bottom of the slab gra-
dually increased. When loaded to 180 kN, the cracks at the
bottom of the slab expanded along the transverse direc-
tion. When loaded to 330 kN, the mid-span deflection of the
slab reached 12mm and a diagonal crack appeared at the
left end of the slab, and the longitudinal reinforcement was
subjected to a tensile strain of 1,200; the load carrying
capacity did not decrease significantly due to the influence
of the longitudinal bar pinning force, but the slab deflec-
tion grew rapidly. When the mid-span deflection of the slab
reached about 16 mm, the diagonal cracks developed rapidly
toward concentration force point of action, the section cracks
penetrated and diagonal tensile damage occurred. The long-
itudinal reinforcement did not reach yielding when the slab
failed. The failure mode and crack morphology of slab Al-b
are shown in Figure 8.

Slab A2-a was taken as an example to illustrate the
damage process of the concrete slab of set A2. When loaded
to 50.0 kN (0.128 B,, B, = 391kN), a small crack appeared at
the bottom of the slab near the loading point, and the mid-
span deflection of the slab was very small, about 1.7 mm.
Thereafter, the loading continued, the mid-span deflection

Flexural performance of a new type of SCAHSs reinforced concrete slabs
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of the slab developed rapidly, and the crack extended
along the transverse direction of the bottom of the slah.
When loaded to 120 kN, the cracks at the bottom of the slab
gradually increased. When loaded to 140 kN, the cracks at
the bottom of the slab expanded in the transverse direc-
tion. When loaded to 360 kN, the mid-span deflection of the
slab reached 13 mm and a diagonal crack appeared at the
right end of the slab, and the longitudinal reinforcement
was subjected to a tensile strain of 1,400. The load carrying
capacity did not decrease significantly due to the influence
of the longitudinal bar pinning force, but the mid-span
deflection of the slab grew rapidly. When the mid-span
deflection of the slab reached about 16 mm, the diagonal
cracks developed rapidly toward the concentrated force
point of action, the section cracks penetrated and diagonal
tensile damage occurred. The failure mode and crack
development pattern of slab A2-a are shown in Figure 9.
Slab A3-a was taken as an example to illustrate the
damage process of the concrete slab of set A3. When loaded
to 45.5 kN (0.128 R, P, = 355 kN), the bottom slab cracked at 1/3
of the purely bending part of the span, and the mid-span
deflection of the slab was very small, about 1.4mm.

©

Figure 8: Damage and cracks in slab A1-b. (a) Front side, (b) rear side, and (c) bottom.
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Figure 9: Damage and cracks in slab A2-a. (a) Front side, (b) rear side, and (c) bottom.

Thereafter, the loading continued and the mid-span deflection
of the slab developed rapidly. When loaded to 80kN, the
cracks at the bottom of the slab extended along the transverse
direction. When loaded to 100 kN, the cracks at the bottom
of the slab increased and expanded rapidly. When loaded to
140 kN, the cracks at the bottom of the slab near the right
loading point developed along the transverse direction.
When loaded to 340kN, the mid-span deflection of the
slab reached 13 mm, a diagonal crack appeared at the right
end of the slab, where the longitudinal reinforcement was
subjected to a tensile strain of 1,200. The load carrying capa-
city did not decrease significantly due to the influence of the
longitudinal bar pinning force, but the mid-span deflection
of the slab grew rapidly. When the mid-span deflection of the
slab reached about 16 mm, the diagonal crack developed
rapidly toward the concentrated force point of action, the sec-
tion cracks penetrated, and diagonal tensile damage occurred.
The longitudinal reinforcement did not yield when the slab
was damaged. The failure mode and crack morphology of
slab A3-a are shown in Figure 10.

When loaded to 20kN (0.235 B, B, = 85KkN), cracks
appeared at the bottom of the front edge of slab A4-a
(inside concave side of the SCAHS), near the arc reinforce-
ment anti-arc point area. While holding the load, cracks
appeared at the bottom of the front edge of the slab (out-
side convex side of the SCAHS), near the arc reinforcement
anti-arc point area, with a very small mid-span deforma-
tion of the slab, about 0.7 mm. Thereafter, the loading con-
tinued and the cracks developed rapidly. When loaded to
25KkN, the first transverse through crack appeared at the
bottom of the slab. The same cracking loads were observed
at the front and rear sides of the slab, indicating that the
concave and convexity of the reinforcement had little
effect on the cracking loads. When loaded to 35-40 kN,
transverse bending cracks in the pure bending part basi-
cally appeared. After that, the cracks developed rapidly,
and the development at the rear side of the slab (concave
side of SCAHS) was slightly higher than that at the front
side (convex side of SCAHS). It was also obvious that the
deflection of the rear side of the slab (the concave side of
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Figure 10: Damage and cracks in slab A3-a. (a) Front side, (b) rear side, and (c) bottom.

the SCAHS) was greater than that of the front side (the
convex side of the SCAHS). This phenomenon indicated
that the concave and convexity of the reinforcement had
an effect on the crack orientation and the internal forces of
the slab. When the reinforcement was stretched, it inter-
acted with the concrete, resulting in an increase in the
horizontal tensile stress of the concrete along the span
direction on the concave side of the reinforcement, and a
decrease in the tensile stress of the concrete on the convex
side. When loaded to 65-70 kN, the mid-span deflection of
the slab increased at a faster rate. When loaded to 80 kN,
the mid-span deflection increased to 20 mm and the deflec-
tion increased at a slower rate. As the load increased, the
crack width increased. When loaded to 85kN without
further loading and continuing to hold the load, the mid-
span deflection of the slab increased rapidly and even-
tually failed. When the slab was damaged, the critical crack
in the front side of the slab (on the convex side of the
SCAHS) was in the shape of an inverted eight, while the
critical crack in the back side of the slab (on the concave
side of the SCAHS) was in the shape of eight. The critical

cracks penetrated at the front and rear sides of the slab,
forming two inclined concrete sections that led to the final
damage of the slab. From the top of the slab, the cracks can
be clearly seen running diagonally through the front and
rear flanks. When the slab failed, the mid-span deflection
of the slab exceeded 60 mm and the longitudinal reinforce-
ment yielded. The failure mode and crack morphology of
slab A4-a are shown in Figure 11.

3.1.2 Crack development pattern and damage
mechanism

The cracks of the slabs of set Al first appeared in the
middle of the span, while the cracks of sets A2 and A3
(SCAHS reinforced concrete slabs) first appeared near the
point of counter-arc of the curved reinforcement and the
concentration force point of action. Cracks in the normal
section of slab Al-b were mainly concentrated in the range
of 1-2 times the slab thickness and extended outward from
the two concentrated force points, ie., cracks in purely
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Figure 11: Damage and cracks in slab A4-a. (a) Front side (convex side of the SCAHS), (b) rear side, (c) bottom, and (d) top.

bending sections ranged in length from 2 to 4 times the slab
thickness. All the cracks at the bottom of the slab extended
more regularly along the direction perpendicular to the
span of the slab. Slab Al-a had an asymmetrical force situa-
tion due to the uncompacted bar support at one end, so the
cracks at the bottom of slab Al-a appeared to be inclined
and the number of cracks on the front and rear sides dif-
fered greatly.

The number of cracks in the slabs of set A2 and set Al
was basically the same, but the crack distribution of the
slabs of set A2 had two characteristics. One was that the
correspondence between the cracks on the front and rear
sides became worse, and the differences in sparsity and

density were more obvious, where the cracks on the con-
cave side of the SCAHSs were sparser and the cracks on the
convex side were denser. The second was that the splitting
occurred during crack extension in the bottom of the slab,
and the rocking decreased when crack expansion increased.

The cracks at the bottom of the slabs of sets A3
(650.0 mm vector span, 54.5mm vector height) and A2
(500.0 mm vector span, 31.8 mm vector height) were devel-
oped significantly in terms of rocking amplitude and bifur-
cation, and the number of cracks increased. The difference
in the number of cracks between the front and rear sides of
the same slab increased. This was because the force direc-
tion of the SCAHS was at a certain angle to the longitudinal
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direction of the slab, creating visible cracks in the SCAHS
reinforced concrete slab within the curved reinforcement
toward the concave and convex bends, and cracks along
the SCAHS in the longitudinal direction at the bottom of the
slab. The greater the vector height of the SCAHS, the more
obvious this phenomenon was. In the case of straight steel
bars reinforced concrete slabs, the cracks at the bottom of
the slab basically developed along the transverse direction,
with relatively straight distribution lines.

The cracking load of slab A4-a was 20 kN. The cracks of
slab A4-a first appeared from the position of the anti-arc
point of the curved arc reinforcement near the curved
reinforcement on the side of the slab, and then gradually
expanded to the middle of the slab along the transverse
direction. Subsequently, the crack width then increased
and the crack height on the front and rear sides increased,
and the crack height on the rear side of the slab (the con-
cave side of the SCAHS) was significantly higher than that
on the front side (the convex outer side of the SCAHS),
when the concrete area in the compression zone was
smaller. When the load reached 80 kN holding load, a para-
cord crack appeared at the starting point in the middle of
the curved arc segment of the longitudinal reinforcement.
When the load reached the destructive load, two main
cracks near the counter-arc point of the side arc reinforce-
ment on the front of the slab gradually formed an inverted
eight crack pattern, while the two main cracks near the
anti-arc point of the curved arc reinforcement gradually
formed a crack pattern of eight; holding the load, these
four cracks formed a critical crack leading to damage.
After unloading the loading equipment in the upper part
of the slab, the critical cracks on the front and rear sides
can be observed to penetrate in the upper part, indicating
the formation of the damage surface (Figure 12).

The mechanism of damage surface formation was
complex and was influenced by the following three effects.
(1) Vertical bending effect. Vertical bending moment effect,

the upper part of the slab was compressed and the lower

part was pulled.

(2) Horizontal additional bending effect. When the slab was
loaded, the curved arc reinforcement at the bottom of
the slab had a tendency to straighten, the rear side of the

Figure 12: Schematic diagram of damage surface of slab.

Flexural performance of a new type of SCAHSs reinforced concrete slabs

-—_ 1"

slab (the concave side of the SCAHS) was under tension
and the front side of the slab was under pressure.

(3) Torsion effect. In the mid-span reinforcement arc sec-
tion of the slab, the bending of the reinforcement arc
caused the reinforcement rate on the rear side of the
slab (the concave side of the reinforcement) to be
smaller than that on the front side, and the transverse
deflection of the rear side of the slab under the load
was much larger than that of the front side of the slab,
resulting in the tendency of the slab to turn backward.
The vertical load applied on the inclined slab surface
further increased this inclination, resulting in the tor-
sional effect of backward turning of the slab at the
loading point (Figure 12). In the mid-span section, the
SCAHS was stretched, causing the concrete at the bottom
of the slab to be subjected to horizontal extrusion force in
the backward direction, and this horizontal force caused
a reverse torsional effect in the middle of the slab.

At the early stage of loading, under the influence of
vertical bending effect and horizontal additional bending
effect, transverse cracks appeared first at the rear side of
the bottom of the slab, and extended upward and forward
with the increase in load. The crack direction appears to be
more wavering due to the interaction between SCAHS and
concrete. The torsion effect had little effect in the early and
middle stages of loading. Under the effect of vertical
bending, the cracks at the bottom of the slab were through.
Under the effect of additional horizontal bending, the cracks
on the front side of the slab developed at a height slightly
behind the rear side of the slab (Figure 11(a) and (b)). In the
later stage of loading, the torsional effect gradually increased
and the slab was in tension on the front, rear, and bottom
sides and in compression on the top side, with torsional diag-
onal cracks appearing on the front and rear sides, which
were positioned between the mid-span and the loading point.
At the bottom, on the other hand, no diagonal cracking
occurred due to the bending and pulling transverse cracks
that already existed in the crack-through. Under the failure
load, the concrete in the top compressed zone reached the
ultimate compressive strain and failed (Figure 11d).

3.2 Characteristic loads and load-mid-span
deflection curves

3.2.1 Characteristic loads

The cracking load and ultimate load of each slab are listed
in Table 5. Comparison of the observed cracking loads
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DE GRUYTER

Specimen no. A1 A2 A3 A4

Al-a Al-b  Al-c Average A2-a A2-b A2 Average A3-a A3-b A3-c  Average Ad-a
Cracking load  (60.0) 53.5 505 52.0 50.0 433 475 46.9 455 424 485 455 20.0
Ultimate load ~ (335) 420.0 376.0 398.0 391.0 3670 396.0 385.0 355.0 365.0 375.0 365.0 85.0

Note: The average load of the slabs of set A1 is the average load of slabs A1-b and Al-c.

indicated that the starting cracking loads of the slabs with
SCAHSs of sets A2 and A3 were lower than those of set Al,
and the cracking loads of the SCAHS with higher vector
heights were also lower. The reason for this was that
when SCAHS were placed horizontally, the local reinforce-
ment ratio at the edges of the convex SCAHS slabs was
higher, while the local reinforcement ratio at the edges
of the concave SCAHS slabs was lower, and the tensile
capacity of the SCAHS reinforced slabs was lower than
that of the straight reinforcement-reinforced slabs, which
led to lower cracking loads in the SCAHS reinforced slabs.
The longitudinal reinforcement ratio of the slabs was 1.27%
and the effect of reinforcement on the cracking load was
about 9%. Therefore, the decrease in cracking load was
smaller for slabs reinforced with SCAHSs compared to
slabs reinforced with straight reinforcement. Since all the
slabs of sets A1-A3 undergo diagonal tensile damage, the
ultimate loads of all the slabs were close to each other,
except for slab Al-a, which was slightly higher due to the
loosening of the support at one end.

3.2.2 Load-mid-span deflection curves

The load-mid-span deflection curves of the slabs are shown
in Figure 13. The load-mid-span deflection curves of the
three slabs of set Al were very close to each other in the
early stage of loading, and the differences were larger near
the time of damage, but they were still within the normal
range of material dispersion effect and test error. Slab Al-a
had a lower cracking load and lower ultimate load due to
the un-compacted support at one end. The patterns of slabs
Al-b and Al-c were essentially similar. The load—-mid-span
deflection curves of the three slabs of sets A2 and A3 had
similar shape and ultimate load, but there were some differ-
ences in the mid-span deflections for the same load.

At the beginning of loading, the load—-mid-span deflec-
tion curve of the A4-a plate increases linearly, with an inflec-
tion point at 20 kN, where the curve converges to the deflec-
tion axis. When the load reached between 70 kKN and 85 kN,
the curve fluctuated up and down, and the deflection con-
tinued to increase, but the load bearing capacity of slab A4-a

stopped increasing. The cracking load, yield load, and ulti-
mate load of the slab A4-a were 20, 65, and 85kN, respec-
tively. After yielding of the reinforcement, the stiffness of
slab A4-a degraded less compared to the slab with straight
steel bars for the same strain increment because the rein-
forcement was stretched obliquely. When loaded to 75kN
with a mid-span deflection of about 18.5 mm, the reinforce-
ment entered the strengthening phase and thus the load
carrying capacity increased. When loaded to 85KkN, the
crack with the largest width and the longest extension devel-
oped rapidly into a critical crack under the combined effect
of the positive stress caused by the bending moment and the
local pressure caused by the straightening of the SCAHSs, and
the reinforcement through this crack entered the strength-
ening phase. When the stress of the first SCAHS at the rear
side reached the ultimate strength into the descending sec-
tion, the load carrying capacity decreased leading to damage.
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400 [ 5
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Z 300f —— A2b
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S 200F A3
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(a)
1001
80 AT L
Z oof //
=
g /
S 4of
/
20 If
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Figure 13: Load-mid-span deflection curves. (a) A1-A3, (b) A4.
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For the same load, the flexural stiffness of the slab
reinforced with SCAHSs was smaller and the mid-span
deflection was larger compared to the slab reinforced
with straight reinforcement. The flexural stiffness of the
slab reinforced with SCAHSs decreased as the vector height
of the SCAHSs increased. The average mid-span deflection
of the slabs of set A3 (650.0 mm vector span and 54.5 mm
vector height) was about 23 mm at ultimate load, which
was 53% greater than that of the slabs of set Al. This indi-
cated that the slab reinforced with SCAHSs had a better
deformation capacity than those reinforced with straight
reinforcement when damage occurred in the diagonal
section.

3.3 Crack spacing and width
3.3.1 Measured crack spacing

Table 6 presents the measured values of crack spacing for
the purely curved section of each slab. As the vector height
of the SCAHSs increased, the number of cracks increased
and the average crack spacing decreased. Except for slab
Al-c, the maximum crack spacing ranged from 162 to
195 mm. The minimum crack spacing for most of the slabs
ranged from 50 to 60 mm. Slab A3-b showed a crack spa-
cing of only 25 mm. This was due to an intersection angle
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between the tangential direction of the SCAHSs and the
span direction of the slab, which reinforced the anchorage
of the reinforcement along the longitudinal direction. If the
vector height of the SCAHSs was greater, the tangential
angle of intersection with the longitudinal span of the
slab would be greater, the anchoring effect of the reinfor-
cement along the longitudinal direction would be stronger,
and the crack spacing would be smaller.

3.3.2 Comparison of measured crack spacing and
calculated crack spacing

In the design specification for hydraulic concrete struc-
tures (DL/T5057-2009) [14], the maximum crack width is
calculated according to the following equations:

Ok — O
Wmax = acrlp%lcr; 4
S
p=1- 1.1i, (5)
Pteo'sk
d
I =122¢ + 0.09—|fv (20 mm<c <65mm), (6a)
te
or
d
I =65+ 12c + 0.09—|[v (65mm <c < 150 mm), (6b)
te

Table 6: Measured crack spacing in purely curved section of each slab (mm)

No. Part Measured crack spacing S Average crack spacing S,

Al-a Front side 195, 172, 80 149 132 —
Rear side 155, 80, 120, 106 15

Al-b Front side 103, 100, 100, 89, 105, 110, 176, 100, 156, 146, 186 125 124 132
Rear side 84, 125, 100, 110, 150, 136, 144, 55, 190 122

Al-c Front side 180, 212, 110, 262, 90, 232, 100, 110 161 139
Rear side 145, 130, 46, 210, 100, 130, 100, 102, 67, 150, 90 16

A2-a Front side 141, 165, 85, 172, 82, 105, 100, 106, 135, 66 16 128 19
Rear side 190, 140, 111, 90, 133, 175 140

A2-b Front side 90, 115, 125, 150, 120 120 122
Rear side 170, 132, 102, 95, 103, 145 124

A2-c Front side 97, 88, 135, 162, 131, 65, 60, 160, 147, 66, 75, 100 107 108
Rear side 125, 155, 46, 70, 165, 90, 108, 111, 130, 90, 105 109

A3-a Front side 175, 170, 130, 95, 50, 110, 115, 85, 100, 85 12 14 m
Rear side 190, 80, 130, 84, 100, 70, 45, 100, 105, 125, 160, 200 16

A3-b Front side 100, 110, 145, 148, 75, 130, 25, 67, 31, 142, 167, 172 109 103
Rear side 95, 110, 128, 115, 120, 87, 55, 103, 60, 77, 95, 95, 115 97

A3-c Front side 133, 165, 25, 185, 106, 180, 58, 98, 155, 167, 97, 152 17 15
Rear side 140, 109, 100, 97, 135, 170, 85, 115, 120, 70, 120, 80 12

Ad-a Front side 180, 125, 104, 140, 68, 98, 110, 183 109 17 17
Rear side 185, 85, 142, 185, 80, 115, 100, 105 125
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where a,, is the coefficient considering the force character-
istics of the member and a,, is 1.90 for bending members; ¢
is the strain unevenness factor for longitudinal tensile rein-
forcement between cracks; g is the stress in longitudinal
tensile reinforcement of the member calculated according to
the standard combination of loads; gy is the initial stress in
the reinforcement; [, is the average crack spacing; Es is the
modulus of elasticity of the reinforcement; f, is the stan-
dard value of the axial tensile strength of concrete; c is the
distance from the outer edge of the outermost longitudinal
tensile reinforcement to the bottom edge of the tensile zone;
d is the diameter of the reinforcement; p,, is the effective
reinforcement ratio of the longitudinal tensile reinforce-
ment, p,, = As/Awe; Age is the area of the effective concrete
section in tension; Ay is the cross-sectional area of the long-
itudinal reinforcement in the tension zone; and v is a coeffi-
cient that takes into account the surface shape of the
reinforcement.

For bending members, the reinforcement stress g is
calculated using Eq. (7).

My

=X _ 7
0.87Aho’ @

Osk
where My is the value of the bending moment calculated
according to the standard combination of load effects; and
hy is the effective height of the cross-section.

In the Design Code for Hydraulic Concrete Structures
(SL191-2008) [15], the maximum crack width is calculated
according to the following equation:

o O
OES

lor 30 +c+ ®

0.07d]

te

where a, is the comprehensive influence coefficient con-
sidering the force characteristics of the member and the
long-term effect of the load, a, = 2.1 for bending members;
and c is the distance from the outermost longitudinal ten-
sile reinforcement outer edge to the edge of the tensile
zone, c is taken as 65 mm if ¢ > 65 mm.

The average crack spacing of the slab reinforced with
straight steel bars calculated using Eq. 6(a) in the specification
DL/T5057-2009 was 120 mm. Compared with the measured
crack spacing in Table 6, the calculated crack spacing was
slightly less than the measured spacing of the slabs of sets Al
and A4, greater than that of the slabs of set A3, which was
almost the same as the measured spacing of the slabs of set A2.

3.3.3 Variation in crack width with load

As the test was a short-term loading test, the calculated
crack widths were net of the effects of long-term loading,
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i.e., the values calculated by the current code equation
divided by an expansion factor of 1.5 for the effects of
long-term loading. Comparison of the measured and calcu-
lated maximum crack widths of the slabs of sets A1-A3 are
listed in Table 7. For the same load, the crack widths of the
slabs reinforced with SCAHSs were larger than those of the
slabs reinforced with straight reinforcement. The measured
maximum crack width of the slab reinforced with SCAHSs
increased as the vector height of SCAHSs increased. The
measured average maximum crack widths increased to
about 1.0-1.3 times for the slabs of set A2 and to about
1.0-1.5 times for the slabs of set A3 compared to the slabs
of set Al. For slabs reinforced with straight reinforcement,
the maximum crack width calculated using the equations
from the code SL191-2008 was slightly larger than the mea-
sured average maximum crack width, indicating that the
test results were credible. The maximum crack width calcu-
lated using the equations in the specification DL/T5057-2009
was smaller than the measured average maximum crack
width. The maximum crack width calculated using the equa-
tions in the code SL191-2008 was close to the measured max-
imum crack width of the slabs of set A2 and differed greatly
from those of set A3, indicating that the equations for the
maximum crack width in code SL191-2008 cannot be directly
applied to SCAHSs reinforced concrete slabs.

Comparison of the measured and calculated maximum
crack widths for the slabs of set A4 are listed in Table 8. If it
was assumed that the maximum crack width calculated
using the code equations was a true reflection of the test
results for the slabs reinforced with straight reinforcement,

Table 7: Comparison of the measured and calculated maximum crack
widths of the slabs of sets A1-A3

Load Rebar W (mm) Ws WpL
(kN)  stress (mm) (mm)
(MPa) A2 A2/A1 A3  A3/A1
120 152 0.10 0.10 1.00 0.10 1.00 0.1 0.05
140 177 0.10 013 1.30 0.15 1.50 0.13 0.07
160 202 0.13 0.15 115 0.15 1.15 0.14 0.09
180 227 0.13 0.15 115 0.18 1.38 0.16 0.1
200 253 015 018 1.22 022 1.44 018 013
220 278 0.18 0.18 1.00 0.25 139 020 0.15
225 284 0.20 0.22 110 0.25 1.25 0.21 0.16
240 303 0.20 0.23 1.10 0.30 1.50 0.22 0.17

Note: The average crack width for the slabs of set Alis the average crack
widths of slabs Al-b and Al-c; A2/A1 and A3/A1 are the measured
average maximum crack width ratios for the slabs of sets A2 and A1
and sets A3 and A1 respectively; W is the average of the measured
maximum crack width; Wp_ is the maximum crack width calculated using
the equations in the specification DL/T5057-2009; W5 is the maximum
crack width calculated using the equations in the code SL191-2008.
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Table 8: Comparison of the measured and calculated maximum crack
widths of slab A4-a

Load (kN) W (mm) Wp. (mm) W/Wp, WSL (mm) W/WSL
30 0.15 0.07 2.02 0.13 112
40 0.18 0.12 1.50 0.18 1.00
50 0.20 0.17 1.20 0.22 0.91
60 0.35 0.21 1.64 0.27 1.30

it can be seen that the maximum crack widths for the slab
reinforced with SCAHSs was greater than those for the slab
reinforced with straight reinforcement. The ratios of the
measured crack width to the crack width calculated using
the code SL191-2008 ranged from 0.9 to 1.3.

3.4 Strain distribution along the height of
the cross-section

The assumption of the plain section was checked by testing
the lateral concrete strains with strain gauges and hand-
held strain gauges, respectively. The reason was that when
cracks passed through the strain gauge they can cause
damage to the gauge resulting in inaccurate test results.
Strain gauge measurements were taken before the crack
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passed through the strain gauge and thereafter by hand
held strain gauge. The strain distribution along the height
of the cross section at the front side of slabs of sets A1-A3 is
described in Figure 14(a)-(c). The strain distribution along
the height of the cross section at the rear side of slabs of set
A4 is described in Figure 14(d). When the load was small,
the strain was linearly distributed along the height of the
cross-section; as the load increased and the concrete in the
tension zone continued to crack, the strain was not per-
fectly linearly distributed along the height of the cross
section, but can basically be considered to satisfy the
assumption of the plain section.

4 Analysis of the synergistic tensile
work of the SCAHS and concrete

When working in conjunction with concrete, the force
state and damage characteristics of the SCAHSs were sig-
nificantly different from those of straight reinforcement. In
order to further understand the force performance of the
SCAHSs reinforced concrete slabs, a mechanical sketch of
the SCAHSs and concrete in synergistic tension was estab-
lished to analyze their working characteristics.
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Figure 14: Strain distribution along the height of the cross section. (a) Slab Al-b, (b) slab A2-a, (c) slab A3-a, and (d) slab A4-a.
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4.1 Tensile analysis of concrete members
with a single SCAHS

The action of a SCAHS in the concrete is described in Figure
15. Let the member be [ in length, b and h in section width
and height, respectively, and be reinforced with a SCAHS of
sagittal height h, and cross-sectional area Ag. The ends
were subject to axial tension P. The SCAHS had two dis-
tinctly different characteristics compared to the straight
steel bar. When the SCAHS was in tension, it had a ten-
dency to be straightened, producing an extrusion force on
the concrete down the middle and up the sides, forming the
additional bending moment M;. Each section of the SCAHS
was at an angle to the axial tension and it was not fully
functional.

4.1.1 Additional bending moment

In axially stressed members, assuming equal strains in the
section before cracking, the stress distribution in section
I-I and any flat straight section II-1I where the apex of the
arc-shaped section of the reinforcement was located is
shown in Figure 16(a). The reinforcement stress g; and
concrete stress g, satisfied Eq. (9).

P \“j
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| ! |

Figure 15: Schematic diagram of the action of a SCAHS in the concrete.
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E
0 = Fioc. 9
Let a = Ey/E;, and then Eq. (9) can be rewritten as
follows:

Js = 00 10)

The part between sections I-I and II-II was analyzed
as an isolated body (Figure 16(a)). The concrete stresses at
both ends canceled each other out. The two non-coincident
reinforcement tensions formed a pair of force couples,
generating a bending moment M; in the section, as shown
in Figure 16(b). The average stress in the member, the
stress in the reinforcement, and the additional bending
moment in the member satisfied the following equations:

P P
O= F————— = —, a1
bh+ (a - DAy A,
aA..P
B = 0As = A“ , 12)
0
aA,.P
M, = Bh, = A“ ha 13)
0

4.1.2 Cracking loads

4.1.2.1 Cracking load on the section where the arc top of
the reinforcement is located

On the lower side of the member, the tensile stress from

the axial tension and the tensile stress from the additional

bending moment M, were superimposed to produce a max-

imum tensile stress o; max, Which can be calculated using

Eq. (14).

_ PaASCha/[bz_h]Jri_ P[1+ 6aAscha

Gmax = 74 76 A, b?h

A" A ] (14)

Let the maximum tensile stress be equal to the stan-
dard value of the concrete tensile strength. Then, the

| 1 | 11
! |
(b)

Figure 16: Force state of axially tensioned members with a SCAHS. (a) Axially tensioned members and (b) the curved section of the reinforcing bar.
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cracking load P, at the top of the SCAHS arc can be
obtained as follows:

Re= Ao s
6aAsch
h= 1w o, 16)

where ), was defined as the influence factor of the SCAHS.

In the derivation of Eq. (14), the effect of the SCAHS
was ignored in the calculation of the modulus of the flex-
ural section within the direction of the additional bending
moment due to the reinforcement being in the center of the
section form and the small reinforcement ratio.

4.1.2.2 Cracking load on an arbitrary section of the
SCAHS
As shown in Figure 17, the SCAHS was at an angle to the
axial tension between the top of the SCAHS arc and the flat
straight section of the SCAHS. The angle of any taken sec-
tion was 6, and the vertical distance between this section
and the flat straight section of the SCAHS was hy. Let the
tensile stress in the reinforcement of the section be o;.
The component in the direction of tension was ad; cos 6.
The axial stiffness provided by the reinforcement was dis-
counted accordingly, i.e., the average stress in the concrete
of the section when no additional bending action was con-
sidered is as follows:
F p

T Al Dh+Ag(acosf-1) an

Oc
The maximum tensile stress after considering the
superposition of the additional bending moment effect was

P
bh + As.(a cos B - 1)

6aAqchy
b?h

Ot, max =

o

The cracking load equation was modified as follows:

By = &A&
¥

(19)

Figure 17: Force analysis of the arc section of the SCAHS.
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As the section was chosen arbitrarily, the same was
applied to a straight section of the SCAHS, when 6 = 0, ), = ,.

4.1.3 Location of the first crack

Assume that the tensile strength of concrete in each section
was the same and the first crack appeared in the section
with the lowest cracking load P.. Let the radius of curva-
ture of the middle-curved section of the SCAHS be R, cor-
responding to a maximum fillet angle of 26,, and the radius
of the curved section at both ends be R,, corresponding to a
fillet angle of y,. An arbitrary section was chosen in the
slightly curved arc section. The intersection of the section
with the reinforcement was point A. The angle of the arc
segment between point A and the top of the arc was 0. The
angle of the arc segment between point A and the begin-
ning of the flat segment was y (Figure 18). The height from
point A to the flat segment of the reinforcement can be
calculated as follows:

hy = Ri(cos 6 — cos Op) + Ry(1 - cosy,) (0 <0 20)
hy = R[1 = cos(yy = Y] (¥ < )

Substituting Eq. (20) in Eq. (19), the following equation
can be obtained

fib?R[bh + (a cos 6 - DAs]

B = b%h + 6aAs[Ri(cos 6 — cos 6p) + Ry(1 - cos y,)]
(0 < 6y) 21)
b%*h[bh + (a cos 6 - DA
p, = Jul MR L Ael <,

b?h + 6aAs Ro[1 = cos(y, = )]

When 6 = 0, the cracking load was minimum, meaning
that the first crack was most likely to occur in the mid-span
section. Substituting 6 = 0 into Eq. (21), the equation for
calculating the cracking load of an axially tensioned con-
crete member reinforced with the SCAHS can be obtained
as Eq. (20). Considering the discrete nature of the concrete
strength, a certain possibility also exists in the zone near

JRZ(I —C0sy,)

Figure 18: Sketch of height calculation at any point of the curved section.



18 =—— Mei-Ling Zhuang et al.

the mid-span section. Due to the presence of additional
bending moments, cracks should first appear in the inner
concave side of the member.

Py = {fyb*h[bh + (a - DA [}{b*h + 6aAq[R(1
- cos 6p) + Ry(1 - cos ypl}

(22)

4.2 Tensile analysis of concrete members
reinforced with multiple SCAHSs

4.2.1 Additional bending moment and cracking load

When a member reinforced with multiple SCAHSs was
subjected to axial tension, additional bending moments
need to be superimposed. If the cross-sectional area of a
single reinforcing bar was still A, the additional bending
moment was

naAq.Ph,

M= —.
" bh+ n(a - 1A

23
As can be seen from the above equation, the internal
forces of members reinforced with multiple SCAHS can be
directly replaced by nAg. instead of Ag. The effect of the
additional bending moment of multiple SCAHSs increased
in the crack load calculation. When calculating the max-
imum tensile stress from the additional bending moment
of the SCAHSs, it should be based on the area of the con-
verted section, setting the direction as around the coordi-
nate axis z, L.e., the maximum concrete stress and cracking
load calculation with the modulus of the converted flexural
section W, around the direction z instead of b%h/6.

4.2.2 Force characteristics after cracking

Compared to the concrete member reinforced with a single
SCAHS, cracks in concrete members reinforced with mul-
tiple SCAHSs started at the concave side of the SCAHSs and
was rapidly confined as the cracks developed into the first
SCAHS, with much smaller additional bending moment
effects in the SCAHSs. The section can still be cracked
through because the stress from the additional bending
moment was still much less than the stress from the axial
tension. Similarly, after cracking, there was a tendency for
the SCAHSs at the crack to be taut. The stress after taut was
basically the same as that of the member reinforced with
straight steel bars, but the stress state in the uncracked
range of the member was still small eccentric in tension.

DE GRUYTER

5 Load bearing capacity limit state
stress analysis and allowable
crack widths

5.1 Load carrying capacity limit state stress
analysis and load carrying capacity
equations

The anti-arc point section (6 = 6;) of SCAHS was the most
dangerous section. In this section, when the member entered
the damage phase, the reinforced part of the concave side of
SCAHS yielded first due to the bending moment in the width
direction of the section caused by SCAHS, and gradually
developed toward the convex side; as the load increased,
the stress entered the strengthening phase from the concave
side of SCAHS to the convex side in turn. The tensile stress
was greatest at the outermost edge of the concave side of
SCAHS, which reached the ultimate strength first and the
member reached the maximum load carrying capacity. As
can be seen from Figure 13(b), when the internal forces car-
ried by the section reached the ultimate strength from the
yield strength, the deformation of the member increased
insignificantly. Considering the ductility of the cross-section
and following the yield strength of the reinforcement as the
basis of engineering design, the bending moment borne by
the tensile reinforcement was the ultimate bearing capacity
of the cross-section when it was fully yielded, and the con-
crete at the edge of the compressed zone was considered to be
crushed at this time. From the basic assumptions of calcu-
lating the normal section of the flexural member and the
equivalence of the rectangular stress pattern, the following
equations of the limit state can be obtained:

fibx = fyAS cos By, (24)

M, = f,As cos Oo[ho - %] (25)

Bringing the parameters of A4 slab (f, = 28.65 MPa,
fy =497.8 MPa, A =471 mm?, cos@,=0946, b =
800 mm) into Eqgs (21) and (22), it can be obtained that
the ultimate load was 71.0 kN, which was close to the
test result of 70 kN.

5.2 Allowable crack widths

In hydraulic structures, curved arc reinforcement was used
in mass concrete, which was a non-bar system structure,
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and the crack width needs to be calculated by finite element
method. It was very inconvenient to model curved arc rein-
forcement when performing finite element analysis. If the
allowable crack width of a SCAHSs reinforced concrete
member can be converted to the crack width of a straight
reinforcement, then hydraulic massive structures can be
easily modeled by replacing the SCAHSs with the straight
steel bars for finite element calculations.

In this article, B was used to represent the ratio of the
measured maximum crack width of SCASBs reinforced
concrete slabs to the measured maximum crack width of
straight steel bars reinforced slabs. y was equal to 1/B.
Table 9 shows B, y, and wy,x for SCAHSs reinforced con-
crete slabs with different sagittal heights. The effect of
creep was not considered. The allowable crack width for
SCAHSs reinforced concrete slabs under environment cate-
gory I was 0.27mm. For concrete slabs reinforced with
SCAHSs of 650.0 mm vector span and 54.5 mm vector height,
the range of y was from 0.89 to 1.08, and y = 0.89 can be
safely adopted. For concrete slabs reinforced with SCAHSs of
500.0 mm vector span and 31.8 mm vector height, the range
of y was from 0.76 to 0.85, and y = 0.76 can be safely
adopted. In other words, when calculating SCAHSs rein-
forced concrete members according to straight steel bars
reinforced concrete members, the allowable crack widths
can be taken as 0.24 and 0.20 mm, respectively, and 0.2 mm
for calculation convenience. The allowable crack width of
SCAHSs reinforced concrete slabs under environment cate-
gory I was 0.20 mm, and y = 0.87 can be safely adopted, ie.,
the allowable crack width can be taken as 0.17 mm when
calculating SCAHSs reinforced concrete members according
to straight steel bars reinforced concrete members. The allow-
able crack width of SCAHSs reinforced concrete slabs under
environment category was 0.17 mm. For slab concrete slabs

Table 9: 3, x, and wy,.x for SCAHSs reinforced concrete slabs with
different vector heights

Load Wax Vector height Vector height
(kN) (mm) 54.5 mm 31.8 mm

B X B X
160 0.13 1.15 0.87 1.15 0.87
180 0.13 1.38 0.72 1.15 0.87
200 0.15 1.47 0.68 1.20 0.83
220 0.18 1.39 0.72 1.00 1.00
230 0.20 1.35 0.74 1.10 0.91
240 0.20 1.50 0.67 1.15 0.87
250 0.25 1.08 0.93 1.20 0.83
260 0.25 1.12 0.89 1.32 0.76
275 0.30 0.93 1.08 1.17 0.85

Flexural performance of a new type of SCAHSs reinforced concrete slabs

-—_ 19

reinforced with SCAHSs of 650.0 mm vector span and 54.5 mm
vector height, the range of y was from 0.68 to 0.72, and y =
0.68 can be safely adopted. For concrete slabs reinforced with
SCAHSs of 500.0 mm vector span and 31.8 mm vector height,
the range of y was from 0.83 to 1.00, and y = 0.83 can be safely
adopted. In other words, when calculating SCAHSs reinforced
concrete members according to straight steel bars reinforced
concrete members, the allowable crack widths can be taken as
0.12 and 0.14 mm, respectively, and 0.12mm for calculation
convenience.

6 Conclusions

The damage process and mechanism of SCAHSs reinforced
concrete slabs were analyzed by testing the flexural per-
formance of straight steel bars and SCAHSs reinforced con-
crete slabs. The characteristic load, deflection, crack spa-
cing, and crack width were calculated. Combined with the
test results, the synergistic tensile work of SCAHS and con-
crete was analyzed. The equations for the load carrying
capacity and allowable crack width of the SCAHSs were
given. The main conclusions can be obtained as follows.

1) After replacing the straight steel bars in concrete slabs
with SCAHSs, the cracking load of the concrete slabs did
not change much, and the crack width of the concrete
slabs increased, with the maximum crack width at the
bottom of the concrete slabs increasing by a factor of
1.2-14. As the rise-span ratio of SCAHSs increased, the
flexural stiffness of SCAHSs reinforced concrete slab
decreased slightly, but the deflection increased.

2) When the concrete slab reinforced with the SCAHS was
subjected to bending, the most dangerous cross-section
was the section at the anti-arc point of the SCAHS, with
maximum crack width and damage occurring near the
anti-arc point of the SCAHS. The slabs reinforced with
the SCAHSs with small width, strong shear, and weakly
bending performed bending and torsional damage pat-
tern, indicating that the horizontal component stresses
generated by the curved reinforcement had a greater
impact in the later loading stage. The reinforcement
entered the strengthening phase when the concrete
slab was damaged.

3) In hydraulic massive structures, the allowable crack
widths of SCAHSs reinforced concrete members was
converted to those of concrete member reinforced
with straight steel bars to facilitate modeling. The allow-
able crack widths of concrete member reinforced with
SCAHSs under environment categories I, II, and III were
0.20, 0.17, and 0.12 mm, respectively.
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4) In the calculation of normal section load capacity,
SCAHSs reinforced concrete slabs can be regarded as
straight steel bars reinforced concrete slabs with a long-
itudinal reinforcement area of Ag cos 6, which was
similar to the test results. It was recommended to use
it as the basis for load-bearing design, where 8, was half
of the large arc angle of the SCAHS.
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