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Purpose. In the recent years, horizontal rotation methods have been widely used for bridge construction, particularly for
constructing overpass bridges on highways, railways, and shipping. However, bridges constructed using the swivel construction
method bear several types of loads during the rotation process. Furthermore, the bridge turntable, which is the core force-bearing
component of the structure, bears considerably large vertical pressure and horizontal frictional resistance. )e present research
proposes three strengthening methods when applying ultrahigh performance concrete (UHPC) materials to the turntable of a
spherical hinge to improve structural reliability. Furthermore, the mechanical properties of the structure are evaluated using a
unidirectional compressive strength test to provide a theoretical and experimental basis for the application of the UHPCmaterial.
Design/Methodology/Approach. To evaluate the mechanical performance of the turntable of a spherical hinge, scale models of six
sets of UHPC turntables—steel tube-UHPC, stirrup-UHPC, and directional steel fiber UHPC—were constructed in the study.)e
compressive strengths of the turntable specimens were calculated after theoretical analysis. After obtaining the load-displacement
curves of the cube specimens, the force characteristics of the turntable and the failure mechanism of the structure were analyzed by
observing the failure mode of the specimens. Findings. )e compressive strength of the steel tube-UHPC turntable was 207MPa,
which can completely replace the traditional steel turntable. In addition, the stirrup-UHPC turntable demonstrated a significant
loading effect. However, the effect of the restraint radius of the stirrup needs to be considered during the design; otherwise, the
loading effect is poor. Furthermore, a directional steel fiber UHPC turntable can improve the compressive strength to a certain
extent. We summarize the failure mechanism of the spherical hinge turntable specimens that are expected to play a role in UHPC
spherical hinge in engineering applications and construction monitoring. Originality/Value. To the best of our knowledge, this
study is the first to employ the UHPC, steel tube-UHPC, stirrup-UHPC, and directional steel fiber spherical hinge turntables in the
swivel construction of bridges. )e compressive strength and mechanical characteristics of the UHPC structure meet the re-
quirements of the turntable, and more importantly, the manufacturing process (on-site pouring) of the aforementioned UHPC
turntable structures is relatively simple. Finally, the manufacturing cost of the turntables is expected to be reduced by more than
50% compared to those of traditional turntables.

1. Introduction

A spherical hinge structure is the most important load-
bearing component in a swivel bridge structure; it bears the
entire load of the bridge superstructure, and thus, it needs to
have a relatively high compressive bearing capacity [1–3]. A
spherical hinge structure is shown in Figure 1; the spherical
hinge turntable structure is a flat cylindrical structure that
has two parts: the upper part (convex spherical surface) and

the lower part (concave spherical surface). Based on the
weight of the bridge, the radius of the structure ranges
between 4m and 10m, its height is around 1-2m, and its
height to diameter ratio is less than 0.5. For rotating con-
struction, the compressive stress of the turntable generally
can exceed 50MPa, while the safety coefficient of the
turntable is proposed to exceed 2.0 as per the Chinese codes;
i.e., the compressive load capacity of the spherical hinge
should reach 100MPa. A compressive strength higher than
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150MPa can be achieved by using ultrahigh performance
concrete (UHPC) cubes [4, 5]. However, the failure mode of
the spherical hinge structure and the cubic structure is
different; the external surface of the specimen has no
restraining effect, and it cannot exert the compressive
performance of the core concrete. )e compressive strength
of these cubes can reach only about 60MPa. To exploit the
properties of UHPC materials, it is necessary to impose a
certain constraint on the outer surface of the rotating cyl-
inder of the spherical hinge to improve the compressive
strength of the UHPC turntable structure.

)e compressive strength of the material can be im-
proved to some extent by changing the water-cement ratio,
the proportion of each component of the material, and the
curing method; however, the effect is negligible [6–8].
)erefore, a method to improve the compressive strength of
a cylindrical turntable by imposing external constraints is
proposed in this paper. )ere are three approaches to
achieve this: (1) installing a steel sleeve outside the cylin-
drical spherical hinge test piece, i.e., a steel tube-UHPC
combination structure; (2) arranging a stirrup in the
spherical hinge specimen; and (3) arranging steel fibers
along the circumferential direction, i.e., a method of aligning
steel fibers along a certain direction. )e experimental re-
sults prove that these approaches considerably improve the
compressive load carrying capacity of the turntable. )e
mechanism behind the first method resembles the concept of
concrete-filled steel tubes, which originated during the
construction of the Steven Bridge in England in the 19th
century [9]. At that time, concrete was used to prevent rust
on the inner wall of the steel tubes; however, at the end of the
20th century, the mechanical properties of concrete were
being studied [10]. When a concrete-filled steel tube

structure is subjected to external load, the steel tube dem-
onstrates its high-strength properties and the concrete
demonstrates its strong compressive bearing capacity. )e
concrete in the core area has a certain restraining effect on
the steel tube wall, which improves the stability of thin-
walled materials. In turn, the steel tube acts as a ferrule on
the core concrete, thereby increasing the compressive
strength of the concrete [11]. For the second method,
stirrups are placed in the specimen to restrain the lateral
deformation of the concrete under pressure in the com-
pression zone; this restrains the core concrete and has an
anticrack effect on the cracked edges, which improves the
UHPC cylinder compressive strength of the turntable.When
changing the arrangement of the steel fibers, the current
method modifies the UHPC material through the action of
an electric field on the steel fibers, thereby improving the
tensile properties of the material. For example, Gao [12–17]
et al. designed a directional arrangement for a steel fiber
device, which considerably improves the flexural strength of
the specimen by controlling the flow direction of the con-
crete. )is kind of device can easily and effectively control
the arrangement direction of the steel fiber. In this paper, we
improve this device: a rotating bladed disk is added inside
the equipment to improve the preparation speed of UHPC.
Please refer to Figure 2 for details.

In this study, 6 sets of scale models of UHPC (cylindrical,
φ 100mm; height� 50mm) are employed, and the com-
pressive strength and load-displacement curves of three
types of UHPC spherical hinge structures—the steel tube-
UHPC spherical hinge specimen, stirrup-UHPC spherical
hinge specimen, and directional steel fiber UHPC spherical
hinge specimen—are evaluated. Furthermore, the reasons
for the increased bearing capacity of the spherical hinge
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Figure 1: Main structure of a horizontal rotation system.
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structures are also identified, and several formulas for cal-
culating the compressive strength of the spherical hinge are
derived. )ese formulas are then compared with the test
results to verify the accuracy of the theoretical research. )e
compressive strength of a 10×10×10 cm cube specimen is
often used as the strength index of the bridge structure in
engineering. Similarly, this article tries to deduce the
compressive strength of the spherical hinge to that of the
swivel structure. As to the shape of the spherical hinge, it is
generally a two-cylindrical structure (upper and lower
spherical hinges). )erefore, in the compression test, the
spherical hinge adopts a cylinder with a diameter of 10 cm,
and its size is similar to that of the cube.

)is paper first introduces the uniaxial compression test
of the spherical hinge specimen and evaluates the com-
pressive performance of various types of spherical hinge
specimens via the observation of several indexes such as
compressive strength, load-displacement curve, and failure
mechanism. )en, the calculation formula of the com-
pressive bearing capacity of three types of UHPC spherical
hinge structures is derived via theoretical analysis and finite
element simulation of the limit state of the spherical hinge
specimen. )e results show that the error between the ex-
perimental value and the theoretical value is small and prove
that the research results of this paper would promote the
development of the swivel bridge.

2. Materials and Methods

2.1. Material Properties. )e UHPC specimen is composed
of several materials such as ordinary Portland cement, silica
fume, fine aggregate, high-efficiency water-reducing agent,
and steel fiber. Among them, the cement adopts the Chinese
standard GB175-2007, i.e., ordinary Portland cement at
52.5MPa, which maps with ASTM C150 of the American
standard [18]. Silica fume is an ultrafine mineral mixture,

and its fineness and specific surface area are 80–100 times
than that of cement. Silicon powder improves the fineness
and activity of the material, reduces the internal defects of
the material, and increases the compactness of the structure.
)e content of SiO2 in the silicon fume is 96%, which
conforms with the Chinese regulation GB/T 21236-2007 that
matches the American regulation ASTM C1240 [19]. )e
features and chemical compositions of cement and silica
fume are summarized in Table 1.

To increase the density of UHPC materials, only fine
aggregates are used in the concrete. )e quartz sand used is
of 20–70 meshes (0.425–0.850mm) and 40–70 meshes
(0.212–0.425mm) size. )e water-reducing agent is an
important material to reduce the water-cement ratio, it has a
strong dispersion effect on cement particles, and it can
comprehensively improve the properties of concrete. Fur-
thermore, in this study, polycarboxylic acid superplasticizer
(bulk density: 610 kg/m3) is used at a dosage of 0.55%–0.85%
of the cementitious material; the solid content is 97%, and
the water reduction rate is about 30%. )e experimental
results indicate that the optimal admixture of the water-
reducing agent is when the content reaches 0.8% of the
cementing materials. In this case, the stirred UHPCmaterial
has better fluidity and less content. )e addition of steel
fibers increases the ductility of concrete, improves the
flexural and crack resistance of concrete, and slightly in-
creases the compressive strength. )e steel fibers have a
diameter of 0.2mm, a length of 13mm, a density of 7.9 g/
cm3, a tensile strength of 2850MPa, and an elastic modulus
of 200GPa.

2.2. Mixing Proportion of Specimens. 6 sets of specimens
were designed for this study to evaluate the compressive
strength of the UHPC spherical hinge and cube pieces in
each set. )e water-to-gel ratio of all specimens is 0.18. )e
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Figure 2: Steel fiber directional arrangement device (unit: mm).
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mass ratio of cement, silica fume, and quartz sand is 1 : 0.3 :
1.1. )e first set of specimens is used as the benchmark, and
the content of steel fiber is 1.5%. In the second set, the
content of steel fiber is changed to 2.5% to evaluate the effect
of specimens on the compressive strength. In the third set,
the steel fibers are arranged along the direction of the
spherical hinge to detect its effect on the compressive
strength of the test piece. In the fourth set, we place a 0.8mm
thick steel tube outside the cylindrical specimens to evaluate
the effect of the restraint of the steel tube on the compressive
strength of the specimens. In the fifth and sixth sets, two
6mm diameter stirrups are used in the spherical hinge to
evaluate the effect of the restraint of the stirrups on the
compressive strength of the test pieces. )e restraining radii
of the two stirrups are 5 cm and 8 cm, and the vertical
spacing of stirrups is 2.5 cm. Furthermore, two sets of
100×100×100mm cube specimens are used in this test, and
the cube compressive strength data of the UHPC material
are obtained.

2.3. Specimen Preparation and Maintenance. Specimens are
prepared according to the mix proportions listed in Table 2.
An HX-15 concrete mixer (Beijing, China) is used to mix the
materials. )ree steps are performed to place the materials
into the mixer:

(1) )e cement and silica fume are added into the mixer,
which is then rotated clockwise at a speed of
140± 5 rpm, for 2min; then, quartz sand is added,
and mixing is continued for another 2min.

(2) )e steel fiber material is added evenly. As the length
of the steel fiber is small and it is agglomerated in the
natural state, it has to be sieved using a sieve with a
diameter ranging between 5 and 12mm, and they are
mixed while sieving.

(3) )e water-reducing agent and water are mixed until
an aqueous solution is obtained; this solution is then
added into the mixer evenly. Next, the rotation speed
is increased to 285± 5 rpm, for 6min; this is followed
by a change in the rotation direction. After 5min, we
obtain a homogeneous mixture. In total, it takes
15min to mix all the materials.

Diameter of stirrup and restraint diameter of stirrup are
shown in Figure 3.

)e mixtures are poured into a steel mold shown in
Figure 4. )e mixture is poured into the template in two
parts, and then, the entire template is placed on a shaking
table for 60 s; after that, it is covered with a plastic film for
curing.)e curing temperature is 24± 3°C, and the humidity
is maintained at 95%. After 24 h, the specimen sets are
demolded and side steel tubes are installed on the fourth set
of the test pieces.

To evaluate the effect of the direction arrangement
of the steel fibers on the compressive strength of the
spherical hinge structure, a special set of mechanical
equipment was designed for this test. )e disordered
steel fibers in the specimen were arranged perpendic-
ular to the radius to maximize the structural circum-
ferential constraint and reduce the lateral deformation
of the spherical hinge. Currently, magnetic and electric
fields are the main methods employed to change the
direction of steel fibers to meet the experiment re-
quirements. However, applying them requires relatively
high-test equipment, which would add further diffi-
culties in engineering. To overcome this issue, this
study modified a steel fiber orientation device con-
structed, as shown in Figure 2. )e device has dimen-
sions of 150 ×150 × 350 mm, with the upper part open,
and the width of the caging device is set to 11 mm; in the
middle, a leaf disc that rotates clockwise is set with a
maximum speed of 80 rpm. During the material pouring
process, the mixtures are poured into the device from
the top end and are forced downwards after passing
through the leaf disc. When the mixture reaches the
bottom of the device, it needs to pass through the
limiting device, which restricts the flow of substances
above 11 mm. For example, when the particle size of the
cementing material is less than 11 mm, it can flow
smoothly; however, when the length of the steel fiber is
13 mm, it can only flow out in the direction that is
parallel to the flow direction. )e steel fiber perpen-
dicular to the flow direction is blocked by the limiting
device and needs to be changed to flow out. In this
study, the steel fibers are arranged along the direction of
the spherical hinge, i.e., in a circular manner, using the
designed device. )e results show that more than 70% of
the steel fibers can be arranged along the designed
direction.

After the mixing, the specimens are placed in a
standard curing room for 72 h and in a steam-curing box;
the temperature of the curing box is set to 95°C [17]. We
focused on the initial heating rate and the cooling rate to
ensure that heating rate is not greater than 15°C/h and the
cooling rate is not greater than 12°C/h, when performing
steam curing. )e steam curing time, temperature, and
temperature fall and rise speeds are all controlled via
computer programs. )e steam-curing box is shown in
Figure 5, the externally constrained steel pipes and
stirrups are shown in Figure 3, and the CFST spherical
hinge is shown in Figure 6. Each set of specimens is
subjected to a pressure test after one day of steam curing.

Table 1: Chemical and material properties.

Chemical composition (%) Cement Silica fume
SiO2 66.8 92
CaO 20.3 0.3
Al2O3 5.1 0.3
Fe2O3 2.7 0.4
MgO 3.5 2.1
Na2O 0.2 1.2
SO3 2.2 0.4
K2O 0.8 3.3
Material properties
Apparent density (g/cm3) 3.11 2.85
Blaine SSA (m2/g) 0.38 23.7
Compressive strength (3 days; unit: MPa) 33.8 —
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2.4. Experiment Method. We performed a compressive
strength test after curing the test piece. )e loading device
was a WAW-2000-type universal testing machine (Jinan

Shijin Company), with a maximum loading capacity of
2000 kN, as shown in Figure 7. )e loading rate of the cube
specimens and the spherical hinge specimens were set at

Table 2: Mix proportions of UHPC.

No. w/b Cement
(g)

Silica fume
(g)

Coarse sand
(g)

Fine sand
(g)

Steel fiber
(%)

Water-reducing
agent (g) Enhancement method

1 0.18 920 276 202 810 1.50 10.53 —
2 0.18 920 276 202 810 2.50 10.53 Add steel fiber
3 0.18 920 276 202 810 1.50 10.53 Directional steel fiber
4 0.18 920 276 202 810 1.50 10.53 CFST
5 0.18 920 276 202 810 1.50 10.53 With stirrups (diameter at 5 cm)
6 0.18 920 276 202 810 1.50 10.53 With stirrups (diameter at 8 cm)
w/b: water-binder ratio; CFST: turntable specimen constrained by the steel tube.

Figure 3: Steel pipe and stirrups specimen.
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1MPa/s; three specimens were included in a set. )e
standard of the compressive bearing capacity value was as
follows: first, determine whether the ratio of the difference
between the maximum value and the intermediate value to
the intermediate value is greater than 0.15; then, decide
whether the ratio of the difference between the median and
minimum value to the intermediate value is greater than
0.15. If the ratio of the two is less than 0.15, then the
compressive strength value takes the average of the three
data. However, if one of the ratios between the two is greater
than 0.15, then the compressive strength value takes the
median of the three data; if both are greater than 0.15, the
results of the set are invalid and need retesting.

)e cubic compressive strength fcu is calculated as

fcu �
F

A
, (1)

where F refers to the failure load of the specimen andA is the
bearing area of the specimen. )e results show that the
compressive strength of the spherical hinge is less than that
of the cubes for the same ratio, and the compressive strength
of the spherical hinge is ∼50% that of the cube. Based on (1),
we propose that the ultimate compressive strength of the
spherical hinge can be calculated as

fcu′ � k
F

A
. (2)

After transformation, we get

fcu′ � kfcu, (3)

where fcu′ is the ultimate compressive strength of the
spherical hinge, while fcu is the compressive strength of the
material cube. )e coefficient k represents the shape coef-
ficient of the spherical hinge, which is related to the radius of
the spherical hinge R and the radius of the support R1.
Indeed, (3) links the compressive strength of the cube with
the ultimate compressive strength of the spherical hinge. In
this case, the most important issue is obtaining the

coefficient k, which is related to the maximum compressive
stress of the spherical hinge under uniaxial compression.

3. Results and Discussion

3.1. Cube Compressive Strength. To achieve accurate test
results, loading is performed with equal stress and the
loading speed is 1MPa/s. During loading, the steel fiber
inside the specimens produces some “pitter-patter” sound.
)e stress value does not increase considerably until the cube
reaches its maximum compressive bearing capacity; how-
ever, the displacement increases rapidly. )e cube specimen
reaches its maximum load with a loud sound, and hence, the
test machine stops loading.)e compressive strength of each
set is shown in Figure 8.

Figure 8 shows that the compressive strength value of the
cubic specimen in the test exceeds 148MPa. )at is, the set
strength of the specimens meets the test requirements.
Among the two sets, the average compressive strength of the
first set, i.e., specimens 1 to 3, is 150.3MPa, whereas that of
specimens 4 to 6 (second set) is 154.3MPa. With the steel
fibers possessing the same specifications, the compressive
strength of the cube specimens with 2.5% content is slightly
higher than that of the 1.5% test specimen, thus increasing
by 2.66%. However, when the content of the steel fiber is too
high (2.5%), the uniformity of the material is relatively
poorer when the concrete is mixed, and the steel fiber is easy
to knot. )e mixing time in the forced mixer is at least
20min; however, with an increase in mixing time, the
compressive oxidation layer on the surface of the steel fiber is
damaged, and the fluidity of the concrete when entering the
mold is poor. Owing to the abovementioned reasons, it is
recommended to use 1.5% content of the steel fiber in the
spherical hinge structures to achieve sufficient compressive
strength.

3.2. Load-DisplacementCurveofCubeSpecimen. )e loading
process of the cube specimen is shown in Figure 9(a). )e

Li�ing jack

Displacement
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Load-displacement
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Pressure sensor

UHPC spherical hinge

Figure 7: Test loading scheme.
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top and bottom of the specimen are covered with 20 cmwide
and 4 cm thick steel plates; they are considered as fixtures for
uniform loading. )e loading process adopts equal-rate
stress control, and the loading rate is 1MPa/s. )e stress-
displacement curve of the cubic specimen under two types of
steel fiber content is shown in Figure 9(b).

In Figure 9(b), 13–1.5 refers to the test pieces in the first
group, with 1.5% of 13mm long steel fibers; similarly, 13-2.5
refers to the test pieces in the second group, with 2.5% of
13mm long steel fibers.

Based on Figure 9(b), we conclude that the load-dis-
placement curve can be divided into four stages: initial
loading stage, elastic deformation stage, plastic deformation
stage, and failure stage. )e detailed discussion about each
phase is provided as follows:

(1) Initial loading stage: in this stage, the curve gradually
rises, and each part of the structure begins to receive
the force; the slope of the curve of the specimen with
a high content (2.5%) is higher than that of the
specimen with low content (1.5%). )e curve slope
reflects the ability of the structure to resist defor-
mation. )us, the higher the steel fiber content, the
earlier it reaches the elastic deformation stage.

(2) Elastic deformation stage: in this stage, the slope of
the curve remains unchanged; here, the structure is
in the elastic deformation stage and the steel fiber
and concrete in the structure are uniformly stressed.
Furthermore, the “pitter-patter” sound of the steel
fiber accompanies the loading process. In this stage,
the higher the fiber content, the longer the defor-
mation range of the elastic stage, and subsequently,
the wider the elastic range of the test piece. )ere-
fore, it can be concluded that the elastic deformation
stage is related to the content of steel fibers.

(3) Plastic deformation stage: in this stage, the slope
of the curve gradually decreases, and the structure
is in the plastic deformation stage, where the
structure is about to fail. )e higher the steel fiber
content, the shorter the plastic deformation stage.

(4) Failure stage: in this phase, the curve suddenly drops,
and the loading machine stops loading; thus, the
structure is crushed following a tremendous noise.

3.3.CompressiveStrengthofTurntable. Compressive tests are
performed on six sets of spherical hinge specimens, and the
compressive strength is then averaged. )e test machine is
loaded based on the principle of equal stress loading with a
loading speed of 1MPa/s. )e load decreases rapidly when it
reaches its maximum value, and the structure stops loading
after a considerable displacement. )e compressive strength
of each set of specimens is shown in Figure 10.

Figure 10 shows that the compressive strength of the
turntable exceeds 70MPa. However, the compressive
strengths of spherical hinge specimens 1, 2, and 5 are far less
than that of the cube specimens.)us, it cannot considerably
improve the performance of the material. )e following
conclusions can be obtained based on the results in
Figure 10:

(1) )e average compressive strength of the first set of
specimens is 72MPa, and that of the second set of
specimens is 83MPa. )e compressive strength of
the turntable increases with an increase in the
content of steel fiber. )e structure with 2.5% of steel
fibers has a 14.8% higher compressive strength than
that with the 1.5% structure. Besides, the increase in
the content of the steel fiber can increase the number
of steel fibers inside the crack-resistant edge. Under
uniaxial compression, the edge of the spherical hinge
cracks vertically. )e increased steel fiber increases
the crack resistance of the specimens to a certain
extent, and hence, it increases the compressive
strength of the specimens.

(2) Steel fibers in the third set are arranged evenly along
the direction of the spherical hinge, i.e., in circular
manner. In addition, the average compressive
strength of the test piece reaches 119MPa. In fact, its
compressive strength has been improved greatly;
compared with the randomly arranged steel fiber
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spherical hinge specimens, its resistance compressive
strength increases by 65%. )e steel fibers are
arranged along the circumferential direction of the
spherical hinge, and the cracking occurs as a vertical
crack generated at the edge of the spherical hinge.
Most steel fibers are perpendicular to the cracking
direction, which delays the time of cracking and
improves the compressive strength of the specimen.

(3) )e fourth set contains CFST spherical hinge spec-
imens, and the average compressive strength of the
specimens is 207MPa. With an increase of 186.3%, it
exceeds the cubic compressive strength by 38%. )e
steel tube acts on the outer side of the spherical
hinge, which is equivalent to adding an external
restraint to the spherical hinge specimen; the core
concrete is thus in a constrained state. )e steel tube
is under tension, and it does not reach the breaking
load until the steel tube reaches the yield state or the
core concrete reaches the maximum compressive
stress state after being restrained. Eventually, the
structure breaks.

(4) Finally, the fifth set includes stirrup specimens, with
the diameter of the stirrups at 5 cm. )e average
compressive strength of the specimens is 78MPa,
and its compressive strength increases by 7.9%. )e
diameter in the sixth set is 8 cm, and the average
compressive strength of the specimens is 137MPa;
the compressive strength is increased by 90.3%.

From the above points, it can be concluded that when the
diameter of the stirrup is small, the area where the core
concrete is constrained is small as well; hence, it is unable to
restrain the most unfavorable section. When the diameter of
the stirrup is increased near the cracking edge, the restrained
area increases accordingly, which greatly improves the
compressive strength of the specimen.

3.4. Load-Displacement Curve. During the loading process
of the spherical hinge specimen, the stress states at different
stages are studied. )e load-displacement curve of the
spherical hinge specimens is shown in Figure 11.

)e following conclusions can be drawn from Figure 11:

(1) )e load-displacement curve can be divided into
elastic deformation, plastic deformation, and failure
stages. In the elastic working stage, the curve keeps
rising; the steel fiber and concrete in the structure are
uniformly stressed, and the steel fiber generates the
“pitter-patter” sound during the loading process.
When the load reaches a certain value, the load value
does not change considerably; however, the dis-
placement value increases rapidly. )is is when the
structure enters the plastic working stage. On in-
creasing the external load further, the spherical hinge
structure enters the failure stage.

(2) Among the 6 sets of specimens, specimens from the 4
and 6 sets show the typical three-stage characteris-
tics, with the plastic deformation stage being rela-
tively more obvious, which indicates the influence of
external constraints on the compressive strength of
the specimens. )e 1, 2, 3, and 5 sets consist of two
phases: the elastic deformation phase and the failure
phase. As the external constraints are small, the
plastic deformation stage is thus not obvious.

(3) )emaximum values and trends of the curves for the
1, 2, and 5 sets are close. )e compressive strength
and stiffness of the structure are both small, which
indicates that an increase in the compressive strength
and stiffness of the specimens caused by increasing
the content of steel fibers is very limited. Although a
5 cm diameter circular stirrup is used for specimen 5,
the range of the stirrup is still small, and hence, the
compressive strength and structural deformation
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Figure 9: (a) Loading process of cube specimen; (b) load-displacement curve of specimens with 1.5% and 2.5% steel fibers.
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resistance of the specimen are not significantly im-
proved. However, the time of the failure stage in-
creases, which indicates when the restraint radius of
the stirrup is small, the specimen is transformed
from brittle failure to ductile failure, although the
compressive bearing capacity does not increase
considerably.

(4) )e directional steel fiber specimen has a signifi-
cantly improved resistance to deformation for
specimen 3, which shows when the steel fibers are

perpendicular to the radial direction, it can effec-
tively constrain the core concrete and improve the
compressive bearing capacity of the turntable
specimens. However, the damage stage is very short,
and it is sudden brittle damage. )e orientation of
the steel fibers does not change the ability of the
material to resist deformation.

(5) )e load-displacement curve of the specimen 6 takes
the form of a broken line: the initial curve has a large
slope, and the structure has the strongest resistance
to deformation at the beginning. After reaching a
certain strength, it exhibits another slope; the
strength rises slowly, while the deformation increases
rapidly. At this stage, yielding occurs at the two
stirrups. When the specimen reaches its maximum
compressive strength, the stirrups break. Simulta-
neously, the outer surface of the specimen cracks
rapidly along the fracture position of the stirrup, the
structural deformation increases further, and the
structure fails. Stirrups set with a diameter of 8 cm
can better restrain the core concrete, and the con-
crete is in a three-way compression state; the
structural bearing capacity and resistance to defor-
mation are greatly improved, and the compressive
strength is above 124MPa. However, because the
stirrups are arranged in a dispersed manner in the
concrete, their restraining force on the concrete is
not as good as that of steel tubes.

(6) Finally, the CFSTmethod is adopted for specimen 4.
)ere is an obvious increase in its resistance to
deformation and compressive strength, and the
compressive strength reaches 207MPa or higher.
)e load-displacement curve indicates that the slope
of the initial section increases gradually, and it
quickly passes specimen 6 after the initial defor-
mation reaches 0.1mm, thus indicating that defor-
mation resistance of the CFST increases with
cumulative deformation. When it reaches about
190MPa, the outer steel sleeve generates a yielding.
)en, both the slope of the curve slows down and the
deformation increases rapidly, while the compressive
strength increases slowly. When the outer steel tube
reaches the breaking load, the specimensmake a loud
noise, and the steel plate breaks along the height of
the specimen. Here, the compressive strength of the
specimen reaches the maximum value, the concrete
of the specimen cracks rapidly along the fracture
surface of the steel tube, and the specimen is
destroyed subsequently. )e concrete of the speci-
men cracks rapidly along the fracture surface of the
steel tube, and the specimen is destroyed.

3.5. Failure Mechanism of the Turntable. )e basic form of
the failure of the spherical hinge specimen is the vertical
crack generated along the outer surface of the structure, and
the UHPC concrete is pulled and destroyed. As for the steel
tube-UHPC and stirrup-restricted UHPC specimens, they
have a strong restraint on the outer surface of the specimen,
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which acts on the specimen effectively when the shear
peeling failure is about to occur. )e external constraints
bear the continued loading of external loads, and the
structure exceeds the elastic working stage; furthermore, the
compressive bearing capacity of the structure is considerably
improved. When the vertical load continues to increase, the
structure undergoes axial compression; then, the structure
undergoes lateral expansion, and the external steel tube and
stirrups on the inner side of the specimen generate lateral
tensile stress. When the tensile stress exceeds the resistance
bearing capacity of the steel plate and tensile bearing ca-
pacity of the steel bar, the structure is suddenly damaged.
)e failure mode at this time is different from that in the
UHPC spherical hinge: the steel plate cracks in the vertical
direction, and the UHPC specimens on the cracked side
quickly results in vertical penetrating cracks; the structure
quickly reaches the maximum compressive load capacity
and is then damaged subsequently. After the steel bar of the
stirrup-UHPC turntable specimen is damaged, a vertical
crack quickly occurs, and the structure is damaged.

Directional steel fiber specimens have a weaker lateral
restraint than the former two, and their failure modes are
between the two. Several cracks are generated along the
vertical direction close to 90°. )e failure modes of the
spherical hinge are shown in Figure 12.

)e first and second sets of specimens are UHPC
specimens with randomly arranged steel fibers. )e failure
mode shown in Figure 12 indicates that the structure is
relatively complete when the structure is broken, and the
core area covers the entire spherical hinge. )erefore, the
damage load of the structure is low. As there are no obvious
constraints, the structure is thus under unidirectional
compression. Several vertical penetrating cracks comprise
the surrounding cracking area, and the concrete around the
spherical hinge disperses to the surrounding. Structural
failure occurs slowly, and there are no obvious signs of
failure. )e highest point of the failure load is the highest
point in the load-displacement curve.

Compared with the first set of specimens, the second set
has a larger content of steel fibers and a slightly higher
compressive bearing capacity. From the perspective of the
failure mode, the number of cracks is reduced slightly, and
the increase in the content of steel fibers improves the crack
resistance of the component to a certain extent.

)e failure pattern for the third set of specimens is
shown in Figure 13. )ere is a slight increase in the cracked
area, while the core area is reduced when the structure is
damaged. Radial restraints are applied around the specimen,
and the structure is under unidirectional compression. A
number of vertical cracks compose the surrounding cracking
area. When four cracks develop into the core area, the
structure is damaged, and the cracks begin to widen.
Structural damage occurs quickly, with obvious signs of
failure, and a loud noise follows the occurrence of the
damage load, and the pressure-testing machine stops
loading subsequently.

Compared with the first and second sets of specimens,
the third set exerted a certain restraining effect on the
structure by aligning the steel fibers to a direction

perpendicular to the crack. At this time, the suppression of
cracks by the steel fiber reaches the maximum effect. When
the load is further increased, the compressive strength of the
component is entirely borne by the bonding force between
the steel fiber and concrete. When the external load exceeds
the bonding force, the structure is damaged and the com-
pressive bearing capacity of the specimen improves signif-
icantly. )e failure mode is reflected by the decrease in the
number of cracks.

)e failure pattern of the fourth set is shown in
Figure 14. As shown in the figure, when the structure is
broken, there is only a wide vertical crack and the core
area is the same as the specimen area. A strong radial
restraint is applied around the specimen, and the
structure is under a unidirectional compression condi-
tion. When the structure is about to crack, the outer steel
tube starts to bear the external load; the structure then
begins to deform laterally under the vertical load. )e
steel plate resists radial tensile stress; it breaks the mo-
ment the tensile stress exceeds the limit, and the structure
is subsequently damaged. )is occurs quickly with ob-
vious failure signs and a loud noise. Subsequently, the
pressure-testing machine stops loading.

Compared with the specimens in the third set, those in
the fourth set show a stronger restraining effect on the
structure, and the tensile strength of the steel plate resists the
structural cracks. )us, the compressive bearing capacity of
the specimen is significantly improved. )e failure mode is
reflected by a large vertical and horizontal deformation, with
the maximum vertical deformation reaching 7mm. )e
increase in restraining property of the steel tube improves
the plastic deformation ability of the specimens, which
improves the compressive strength of the specimens to a
certain extent.

)e failure pattern for the sixth set is shown in Figure 15.
)e figure indicates that when the structure is broken,
cracking occurs in the area outside the restraint of the
stirrups. )e cracked part extends along the fracture surface
of the stirrup to the core area of the concrete. )e specimen
exerts a strong radial restraint within the restraint range, and
the structure is under unidirectional compression.When the
structure is about to crack, the internal stirrups begin to bear
the external load; the structure then begins to deform lat-
erally under the vertical load. )e stirrup restrains the radial
tensile stress. )e stirrup breaks when tensile stress exceeds
the limit, and the structure is thus damaged. )is occurs
quickly with obvious failure signs.

In the fifth set of specimens, the restraint diameter of the
stirrup was changed to 5 cm. )e results showed that the
failure mode is the same as that of first and second sets, with
its compressive bearing capacity improvement being small.
)is can be attributed to the restraint range of the stirrup in
the core area of the original specimen, rather than the outer
cracking area. )erefore, when the component fails, the
stirrup does not break, and it plays no effective role.

Compared with the third set of specimens, the sixth set
has a stronger restraining effect on the structure, and the
tensile strength of the steel plate inhibits the development of
the cracks. )us, the compressive bearing capacity of the
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specimens is significantly improved. )e failure mode is
reflected by the specimen experiencing large vertical and
lateral deformation, with the maximum vertical deformation
reaching 5mm. An increase in the restraining property of
stirrups can improve the plastic deformation ability of the
specimen, and it is only weaker than the CFST specimen in
terms of the loading effect.

3.6. Ultimate Bearing Capacity of Spherical Hinge Specimens

3.6.1. Radial Compression Stress of Spherical Hinge. )e
value of compressive stress at various points along the radial
direction of the spherical hinge is related to the radius of the

spherical hinge and the material properties. )e calculation
model for the radial compressive stress at any point on the
spherical hinge is shown in Figure 16.

Assuming that the upper and lower spherical hinges are
in close contact and the reaction force f of the lower spherical
hinge support is evenly distributed, the radial stress is

σ � f(R, F, α) × cosθ, (4)

where σ refers to the radial compressive stress of the hinge, R
is the radius of the spherical hinge, R1 is the horizontal
support radius of the spherical hinge, and α is the center
angle of a certain point on the spherical surface.

F � 
2π

0

α

0
R
2 sin θ f cos2 θ dθdα 

2π

0

fR2

3
1 − cos3 α dα �

fπR2

3
1 − cos3 α . (5)

From (5), we get

f �
3F

πR2 1 − cos3 α( )
, (6)

σ �
3F cos θ

πR2 1 − cos3 α( )
�

3F cos θ
πR2 1 − R2 − R2

1( 
3/2/R3  

. (7)

3.6.2. Ultimate Bearing Capacity

(1) Spherical Hinge. )rough (4)–(7), the stress state of the
spherical hinge structure under uniaxial compression can be
obtained. )e calculation formula of the compression
bearing capacity of the spherical hinge is derived based on
the above conclusions.

According to (7), when θ � 0, the radial compressive
stress σ takes the maximum value; then, the formula is

σmax �
3F

πR2 1 − R2 − R2
1( 

3/2/R3  
, (8)

where σmax is the maximum radial compressive stress of
the spherical hinge. Based on the material test, the
compressive strength of the cube under the same ratio is
considered as σmax, i.e., σmax � fcu. )e maximum pres-
sure Fmax can be obtained by using R and R1 into (8). )e
average compressive strength fcu′ of the spherical hinge
can be obtained as

fcu′ �
Fmax

πR2
1

. (9)

)e average compressive strength fcu′ of the first and
second sets can be then be obtained based on (8) and (9), as
summarized in Table 3.

Table 3 indicates that the theoretical results obtained
using the calculation formula of the compressive strength of
the spherical hinge are in good agreement with the measured
data, with the maximum error at 8%; this implies that the
formula fits correctly. In the design of the UHPC spherical
hinge, the ultimate compressive strength of the spherical
hinge is determined by three parameters of the UHPC

6-1

Figure 15: Failure mode of the sixth set of turntable specimen.
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material: compressive strength, ball hinge radius, and
support radius.

Table 3 indicates that the average compressive strength
fcu′ of the spherical hinge is ∼0.47 times the radial maximum
stress σmax; i.e., the coefficient k is 0.47, and the average
compressive strength of the spherical hinge is 47% of the
cubic compressive strength. )e compressive strength of the
spherical hinge depends on the maximum radial com-
pressive stress at the center of the ball. When the radius of
the spherical hinge is 100mm, the radial maximum com-
pressive stress is 2.1 times the average compressive stress.
)e internal compressive stress distribution of the cubic
specimen is uniform; thus, the compressive strength of the
spherical hinge is much smaller than that of the cube.

(2) Steel Tube Constrained Spherical Hinge. )e steel tube
constrained UHPC turntable test piece is similar to a
concrete-filled steel tube structure, which can greatly im-
prove the bearing capacity of the structure: on the one hand,
the steel tube provides a restraining effect on the core
concrete; on the other hand, the pressure at the top of the test
piece is transmitted from the core concrete to the external
steel tube using shear stress in the concrete tube, and the
steel tube bears some internal load. )e strength of the
component section is improved accordingly, and the
buckling of the steel tube is delayed; however, the use of
high-strength concrete will increase the brittleness of the
concrete-filled steel tube column. )e main influencing
factors that affect the compressive bearing capacity and
deformation capacity of concrete-filled steel tubular turn-
tables are confinement index, loading method, and specimen
height.

)e internal force of the structure is analyzed to in-
vestigate the working mechanism of the test piece. Fur-
thermore, it is assumed that the steel tube and the core
concrete are two parts during the stress process of the
structure, which are separately decomposed and calculated
during stress calculation. )e structure of the steel tube
constrained UHPC turntable is shown in Figure 17

When calculating the compressive bearing capacity of
steel tube restrained specimens and stirrup restrained

specimens, we adopt the ultimate analysis method, i.e., the
method of obtaining the compressive bearing capacity
through the equilibrium conditions of the specimen under
the ultimate state of compression. In the calculation, the
failure type in the ultimate state of the structure is strength
failure, which occurs before stability failure.

)e core concrete of the confining components is in a
three-way compression state, which greatly improves the
strength of the material.)e compressive bearing capacity of
concrete-filled steel tube is given as follows [20]:

f
⇒
c � fc 1 + 1.5

��
P

fc



+ 2
P

fc

⎡⎣ ⎤⎦, (10)

where P is the lateral pressure of the concrete, fc is the
compressive strength of the concrete without lateral pres-
sure, and f⇒c refers to the compressive strength of the
concrete-filled steel tube. It is assumed that the steel-free
fiber concrete is similar to UHPC concrete, and therefore,
the same formula can be applied to calculate its bearing
capacity. However, they both involve different parameters,
and the two expressions are considered to be same, albeit
with different parameters. )e compressive strength can be
calculated as

f
⇒
c � fc 1 + a

��
P

fc



+ b
P

fc

⎡⎣ ⎤⎦, (11)

where a and b are changed as required. According to the
balance of external and internal loads, the formula is pre-
sented as

N � Acσc + Asσ1, (12)

σ2t �
dc

2
p, (13)

where N refers to the compressive strength, Ac is the area of
the core concrete, and σc is the longitudinal stress of the core
concrete. Furthermore, As is the cross-sectional area of steel
tube, σ1 is the longitudinal stress of the steel tube, σ2 refers to
the radial tensile stress, t is the thickness of the steel tube, and
dc is the diameter of the core concrete.

Upper spherical hinge

R

R1

fLower spherical hinge

θ

α

O

Figure 16: Stress distribution of spherical hinge.

Table 3: )eoretical and measured values of compressive strength
of spherical hinge.

Specimen number

Measured
values
(MPa)

)eoretical
values, fcu′
(MPa)

)eoretical
values/

measured
values

No. 1 No. 2 No. 1 No. 2 No. 1 No. 2

Cube compressive
strength (fcu)

150 164 — — — —

Spherical
hinge

First set 77 84 70 77 0.91 0.92
Second
set 70 84 70 77 1.00 0.92

)ird set 70 81 70 77 1.00 0.95
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Based on Von Mises conditions, the external steel tubes
should satisfy

σ21 + σ1σ2 + σ22 � f
2
s . (14)

Here, σc can be calculated as

σc � fc 1 + a

��
P

fc



+ b
P

fc

⎡⎣ ⎤⎦, (15)

Combined with (10)–(15), σ1 can be obtained using

σ1 �

�������������

f2
s − 3p2 As

As

 

2




− p
As

As

. (16)

Alternatively, the formula can be stated as

σ1 �

�����������

1 −
3
ζ2

p

fc

 

2




−
1
ζ

p

fc

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦fs, (17)

where ζ �Asfs/Acfc reflects the relationship between the
external constraint and the core concrete, and it is called the
confinement index, which can be obtained via this formula
as Asfs/Acfc. Alternatively,

p �
2tσ2
dc

�
1
2

Asσ2
Ac

,

p �
pmax

fc

�
1
2

Asf2

Acfc

.

(18)

)e above formula indicates that the ratio of the lateral
pressure to the axial pressure is half of the confinement
index. On combining (14) and (15) with (11), we get

N � Acfc 1 +

������������

1 −
3

ζ2 p/fc( 
2



+
a

ζ

�����������
p

fc

+
b − 1
ζ

p

fc



⎛⎝ ⎞⎠ζ⎡⎢⎢⎣ ⎤⎥⎥⎦.

(19)

According to (17), when the confinement index is a
constant, the ultimate bearing capacity N is a function of the
lateral pressure p, and the derivative of p is

dN

dp
� 0. (20)

Finally, we get
3 p/fc( 

������������

ζ2 − 3 p/fc( 
2

 −
a

2
����
p/fc

 − (b − 1) � 0. (21)

)e lateral pressure p∗ under the maximum load cor-
responding to the confinement index can be obtained from
(19). According to (17), the bearing capacity of the com-
pressive strength of the constrained turntable specimen is
given as

N � Acfc(1 + αζ). (22)

In (22), α can be attained by

σ⇒1
fs

�

������������

1 −
3

ζ2 p/fc( 
2



−
1
ζ

p⇒

fc

⎡⎢⎣ ⎤⎥⎦, (23)

σ⇒1
fs

�

������������

1 −
3

4 σ⇒1 /fs( 
2



−
1
ζ
σ⇒1
fc

⎡⎢⎣ ⎤⎥⎦. (24)

Because P⇒/fc � (1/2)Asfs/Acfc � (1/2)ζ , the formula
can be written as

α �
a
�
2

√
a
�
ζ

 + b −
1
2

 . (25)

Based on the above information, the formula to calculate
the ultimate bearing capacity of compressive strength of steel
tube-UHPC specimens is

N � Acfc 1 +
a
�
2

√
�
ζ


+(b − 1)ζ . (26)

As per (26), the formula to obtain compressive bearing
capacity of steel pipe UHPC spherical hinge is transformed
into a formula related only to the confinement index ζ and
parameters a and b. )e confinement index is related to the
wall thickness of the steel pipe, and the parameters a and b
can be fitted by the method of steel tube test and numerical
analysis.

dct t

σ1

σ2 σ2

σ1 σc

Figure 17: Internal force diagram of turntable structure.
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We apply the finite element numerical analysis
method to calculate the bearing capacity of the multiple
sets of steel pipe UHPC specimens with different hoop
coefficients. To model a steel tube, we need to consider the
shaping effect of the material, i.e., the nonlinear effect of
the material. During the analysis period, a classic bilinear
follow-up hardening model is adopted: the stress-strain
curve of the material contains two slope curves. )e rising
section is the elastic stage of the material, and its slope is
the elastic modulus of the material; the straight line
section is the deformation stage and its slope is 0, where
the material is in its reinforcement stage. )e bilinear
follow-up hardening model is simple and reliable, and it
converges quickly during calculation. )e constitutive
relationship of the steel tube material is shown in Fig-
ure 18. )e concrete material adopts a multilinear
strengthening model. When the material arrives at the
yielding stage, it enters the plastic stage. )e yield
strength increases with an increase in the load. )e
constitutive model of the concrete material is shown in
Figure 19.

)e models are created with SOLID65 units in ANASYS,
and SOLID185 is used for the outer steel tubes; the steel
tubes and core concrete are treated as contact units. )e
bottom is completely consolidated, and the top filled with
core concrete is subjected to all pressures (Figure 20). In this
test, the confining parameter of the steel tube-UHPC
specimen is 0.2.)erefore, 10 sets of confinement indices are
selected to calculate the finite element model, as listed in
Table 4.

)e stress contours of finite element models of the
seventh set are shown in Figure 21, and the crack devel-
opment process is shown in Figures 22–24. According to the
results of the stress contours, the compressive stress of the
concrete in the spherical hinge is ring-shaped: the internal
stress is low, and the compressive stress gradually increases
with the increase in the radius. In the limit state, the core
concrete compressive stress reaches 153MPa, and the ex-
ternal steel pipe reaches 225MPa. According to
Figures 22–24, the specimens produce a crack along the
outer edge of the spherical hinge under the 29th load step; at
this time, the crack does not penetrate. At step 32, the cracks
on the outer edge of the structure are connected as a whole
and extend to the core concrete; however, all cracks are on
the top surface, and the structure continues to bear the
pressure. At step 73, the cracks propagate into the core
concrete, all cracks penetrate up and down, and the structure
reaches the failure stage.)emodel is consistent with the test
results in terms of both the stress state and the failure mode,
which proves that calculation results of the model are
reliable.

)e load value was considered as the value of the
ultimate load; the load value is obtained when the core
concrete reaches the ultimate strength or the external steel
pipe reaches the yield strength. Based on the finite element
results, (26) is fitted to calculate parameters a and b.

As parameters a and b can be attained from Figure 25,
the fitting formula is given as

N � Acfc[1 + 1.658
�
ζ


+ 4.874ζ]. (27)

)us, when a � 2.87, the standard deviation is 0.504;
when b � 5.874, the standard deviation is 0.86. )e value
0.982 is the curve fitness of the spherical hinge, which
shows good agreement. )e compressive strength of
specimens in the fourth set can be obtained using (27) as
the confinement index is ζ � (Asfs/Acfc) � 0.2 On
substituting the confinement index into (26), the com-
pressive strength of the specimens is obtained as
σ � N/Ac � 206.2MPaAc, which is a deviation of 0.4%
from the measured value of 207MPa.

(3) Constrained by Stirrups.UHPC concrete features high
compressive strength, good homogeneity, and small lateral
deformation under vertical load; therefore, the mechanical
properties of confined concrete compression structures with
different strength levels and those with stirrups will be very
different. In this case, their calculation model will be quite
different from that of the traditional common reinforced
concrete structures. )e present paper then proposes a
formula for calculating the strength of confined concrete in
terms of stirrup-constrained spherical hinge; for example,
the strength of the stirrups is related to diameter d and
distance s of the stirrups.)e area of the stirrups is converted
to the equivalent thickness of the steel tube outside the
spherical hinge for analysis, based on the principle of the
equal area of the steel bar. )e formula is given as

fs dAs � fsts, (28)

where fs d is the tensile strength of the steel bar, As is the
cross-sectional area of the steel bar, fs is the equivalent steel
tube tensile strength, and t is the wall thickness of the
equivalent steel tube. Assume fs d � fs; then, based on
Figure 26, the balance formula is given as

σr �
2tfs

R
, (29)

where σr refers to the peak stress of the core concrete. On
combining (28) and (29), we get

σr �
2tfs

R
∗

As

s
. (30)

)e formula above shows that the peak stress of the
core concrete is related to the equivalent hoop stress of
the steel tube. According to Hooke’s law, the lateral
deformation of the material is related to the vertical
deformation and Poisson’s ratio. According to pre-
vious studies, when the core concrete reaches the peak
stress, the formula to obtain axial strain of the core
concrete is given by

εcc � ε0 1 + 26 kc + λt( 
1,7

 , (31)

where ε0 � 0.7f0,31
co /1000 and the coefficient λt � ρvfv/fco.

Poisson’s ratio in the limit state of concrete under the
stirrup restraint is different from the value in the elastic
stage. After testing multiple sets of specimens in the limit
state [21, 22], Poisson’s ratio is obtained, i.e., vcc � 0.46. In
the limit state of the test piece—assuming the transverse
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strain of the steel and concrete are the same—the
equivalent circumferential stress of the steel pipe is

fs
′ � εccvccEs. (32)

)e constrained stress σr under the ultimate state
bearing capacity can be obtained by combining (32) and
(30).

Previous studies [21, 22] have shown that there is a
certain relationship between the compressive bearing ca-
pacity of constrained concrete and the constraining force σr.
)us, the formula to obtain the strength of the constrained
concrete fcc is given as

fcc

fc0
� 085 + a

σr
′

fco

 

b

, (33)

where fcc is the compressive bearing capacity of the spec-
imen constrained by stirrups. To obtain parameters a and b,
a large amount of test data is required for regression analysis.
In this study, the compressive strength of 206 sets of stirrup-
constrained specimens in the literature is used [21, 22], and
the values of the parameters a and b are fitted to 0.51 and
0.22. )e compressive strength of the stirrup-constrained
spherical hinge specimen is given as

fcc � 0.85fc0 + 0.51fc0
σr
′

fco

 

0.22

. (34)

According to (34), the compressive strength of the sixth
set is 150MPa. )e deviation from the actual measured
compressive strength is 9.8%, which shows that the formula
has a good fit.

(4) Directional Steel Fiber Spherical Hinge. )e UHPC
turntable specimens are divided into directional and ran-
domly distributed ones. )e presence of steel fibers con-
tributes significantly to the improvement of the crack
resistance of the material. When the steel fibers are aligned,
the fiber arrangement direction is perpendicular to the
cracking direction, which inhibits cracking to a certain
extent and considerably improves the compressive strength
of the turntable. )ree theories are considered in terms of
the enhancement influence of the steel fiber on the materials:
composite mechanics theory, fiber cracking resistance
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Figure 18: Constitutive model of steel tube.
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Figure 19: Constitutive model of steel concrete.
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theory, and multislit cracking theory. For the directional
steel fibers discussed in this section, it is assumed that the
enhancement of the material is related to the direction
coefficient and the distribution of steel fibers. )is study
investigates the advantages and disadvantages of the three
methods, and it employs the fiber cracking theory to cal-
culate the compressive strength of the specimens [23–26].

)e fiber cracking theory is based on relevant theories of
fracture mechanics for describing the restraint effect of steel
fibers on cracks. )ere are natural holes and defects in
UHPC concrete; hence, it is necessary to avoid the occur-
rence of internal stress concentration to reduce defects and
improve the performance of materials. When a crack is
generated inside the material and does not exceed the range

of the steel fiber, it needs to span at least one steel fiber to
exert an inhibitory effect on the crack and improve the crack
resistance of the material. )is theory assumes that the
tensile stress of the fiber is uniformly distributed in the
material with an average spacing of S and a stress con-
centration coefficient K1 generated at the crack end in the
concrete. When the crack spreads to the cross section of the
fiber and the material, shear stresses at the contact surface
restrain the cracks. At this time, the crack tip generates a
stress coefficient K2, which is opposite to K1, and the total
stress concentration coefficient can be calculated via
K�K2 − K1. Romualdi proposed that the crack resistance of
steel fibers is determined by their spacing. When the average
spacing of steel fibers is less than 7.6mm, the material

Table 4: Compressive strength of test pieces with different confining parameters.

Finite element
number Confinement index ζ Finite element model compressive strength

(MPa)
Test results compressive strength

(MPa)
1 0 75.9 72.3 (set 1)
2 0.01 77.3 78 (set 5)
3 0.02 80.2
4 0.05 101.9 129.3 (set 6)
5 0.08 131.2
6 0.1 158.2
7 0.2 208.3 207 (set 4)
8 0.3 256.2
9 0.4 291.2
10 0.5 320.2
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properties can be improved considerably. When the fibers in
the concrete are randomly distributed, the formula of the
average distance S is

S � 13.8d

���
1

Vb



, (35)
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Figure 22: Spherical hinge cracking diagram 1.
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Figure 23: Spherical hinge cracking diagram 2.
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where d represents the diameter while Vb is the content of
the steel fibers.

Furthermore, Romualdi proposes models for the
average spacing of fibers in different dimensions con-
sidering factors affecting the directions of steel fibers.
When the fibers are one-dimensionally distributed, the
direction coefficient is 1 and the formula is

S �
8.86 d

���
Vb

 . (36)

When the fibers are two-dimensionally distributed, the
direction coefficient is 0.64, and the formula is given as

S �
11.1 d

���
Vb

 . (37)
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Figure 24: Spherical hinge cracking diagram 3.
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When the fibers are three-dimensionally distributed, the
direction coefficient is 0.41, and the formula is given as

S �
13.8d

���
Vb

 . (38)

From the above formulas, it can be conjectured that
the average spacing of steel fibers is related to the di-
ameter and the content of the steel fibers; the larger the
content, the smaller the average distance. Furthermore,
the smaller the steel fiber diameter, the smaller the av-
erage spacing, and thus, the greater the constraint it will
have on the cracks. )e spacing of the three-dimensional
constraint is greater than that of the one-dimensional
one. In this study, the UHPC spherical hinge specimen
with directionally arranged steel fibers can be regarded as
a one-dimensional distribution. )e UHPC spherical
hinge specimens with randomly distributed steel fibers
can be regarded as a three-dimensional distribution of the
steel fibers. Furthermore, the average spacing of steel fiber
specimens is 0.64 times than that of randomly distributed
specimens, and its crack resistance is thus increased by
55.8%. )is is in line with the theory that claims cracks
can be enhanced by the directional arrangement of steel
fibers.

For the specimens in the first, second, and third sets, the
compressive strength is related to the average distance of the
steel fiber. According to (35), it is observed that the com-
pressive strength of the specimen is proportional to the
square root of the amount of the steel fiber. When the steel
fiber amount is 2.5%, its compressive strength would in-
crease by about 20% and the compressive strength value
should be 86MPa. )e actual test result is 83MPa, which is
3.5% less than the theoretical value.

According to (36) and (37), the compressive strength is
directly related to the orientation of the steel fibers. In the
third set, the specimens are arranged in a certain direction to
ensure its crack resistance at the maximum state. When steel
fiber is set in one dimension, the average distance is
S � 8.86d/

���
Vb


. In the first set, the specimens with steel

fibers are arranged in three dimensions, and the average
distance is S � 13.8d/

���
Vb


; thus, if the directional ar-

rangement of the steel fiber samples increases by 55.8%, the
compressive strength is 112.7MPa. )e measured result is

119MPa, which is a deviation of 5.6%. )erefore, after
measuring the compressive strength of the spherical hinge,
the compressive strength of the spherical hinge is prelimi-
narily determined by the amount and arrangement direction
of the steel fiber. However, the effect of the arranging di-
rection of the steel fiber on the compressive strength of the
spherical hinge needs to be studied further to obtain the
precise relationship between the two.

4. Conclusions

In this study, we examined six sets of spherical hinge
specimens using uniaxial compression tests, and we derived
the compressive strength formula using the limit analysis
theory. )e following conclusions can be drawn:

(1) )e compressive strength of the UHPC spherical
hinge exceeded 72MPa, thus meeting the require-
ments of 10,000 ton bridges during the rotation
process. However, its safety factor does not meet the
specification requirements, and hence, we do not
recommend directly using UHPC spherical hinges in
engineering applications.

(2) )e compressive strength of the spherical hinge
depends on the maximum radial compressive stress
at the center of the sphere. When the radius of the
spherical hinge was 100mm, the maximum com-
pressive stress was 2.1 times the average compressive
stress. )e compressive stress distribution inside the
specimen was uniform, and in this case, the com-
pressive strength of the spherical hinge was less than
that of the cube.

(3) )e compressive strength of CFST spherical hinge
turntable was 207MPa, which meets the strength
standard of Q235 steel spherical hinge of the same
size. )is serves as the experimental basis for
replacing the traditional structure. )e compressive
strength formula was obtained by applying the limit
analysis theory and finite element method.

(4) )e compressive strength of the stirrup-constrained
spherical hinge can be improved significantly;
however, the restraining radius of the stirrup needs
to be considered in the design. If this is not con-
sidered, the loading effect will be poor.

(5) )e fiber cracking theory was employed to explain
why the directional alignment of steel fibers can
improve compressive strength. However, the size of
the spherical hinge in this article is small, and the
results are widely dispersed. )e influence of the
directional effect of steel fibers on compressive
strength, further detailed experiments, and theo-
retical analysis are needed.

Data Availability

)e data used to support the findings of this study are
available from the corresponding author upon request.
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