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A B S T R A C T   

This study studies the torsional capacity of rectangular ultra-high-performance-concrete (UHPC) 
beams. Nine UHPC beams were tested under pure torsion load. The failure modes were presented 
and the influences of parameters, including reinforcement ratio, stirrup ratio and steel fiber 
content were discussed. The experimental results showed that longitudinal reinforcement ratio 
had little effect on crack width and plastic stiffness in serviceability stage. Increasing the stirrup 
ratio and steel fiber content effectively inhibited the development of crack width and improved 
plastic stiffness. The torsional ductility of UHPC beams decreased with the increase of longitu-
dinal reinforcement ratio but increased with the increase of stirrup ratio and steel fiber content. 
The cracking torque and elastic stiffness of UHPC beams were less affected by the reinforcement 
ratio and increased with the increase of steel fiber content. The twist, energy consumption, and 
ultimate torque of UHPC beams increased with the increase of longitudinal reinforcement ratio, 
stirrup ratio, and steel fiber content. The damage index of UHPC beams was 0.85–0.90, and the 
plastic stiffness accounts for 1/25–1/10 of the elastic stiffness.   

1. Introduction 

Relevant scholars and experts have done many research on flexural and shear behavior of UHPC members [1–4], while the little 
attention has been paid to torsional performance. In the past, increasing stirrups and longitudinal reinforcement ratio resisted the 
torque of the members. With the development and application of new materials, the building components are developing towards 
light-weight, high-strength and assembly. The building structure becomes more higher, complex and flexible. The torsion problem of 
the components cannot be ignored. 

For torsion in concrete beams, Hong [5] carried out pure torsion test on reinforced concrete (RC) beams and found the torsional 
failure law of RC beams. Lopes et al. [6] conducted torsion test of high-strength concrete hollow beams. The results showed that the 
torsional ductility only occured for the narrow interval of torsional reinforcement. Rahal et al. [7] presented a simple non-iterative 
model for calculating the ultimate torsional strength of ordinary and high-strength concrete members, combining the influence of 
longitudinal reinforcement, stirrup, concrete compressive strength and cross-sectional area. However, the poor tensile strength and 
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brittleness of ordinary concrete and high-strength concrete limit application in torsion members. The steel fiber was added to form 
fiber concrete, increasing the tensile strength of concrete and decreasing the brittleness of concrete. Rao et al. [8] found that adding 
steel fibers could improve the torsional strength and ductility through the torsional test of steel fiber reinforced concrete beams. Okay 
et al. [9] analyzed the influence of steel fiber content, fiber length width ratio and longitudinal reinforcement on the torsional per-
formance of steel fiber reinforced concrete beams. The results showed that the energy absorption capacity was significantly affected by 
the steel fiber. Karimipour et al. [10] found that polypropylene fibers improved torsional behavior comparing to steel fibers for high 
performance concrete beams. UHPC is a new type of cement-based composite material composed of high-density matrix and steel fiber 
made according to the maximum bulk density theory [11,12], which has been widely used in bridges, buildings, nuclear power, 
municipal, marine and other projects [13–15]. UHPC is different from ordinary concrete and high-strength concrete. The “bridging” 
effect of steel fiber makes UHPC show different characteristics under torque. The high density of the UHPC matrix allows for better 
tensile action and tensile efficiency of the fibers in the concrete matrix, which makes UHPC different from fiber concrete. 

UHPC has also been used in torsional specimens. Yang et al. [16] found that the torsional strength of UHPC beams increased with 
the increase of steel fiber content, stirrup ratio and longitudinal reinforcement ratio. Alamli et al. [17] tested the torsional performance 
and load carrying capacity of hollow activated powder concrete T-beams. The results showed that 2% of steel fibers significantly 
improved the cracking torque and ultimate torque of hollow activated powder concrete T-beams. Ibrahim et al. [18] found that the 
failure mode was controlled by combination of oblique concrete crushing and spalling of concrete cover when the concrete cover was 
small, and by spalling of concrete cover when the concrete was concrete cover large. Mohammed et al. [19] found that UHPC jackets 
could delay the formation of cracks and improved the torsional load capacity of the torsional beam. Zhou et al. [20] concluded that the 
cracking torque of the test beam depended mainly on the section size and was less influenced by the wall thickness and section type. 
The flange plate could improve the torsional strength and reduced the torsional deformation according to the flange UHPC hollow 
beam torsion test. Zhou et al. [21] found the mixing effect of steel fibers. The cracking and ultimate torque of mixed steel fiber UHPC 
beams were higher than that of single steel fiber beams. Fehling [22] experimentally found that the steel fiber content exceeded 0.9% 
to achieve an effective load-bearing mechanism after cracking together with the longitudinal reinforcement. 

At present, the influence mechanism of longitudinal reinforcements, stirrups and steel fiber content on the torsional performance of 
UHPC beams is unclear, and various factors affect each other. To evaluate the synergy between the research variables and UHPC from 
the aspect of torsional performance, the torsional response of UHPC beams in terms of longitudinal reinforcement ratio, stirrup ratio 
and steel fiber content were investigated in this study, and the nine UHPC beams were fabricated and tested. The stress characteristics 
of reinforcement and UHPC at different loading times were revealed and the role of steel fiber in the torsion process was explored. The 
applicability of the current calculation formula for concrete torsion was verified, and the calculation formula for torsional bearing 
capacity of UHPC beams was proposed. 

2. Experimental program 

2.1. Material property 

The mix proportion of UHPC used in the test is presented in Table 1. The materials included silica sand, cement (PO42.5), silica 
fume, steel fiber, superplasticizer and water. The material properties are summarized in Table 2. 

The preparation process of UHPC beams was as follows: First place the wood mold on the ground and keep the level. Meanwhile, 
the three grades of silica sand were pre-mixed for 2 min. Before, the steel fibers were added and mixed for another 2 min. Then, cement 
and silica fume were added and mixed for 10 min. Next, superplasticizer and water were put in and stirred for 6 min. At the end, mixed 
UHPC was placed from one end of the wooden mold and allowed to flow freely, and the beams were smoothed out and maintained for 
28 days. 

Meanwhile, specimens were poured to measure the mechanical properties of UHPC. Standard specimens, 100mm× 100mm×

100mm, were continuously and uniformly loaded (rate of 1.2 MPa/s) until destruction, measuring the UHPC cubic compressive 
strength. The pouring surface of specimens was perpendicular to the loading direction during loading. Standard specimens, 100mm×

100mm× 100mm, were placed in the concrete splitting tensile test fixture. Specimens were continuously and uniformly loaded (rate 
of 0.12 MPa/s) until the specimen failed, measuring the splitting tensile strength of the UHPC cube. The centerline of the fixture was 
coincident with the center of the press plate. A prism of 150mm × 150mm × 300mm was used to conduct the UHPC elastic modulus 
test in response to the GB/T31387-2015 [23], as shown in Fig. 1. The mechanical properties of UHPC are given in Table 3. 

The diameter of HRB400 steel bars used in the test beams were 10 mm, 12 mm, 14 mm and 16 mm. The mechanical properties of 
steel bars are shown in Table 4. 

2.2. Specimen preparation 

In order to study the effect of longitudinal reinforcement ratio, stirrup ratio and steel fiber content on the torsional performance of 

Table 1 
Mix design of UHPC.  

Materials Cement Silica sand Silica fume Superplasticizer Water Steel fibers 

Coarse sand Medium sand Fine sand 

mix proportion 1 0.2 0.8 0.2 0.3 0.02 0.23 0.75%/1.5%/3% 

Where:Steel fiber is the volume dose, others are mass dose. 
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Table 2 
Material properties.  

Materials Material properties 

Silica sand Coarse sand (0.63–1.25 mm), Medium sand (0.315–0.63 mm), Fine sand (0.16–0.315 mm) 
Cement Portland cement (PO42.5) 
Silica fume Silica flour with 98% SiO2 at 0.3 μm average diameter 
Steel fibers Diameter:0.2 mm and length:13 mm, Smooth and straight steel fiber 
Superplasticizer The water reduction rate of polycarboxylate superplasticizer is 29%  

Fig. 1. UHPC mechanical properties tests; (a) concrete cube compressive strength, (b) concrete cube splitting tensile strength, (c) UHPC elastic modulus.  

Table 3 
Mechanical properties of UHPC.  

Steel fiber content ft(MPa) fc(MPa) Ec(GPa)

0.75% 4.22 116.20 42.5 
1.5% 7.10 123.76 44.2 
3% 7.91 131.58 45.6 

Where: ft is the tensile strength of UHPC; fc is the cubic compressive strength of UHPC; Ec is the elastic modulus of UHPC.  
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UHPC beams, nine steel rebars reinforced UHPC beams were designed. The test beams are 2100 mm in length and 1200 mm in pure 
torsional test section. To prevent the failure of the beams outside the purely torsion zone, the stirrup encrypted zone was set at both 
ends of beams. The length of the encryption zone was 450 mm, and the spacing of stirrup was 50 mm. The concrete cover was 20 mm. 
The dimensions and reinforcement are shown in Fig. 2 and Table 5. The UHPC beams were named according to the longitudinal 
reinforcement ratio, stirrup ratio and steel fiber content. L represented the longitudinal reinforcement ratio, S represented the stirrup 
ratio, and F represented the steel fiber content. For example, L121S126F075 represented UHPC beams with longitudinal reinforcement 
ratio of 1.21%, stirrup ratio of 1.26%, and steel fiber content of 0.75%. 

2.3. Test set up 

The locations of the steel strain gauges are shown in Fig. 3. Strain gauges were placed at the fourth-order point of longitudinal 
reinforcement in test section to measure the strain of longitudinal reinforcement. Apply strain gauges at the midpoint of the four sides 
of the stirrups and measure the strain of the stirrups. Rosettes were pasted at the quarter points of the UHPC beam test section to 
measure the concrete strain. Inclinometers were placed at the start and end points of the UHPC beams test section as well as at the 
quadrature points to measure the beams rotational angle, as shown in Fig. 4. The accuracy of inclinometer is 0.05◦ (0.00087 rad). The 
surface of the UHPC beam was whitened and divided into a grid before testing, and the crack observation instrument was used to 
observe and record the development of cracks during the test. 

The experiment was conducted at Guilin University of Technology. Static loading was carried out by hydraulic jack, as depicted in 
Fig. 5. The steel plates with holes on both sides were placed on the rollers, and the bolts that keeping the steel plates balanced were 
installed on both sides of the steel plates. After the steel plates on both sides were adjusted to the same horizontal position, the UHPC 
beam was assembled on the steel plate. Steel cantilever beams were assembled on both sides of the UHPC beam. The cantilever beams 
and the bottom steel plate were fixed with bolts, so the test beam could rotate with the cantilever beam. The pressure transducer and 
jack were fixed at the geometric center position on the upper surface of the distribution beam and lifted together to the counterforce 
frame. The bottom balancing bolt was removed when loading. The 200 KN hydraulic jack was used to apply vertical load to the 
distribution beam to achieve the torsion of both ends of the test beam at the same time. The length of the torsion arm was 0.61 m in the 
initial state. 

The test was implemented by applying staged loading. The cracking torque of the test beams was estimated. Before reaching 80% of 
the predicted cracking torque, the loading value of each stage was 10% of the predicted cracking torque. When approaching the 
cracking torque, each stage was loaded at 5% of the cracking torque, and the load was increased to 10% of the cracking torque at each 
stage after cracking. To ensure the full development of the crack, the load of each increment was maintained for 5–10 min. 

3. Experimental phenomena 

The failure modes of the UHPC beams are illustrated in Fig. 6(a). The failure modes of UHPC beams were divided into two types: 
brittle failure and ductile failure. L00S00F075 and L121S00F075 were not equipped with stirrups, and the failure occurs quickly after 

Table 4 
Mechanical properties of HRB400 reinforcement.  

d (mm) A (mm) fy (MPa) fu (MPa) 

10 78.5 467.1 611.4 
12 113.1 452.4 603.4 
14 153.9 447.9 598.1 
16 201.1 441.7 602.3 

Where: d is diameter of rebar, A is area of rebar, fy is yield strength of rebar, fu is ultimate strength of rebar.  

Fig. 2. Section details of test beams.  

X. Cao et al.                                                                                                                                                                                                            



Journal of Building Engineering 69 (2023) 106231

5

cracking. This type of brittle damage was characterized rapidly and suddenly. However, the configuration of longitudinal rein-
forcement made the internal force distribution more uniform and the damage range greater when the test beam was damaged, as 
shown in Fig. 6(b) and (c). After cracking of other test beams, many parallel cracks were slowly added with the increase of load. 
Finally, the test beams were damaged with the widening of an inclined crack in the pure torsion section. This type of ductile damage 
was characterized slowly and obvious failure warning. The different amount of reinforcement and steel fiber content resulted in the 
different number of helical cracks under the action of torque. The UHPC beams with stirrups ratio of 1.26% had denser cracks on the 
surface of the beams at failure and only had one main crack. However, the cracks on the surface of the test beam were sparser when the 
UHPC beams with 0.63% and 0.84% stirrups ratio were damaged, and the test beam had two parallel main cracks. This indicates that 
the restraining power of the concrete in the core area was weakened by the large spacing of stirrups. Compared with L121S084F075, 
two large cracks of L121S084F150 merged into one major crack in the middle of the test beam at failure, while L121S084F300 had only 
one major crack. The reason was that increasing steel fiber content improved the “bridging effect” between the concrete matrix, which 
was conducive to promote stress redistribution and resist crack instability expansion. There was no spalling for surface concrete of 
UHPC beams during the failure. The failure of the UHPC beams was completely controlled by the yield of reinforcement and the 
oblique concrete crushing, which was different from the ordinary concrete beam [18]. 

This paper took L164S084F075 as an example to describe the failure process of the UHPC beams, as illustrated in Fig. 6(d). The 
deformation of the UHPC beam under the load was slight and negligible before cracking. The torque was 7.59 kN⋅ m when the first 

Table 5 
Main parameters of UHPC beams.  

Beams b× h/mm2 L/mm ρ % ρsv % ζ ρs % 

L00S00F075 150 × 250 2100 0 0 – 0.75 
L121S00F075 150 × 250 2100 1.21 (4C 12) 0 – 0.75 
L121S126F075 150 × 250 2100 1.21 (4C 12) 1.26(C 10@100) 1.03 0.75 
L164S126F075 150 × 250 2100 1.64 (4C 14) 1.26(C 10@100) 1.40 0.75 
L214S126F075 150 × 250 2100 2.14 (4C 16) 1.26(C 10@100) 1.83 0.75 
L121S084F075 150 × 250 2100 1.21 (4C 12) 0.84(C10@150) 1.54 0.75 
L121S063F075 150 × 250 2100 1.21 (4C 12) 0.63(C 10@200) 2.06 0.75 
L121S084F150 150 × 250 2100 1.21 (4C 12) 0.84(C 10@150) 1.54 1.50 
L121S084F300 150 × 250 2100 1.21 (4C 12) 0.84(C 10@150) 1.54 3.00 

Where: b is the beam width, h is beam height, L is the beam span, ρ is the longitudinal reinforcement ratio, ρsv is the stirrup ratio, ζ is the reinforcement strength ratio, ρs 
is the content of steel fiber.  

Fig. 3. Reinforcement strain gauge arrangement.  

Fig. 4. Inclinometer, concrete strain gauge arrangement.  
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oblique crack appeared in the middle of the side of the UHPC beam, and the crack was slightly invisible. The appearance of crack was 
accompanied by the obviously sound of “clunk”, and the angle between the initial crack and the beam axis was about 45◦. As the load 
increasing, the elongated cracks parallel to the initial cracks kept appearing, and the oblique cracks continually developed to the top 
and bottom of the UHPC beam. Cracks appeared at the top and bottom of the UHPC beam, as the torque reaching 9.52 kN⋅ m (0.45 Tu). 
With the increase of load, the oblique cracks continued to expand to the inside of the beam, and finally formed spiral cracks on the 
surface of the UHPC beam. When torque reached approximately 0.8 Tu, new cracks hardly appeared. The crack width increased with 
increasing torque. A crack width rapidly increased and continuously merged with surrounding cracks to form a main crack when the 
torque reached 19.28 kN ⋅ m (0.9Tu). With the increase of the load, all the steel fibers on the crack surface were pulled out. The UHPC 
beam reached ultimate torque (Tu) and was damaged. 

4. Experimental results and discussion 

4.1. Strain gauge results 

The torque - strain curve of the test beams is plotted by selecting the larger strain of the reinforcement at the same torque, as shown 
in Fig. 7. Before cracking, the slope of the concrete torque-strain curve was significantly smaller than that of the steel torque-strain 
curve, which indicated that the torque was mainly borne by the concrete. The steel rebar was in an unstressed state at this stage. 
After cracking, with increased steel fiber content from 0.75% to 1.5% and 3%,the average tensile strains in the concrete on the surface 
of the UHPC beams were 151 με, 202 με, and 234 με, respectively. The average strain change of reinforcement was less than 30 με. 

As illustrated in Fig. 7(a), the concrete strain showed linear relationship with the torque before cracking. This implies that the 
concrete was in an elastic state before cracking. Failure occurred rapidly of plain concrete beam after cracking. The plain concrete 
beam was damaged with only one diagonal crack, leading to not reach the maximum tensile strain in the concrete at the strain gauge 
attachment. Rapid yielding of the longitudinal bars after cracking caused failure. Compared to the plain concrete beam, several cracks 

Fig. 5. Details of test setup; (a) schematic test setup, (b) actual test setup.  
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appeared on the surface of the UHPC beam with only longitudinal reinforcements. The concrete strain gauges at the cracks fracture 
leading to a sudden change in concrete strain after cracking. The stirrup yielded first compared to the longitudinal reinforcement. 

4.2. Analysis of cracks 

Fig. 8(a) shows the torque-main crack width curve. With the increase of crack width, the steel fibers at the crack were gradually 
pulled out. According to GB50010-2010 [24], the crack width under normal service conditions was limited to 0.3 mm. The crack 
development was divided into three stages according to the crack width: normal service stage, stable development stage, and insta-
bility stage. During the normal service stage (concrete cracking up to 0.3 mm), new cracks were continuously added to the surface with 
the increase of torque, and several cracks developed simultaneously. The crack width developed slowly and each crack width was 
similar. The main crack could not be identified. In the stable development stage (the crack width was 0.3 mm to the main crack 
appeared), the crack width increased obviously after each load, which eventually developed into the main crack. The maximum crack 
width was basically linear with the torque. The cracks entered the instability stage quickly after the appearance of the main crack. Steel 
fibers were completely pulled out at the cracks. The crack width increased sharply with the increase of torque, and the maximum crack 
width was between 10 and 20 mm when the UHPC beams were damaged. 

Fig. 8(b) shows the torque-maximum crack width curves for different longitudinal reinforcement ratios. The influence of 

Fig. 6. Failure modes; (a) Test beam failure figure, (b) L00S00F075, (c) L121S00F075, (d) L164S126F075.  
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longitudinal reinforcement ratio on crack width was different from stirrup ratio. During the normal service stage, the longitudinal 
reinforcement ratio had little influence on the maximum crack width. The reason was that the cracks under the torque firstly appeared 
at the midpoint of the long side of the beam section, while the longitudinal reinforcements were configured at the corners of the section 
to restrain the cracks weakly. After the maximum crack width exceeded 0.3 mm, the maximum crack width decreased with increasing 
longitudinal reinforcement ratio at the same torque. Because at this time the crack had developed from the middle of the long side of 
the section to the edge of the section. Fig. 8 (c) shows the torque-maximum crack width curves under different stirrup ratios. The 
maximum crack width decreased with the increase of the stirrup ratio at the same torque. Because oblique cracks on the surface 
intersected with the stirrups. The more densely the stirrups resulted in the better the suppression effect on the crack development after 
cracking. 

Fig. 8 (d) shows the torque-maximum crack width curves for different steel fiber contents. The maximum crack width of the UHPC 
beams with the same reinforcement ratio was significantly reduced with increasing the steel fiber content from 0.75% to 1.5% at the 
same torque. This means that the crack resistance was effectively improved with the increase of steel fiber contents. However, the 
maximum crack width of the UHPC beams with the same reinforcement ratio and same torque was similar when the steel fiber 
admixture was increased from 1.5% to 3%. The reason is that the mechanical properties of 1.5% and 3% UHPC were similar. 

Fig. 6 (a) shows the failure mode of UHPC beams. With the same steel fibers content, the number of cracks in the UHPC beams at 
failure was similar with the increase of longitudinal reinforcement ratio at the same stirrup ratio. The number of cracks at the same 
longitudinal reinforcement ratio increased with the increase of the stirrup ratio and steel fiber content. This indicates that increasing 
the stirrup ratio and steel fiber content could effectively enhance the stress redistribution, inhibiting the development of crack width 
and promoting the multiple cracking behavior. Although the stirrup ratio and steel fiber content had similarly effects, two factors had 
different ways of action. Increasing the stirrup ratio better transferred torque from the concrete to the test beam, reducing the stress 
level in the concrete. However, increasing steel fiber content increased the “bridging effect” in concrete, which better eliminated the 
stress concentration in concrete matrix and inhibited the development of crack width to promote the multiple cracking. 

Fig. 7. Torque-strain curve; (a)L00S00F075, (b)L121S00F075, (c)L121S126F075, (d)L164S126F075, (e)L214S126F075, (f)L121S084F075, (g)L121S063F075, (h) 
L121S084F150, (i)L121S084F300. 
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4.3. Ductility 

The plastic deformation capacity of the UHPC beams is expressed by the torsional ductility index (μ). In this study, the method 
proposed by Bernardo and Lopes [25,26] was used to calculate the torsional ductility index of the UHPC beams (refer to Eq. (1)), and 
the results are shown in Table 6. 

μ=
θu

θy
(1) 

Fig. 8. Effects of test parameters on maximum crack width; (a) Torque-maximum crack width curve, (b) longitudinal reinforcement ratio, (c) stirrup reinforcement 
ratio, (d) steel fiber content. 

Table 6 
Summary of experimental results.  

Test beams Tcr 

(kN ⋅ m) 
θcr 

(rad ⋅ m− 1) 
Ty 

(kN ⋅ m) 
θy 

(rad ⋅ m− 1) 
Tu 

(kN ⋅ m) 
θu 

(rad ⋅ m− 1) 
μ K1 

(kN ⋅ m2/rad) 
K2 

(kN ⋅ m2/rad) 

L00S00F075 7.82 0.0029 – – 8.41 0.0080 – 2697 134.09 
L121S00F075 7.93 0.0029 – – 8.51 0.0080 – 2734 113.73 
L121S126F075 8.54 0.0022 16.33 0.0356 19.49 0.0887 2.49 3882 233.32 
L164S126F075 7.59 0.0022 18.65 0.0478 21.44 0.0909 1.90 3450 242.56 
L214S126F075 8.24 0.0022 20.74 0.0526 23.00 0.0953 1.81 3745 248.02 
L121S084F075 7.69 0.0029 14.69 0.0469 16.50 0.0829 1.77 2652 158.99 
L121S063F075 7.53 0.0029 12.69 0.049 14.15 0.0750 1.53 2597 111.89 
L121S084F150 11.10 0.0036 19.07 0.0462 21.90 0.0916 1.98 3083 187.16 
L121S084F300 11.96 0.0036 19.40 0.0360 22.33 0.0909 2.53 3322 229.57 

Where: Tcr is cracking torque, θcr is cracking twist, Ty is yield torque, θy is yield twist, Tu is ultimate torque, θu is ultimate twist, μ is torsional ductility coefficient, K1 is 
elastic stiffness, K2 is plastic stiffness.  
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Where: μ is torsional ductility index, θu is ultimate twist, θy is yielding twist. 
L00S00F075 and L121S00F075 were brittle failure without calculating the ductility factor. Fig. 9(a) shows the effect of longitudinal 

reinforcement ratio on the ductility index of the UHPC beam. With the same stirrup ratio, the longitudinal reinforcement ratio 
increased from 1.21% to 1.64% and 2.14%, the ductility index decreased by 24% and 27%, respectively. The torsional ductility 
decreased with increasing the longitudinal reinforcement ratio. The reason was that the compressive strength of the concrete at the 
compression surface was the same when the test beam was damaged, and the higher the longitudinal reinforcement ratio led to the 
smaller the required deformation of the reinforcement after yielding of reinforcement. Fig. 9(b) illustrates the effect of stirrups ratio on 
the ductility index. With the same longitudinal reinforcement ratio, the stirrup ratio increased from 0.63% to 0.84% and 1.26%, the 
ductility index increased by 16% and 63%, respectively. The ductility index increased significantly with the increase of the stirrup 
ratio. Because the larger the stirrup ratio led to the more adequate the internal force redistribution. Thus, the average crack spacing 
and crack width on the surface of the test beam was smaller, which made the overall larger deformation before the crack instability 
damaged. 

Fig. 9(c) shows the effect of steel fiber content on the ductility index. With the same reinforcement ratio, the steel fiber content 
increased from 0.75% to 1.5% and 3%, the ductility index increased by 12% and 43%, respectively. The ductility was increased with 
the increase of steel fiber content. The reason was that the increase of steel fiber content improved the level of plastic development of 
concrete, which increased the ultimate twist of the UHPC beams. 

4.4. Stiffness and torque-twist curves 

The torque-twist curve of the test beams was divided into elastic stage, plastic stage, and failure state. Fig. 10(a) shows the 
schematic diagram of the stiffness analysis of the UHPC beams. 

In the elastic stage, the torque-twist curve was linear before cracking. The stiffness of the UHPC beams was large as shown in Fig. 10 
(a) (OA section). The torque-twist curve entered the plastic stage (AB section) after cracking. 

In the plastic stage, the torque-twist curve was nonlinear, and the tangent slope of the torque-twist curve declined consistently. The 
stiffness of UHPC beams was consistently degraded. The yield of the reinforcement was the failure stage (BC section) and the stiffness 
was further degraded. 

The test results for the nine UHPC beams are listed in Table 6. The torsional stiffness of the UHPC beams in elastic and plastic stages 
was calculated according to eqs. (2) and (3): 

K1 =
Tcr

θcr
(2)  

K2 =
Ty − Tcr

θy − θcr
(3) 

The elastic stiffness (K1) was larger and the reinforcement had less effect on the elastic stiffness before cracking. The K1 increased 
with the increase of steel fiber content. The stiffness of the UHPC beam was reduced substantially after cracking. The plastic stiffness 
was about 1/25–1/10 of K1. The stiffness decline was similar to that of ordinary concrete beams [5]. Fig. 10(b), (c) and (d) show the 
effects of longitudinal reinforcement ratio, stirrup ratio and steel fiber content on the plastic stiffness of the UHPC beams, respectively. 
In the plastic stage, the stiffness of the UHPC beams improved slightly with the increase of the longitudinal reinforcement ratio. 
However, the stirrup ratio was increased from 0.63% to 0.84% and 1.26%, the stiffness was improved by 42% and 109% respectively. 
The reason was that the stirrups had a greater limiting effect on the crack width than the longitudinal reinforcement in the plastic 
stage. The stiffness increased by 18% and 44%, respectively, when the steel fiber content was increased from 0.75% to 1.5% and 3%. 
The reason was that the steel fibers were not completely pulled out from the concrete matrix at this stage, and the UHPC connected by 
the steel reinforcement and steel fibers appeared “pseudo strain hardening” phenomenon [27,28]. The increase of steel fiber content 
improved the tangential modulus of UHPC during “pseudo-strain hardening” [29], which eventually led to the higher stiffness of the 
UHPC beams. 

The torque-twist curve of the test beam is shown in Fig. 11. The twist increased with the decrease of the longitudinal reinforcement 

Fig. 9. Effects of test parameters on torsional ductility; (a) longitudinal reinforcement ratio, (b) stirrup reinforcement ratio, (c) steel fiber content.  
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ratio and stirrup ratio at the same torque in the plastic stage. The UHPC beam was cracked and the torque was carried by the rein-
forcement and UHPC. The elastic modulus of reinforcement was larger than that of UHPC, which made the UHPC beams with high 
reinforcement ratio have greater bearing capacity and stiffness. Moreover, the influence of stirrup ratio on torque-twist curve was more 
obvious, which was consistent with the influence of reinforcement ratio on the stiffness. At the same torque, the twist decreased with 

Fig. 10. Effects of test parameters on plastic stiffness; (a) schematic diagram of stiffness analysis, (b) longitudinal reinforcement ratio, (c) stirrup reinforcement ratio, 
(d) steel fiber content. 

Fig. 11. Torque-twist curve.  
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the increase of steel fiber content. This implies that the increase of steel fiber content improved the tensile strength of the concrete and 
restrained the development of the crack width, resulting in reducing deformation of the test beams. The UHPC beams entered the 
failure stage when the ultimate torque was approached. The torque raise was small with the increase twist of the UHPC beam. 

4.5. Load capacity analysis 

The cracking torque of the UHPC beams is depicted in Fig. 12(a). The influence of longitudinal reinforcement ratio and stirrup ratio 
on cracking torque was small. Before cracking, torque was mainly borne by concrete. The elastic modulus of reinforcement was greater 
than that of UHPC. The placement of reinforcement in concrete increased the strength of the UHPC beams, meanwhile the presence of 
reinforcement increased the weak cross section of the UHPC beams, and the two superimposed on each other affected the cracking 
torque. 

The influence of steel fiber content on the cracking torque is depicted in Fig. 12(b). The cracking torque increased by 44% and 56% 
respectively when the steel fiber content was increased from 0.75% to 1.5% and 3%. The reason was that the “bridging effect” in the 
concrete matrix was enhanced with the increase of steel fiber content. Increasing tensile strength of the concrete led to improve the 
cracking torque. However, the cracking torque was improved by 8% when the steel fiber content was increased from 1.5% to 3%. This 
implies that the stress concentration [29] inside the concrete was caused by the agglomerate together form clusters of steel fibers in the 
concrete when the steel fiber content was too large. The tensile strength of the concrete was increased thus the cracking torque of the 
test beam was improved. 

The ultimate torque of each UHPC beams was compared, as illustrated in Fig. 13(a). The ultimate torque of L121S00F075 was 
improved 1.2% compared to L00S00F075, which indicated that only the longitudinal reinforcement had not significant effect on the 
ultimate torque. The effects of longitudinal reinforcement ratio and stirrups ratio on the ultimate torque are illustrated in Fig. 13(b) 
and (c). With the same stirrup ratio and steel fiber content, the ultimate torque was improved by 10% and 18% when the longitudinal 
reinforcement ratio was increased from 1.21% to 1.64% and 2.14%, respectively. At the same longitudinal reinforcement ratio and 
steel fiber content, the ultimate torque was improved by 16% and 34% when the stirrup ratio was increased from 0.63% to 0.84% and 
1.26%, respectively. The tensile strength of the reinforcement was greater than the tensile strength of the concrete that increasing the 
reinforcement ratio could effectively improve the ultimate load capacity. Moreover, the effect of stirrup ratio on the ultimate torque 
was greater compared to the longitudinal reinforcement ratio, similar as the finding from Yang [16]. 

The influence of steel fiber content on the ultimate torque is depicted in Fig. 13(d). At the same reinforcement ratio, the ultimate 
torque was improved by 30.5% and 33.1% with increasing the steel fiber content from 0.75% to 1.5% and 3%, respectively, but the 
ultimate torque was improved by only 2% with increasing the steel fiber content from 1.5% to 3%. The reason was that the splitting 
tensile strength of UHPC was highest at 2% of steel fiber content [30]. This indicated that the ultimate load capacity of the UHPC beam 
was effectively improved with increasing steel fiber content or the reinforcement ratio at a reasonable reinforcement strength ratio. 

4.6. Energy dissipation and damage 

The process of twisting concrete beams was accompanied by energy dissipation and damage. In this paper, energy method of the 
Najar [31,32] was used to study the torsional damage of UHPC beams. The complete torque-twist curve of the UHPC beams is 
illustrated in Fig. 14. The straight line OD represented the non-destructive loading route of the UHPC beams in the ideal state, the work 
of the external force in the ideal state: 

W = SODA = Kθ2/2 = WE + WP + WD (4) 

The curve OCB is the actual loading curve of the damage, and the area of the region OCBA is the deformation energy of the test 
beam, and the actual work done by the external force is: 

SOCBA =WE + WP (5)  

Fig. 12. Cacking torques; (a) comparison of cracking torque, (b) cracking torque of different steel fiber content.  
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Fig. 13. Ultimate torque; (a) comparison of ultimate torque, (b) Longitudinal reinforcement ratio, (c) Stirrup reinforcement ratio, (d) Steel fiber content.  

Fig. 14. Whole process curve of torque-twist.  
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Where: W is the work done by the external force in the ideal state; K is the average stiffness of the test beam before cracking and the 
value is equal to K1; θ is the twist of the test beam at the time of failure; WE is the elastic deformation energy; WP is the plastic 
deformation energy; WD is damage energy dissipation. 

The energy consumption capacity of the UHPC beam during torsion is denoted by the energy dissipation coefficient β. D is the 
damage index. 

β=
WE + WP

W
(6)  

D=
WD

W
= 1 − β (7) 

The energy dissipation coefficient and damage index of each UHPC beams are listed in Table 7. The damage index ranged from 0.85 
to 0.90. The energy dissipation (WE + WP) improved with the increase of reinforcement ratio and steel fiber content. The reason was 
that the elastic modulus of reinforcement and steel fiber was greater than that of UHPC, and the increase of reinforcement ratio and 
steel fiber content made the UHPC beam require more external work during the failure. However, the damage indexes of the test beams 
were similar. Because the plastic stiffness of the UHPC beams was much smaller than the elastic stiffness, resulting in too much nu-
merical disparity between the energy dissipated in each UHPC beam and the work done by the external force in the ideal state of the 
UHPC beam. 

5. Formula to calculate the torsional capacity of UHPC beams 

5.1. Cracking torque 

In this paper, the calculation methods recommended by ACI 318–19 [33], GB50010-2010 [24] and Kwahk [34] were used to 
calculate the cracking torque of the UHPC beams. The calculation equations are shown in Table 8. ACI 318–19 [32] and Kwahk [34] 
were based on thin-walled tube theory to derive the formula for cracking torque. GB50010-2010 [24] was based on the plasticity 
theory to derive the cracking torque of reinforced concrete beams under the action of pure torsion. The level of plastic development of 
the cross-section and the biaxial stress intensity criterion were considered in the derivation process. 

The theoretical values and test values of the suggestion formula for cracking torque are listed in Table 9 and Fig. 15. The influence 
of reinforcement on cracking torque was neglected in the derivation of each formula. The average values of the ratios of the test values 
to the theoretical values of GB50010-2010 [24], ACI318-19 [33] and Kwahk [34] suggestion formula were 1.14, 1.37 and 0.96, 
respectively, with corresponding coefficients of variation of 9%, 15% and 9%. GB50010-2010 [24] and ACI318-19 [33] were con-
servative prediction for cracking torque of UHPC beams. It has a certain safety reserve in the actual engineering application. The 
reason was that GB50010-2010 [24] was derived from the empirical data of ordinary concrete beams, while UHPC beams had a greater 
level of plastic development during torsion than ordinary concrete beams. ACI 318–19 [33] was more conservative prediction for 
cracking torque when the steel fiber content was changed. Because ACI 318–19 [33] converted the compressive strength of concrete to 
calculate the cracking torque, and the increase of steel fiber content had a more significant effect on the tensile strength of concrete 
compared to the compressive strength of concrete. The theoretical value of Kwahk [34] was closest to the test value, but Kwahk [34] 
was slightly unconservative prediction for cracking torque, which was dangerous in the actual engineering application. 

Kwahk [34] provided a good prediction for UHPC with 0.75% steel fiber, but the prediction became worse when the steel fiber 
volume increases. GB50010-2010 [24] on the other hand given a better prediction based on fiber content. The maximum tensile stress 
on the concrete in a rectangular UHPC beams in torsion was at the midpoint of the long side of the section, i.e. the UHPC beams cracked 
from the midpoint of the side. The greater the tensile strength of the concrete, the further the actual tensile stresses in the concrete 
above and below the test beam were from the maximum tensile strength at the time of cracking, resulted in a waste of the tensile 
strength of the concrete. The formula provided in GB50010-2010 [24] included a factor Wt for the form of the test beam section. 
Therefore, the difference between the predicted and actual values of GB50010-2010 [24] varies less with the increased in tensile 
strength. In contrast, Kwahk prediction formula did not contain this type of factor. 

5.2. Ultimate torsional capacity 

5.2.1. Derivation and comparison of calculation formulas 
The formulas recommended by ACI 318–19 [33], GB50010-2010 [24] and the formulas derived by space truss model with 

Table 7 
Energy dissipation coefficient and damage index of the test beam.  

Test beams W/(kN ⋅ m2) WE + WP/(kN ⋅ m2) β D 

L121S126F075 15.270 1.633 0.107 0.893 
L164S126F075 14.253 1.554 0.109 0.891 
L214S126F075 17.008 1.767 0.104 0.896 
L121S084F075 9.112 1.120 0.123 0.877 
L121S063F075 7.303 0.863 0.118 0.882 
L121S084F150 12.935 1.697 0.131 0.869 
L121S084F300 13.725 1.736 0.127 0.873  
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thin-walled tube model were used to predict the ultimate torque of the UHPC beams, as listed in Table 10. ACI318-19 [33] simplified 
the concrete beam using the space truss model and neglected the role of concrete in the torsion process to derive the ultimate torque 
calculation formula. GB50010-2010 [24] based on plasticity theory would be many test data for statistical regression to derive the 
ultimate torque calculation formula. In the formula, the contribution of concrete and reinforcement to the ultimate torque were 
included. 

Calculation of torsional ultimate load capacity of UHPC beams based on space truss theory [35] and thin-walled management 
theory [34]. The torsional load bearing capacity of UHPC beams consisted of two parts: reinforcement and concrete. The torsional load 
capacity of the reinforcement was recorded as T1 in accordance with the space truss model, as shown in Fig. 16. 

Table 8 
Cracking torque calculation formula.  

Calculation methods Equation 

ACI318-19 Tcr = 0.33
Ac

Pc

̅̅̅̅
fc

√

GB50010-2010 
Tcr = 0.7ftWt, Wt =

b2(3h − b)
6 

Kwahk Tcr = 2A0ft t, t = tef 

Where: Ac is area of the cross section, Pc is perimeter of the cross section, fc is compressive strength of concrete cubes, ft is tensile strength of concrete, Wt is torsional 
plastic resistance moment of the cross section, b is section width, h is section height, A0 is area limited by the center-line of shear flow, tef is equivalent thickness of thin 
wall.  

Table 9 
Comparison of cracking torque test values and theoretical values.  

Test beams Tcr,Exp (kN ⋅ m) Tcr,Pred (kN ⋅ m) Tcr,Exp/Tcr,Pred 

GB50010 ACI Kwahk GB50010 ACI Kwahk 

L00S00F075 8.54 6.65 6.25 7.91 1.28 1.37 1.08 
L121S00F075 7.59 6.65 6.25 7.91 1.14 1.21 0.96 
L121S126F075 8.24 6.65 6.25 7.91 1.24 1.32 1.04 
L164S126F075 7.69 6.65 6.25 7.91 1.16 1.23 0.97 
L214S126F075 7.53 6.65 6.25 7.91 1.13 1.20 0.95 
L121S084F075 7.82 6.65 6.25 7.91 1.18 1.25 0.99 
L121S063F075 7.93 6.65 6.25 7.91 1.19 1.27 1.00 
L121S084F150 11.10 11.18 6.45 13.31 0.99 1.72 0.83 
L121S084F300 11.96 12.46 6.65 14.83 0.96 1.80 0.81 
average value  1.14 1.37 0.96 
Variance  0.10 0.21 0.08 
COV  9% 15% 9% 

Where: Tcr,Exp is the test value of cracking torque, Tcr,Pred is the cracking torque prediction, ACI is ACI318–19, GB50010 is GB50010-2010.  

Fig. 15. Theoretical-to-experimental Tcr ratio.  
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In the variable angle space truss model, the internal forces of the longitudinal reinforcement chord, the stirrup web and the concrete 
strut were represented by P, Q and R respectively. The component forces of the internal force R in the X and Y directions were balanced 
with Q, and the component forces in the Z direction were balanced with P. 

The shear flow in the cross-section of a reinforced concrete member was balanced by the torque: 

T1 =(qhcorbcor + qbcorhcor)= 2qAcor (8) 

A complete oblique crack was taken as the isolator. 

Q = qhcor =
Asv1fyvhcor cot θ

s
(9)  

q=
Asv1fyv cot θ

s
(10) 

By the equilibrium condition we got: 

P=Q cot θ (11)  

Aslfyl
hcor

ucor
= qhcor cot θ (12)  

cot θ=
Aslfyl

qucor
(13) 

Substituting Eq. (13) into Eq. (10) given: 

q=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Asv1fyv

s
Aslfyl

ucor

√

(14) 

ζ was the reinforcement strength ratio of longitudinal reinforcement and stirrup of torsion member. 

tan θ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Asv1fyvucor

Aslfyts

√

=

̅̅̅
1
ζ

√

(15)  

ζ=
Aslfyls

Asv1fyvucor
(16) 

Substituting Eq. (14) and Eq. (16) into Eq. (8) yields: 

T1 = 2
̅̅̅
ζ

√ Asv1fyvAcor

s
(17) 

The torsional load bearing capacity of concrete was recorded as T2. As shown in Fig. 17, the tensile force of concrete at the crack 
was balanced by the shear flow and longitudinal reinforcement tension, respectively. 

T2 =F1bcor + F2hcor (18)  

fthcort
sin θ

cos θ=F1 (19)  

ftbcort
sin θ

cos θ=F2 (20) 

Table 10 
Ultimate torque calculation formula.  

Calculation methods Equation 

ACI318-19 
Tn = min

{2A0Asv1fyv

s
cot θ,

2A0Aslfyl

ph
cot θ

}

GB50010-2010 
Tn = 0.7ftWt + 1.2

̅̅̅
ζ

√ fyvAsv1Acor

s
, ζ =

fylAsls
fyvAsv1ucor

, Wt =
b2(3h − b)

6 
Eq. 22 

T = T1 + T2 = 2
̅̅̅
ζ

√ Asv1fyvAcor

s
+ 2ftAcort cot θ 

Where: A0 is area limited by the center-line of shear flow, Asv1 is area of single leg of stirrups, Asl is total area of longitudinal reinforcement, θ is angle of compression 
struts, 30◦ ≤ θ ≤ 60◦, fyl is yield strength of longitudinal reinforcement, fyv is yield strength of stirrup, s is spacing of stirrups, ph is perimeter of centerline of outermost 
closed stirrups, ζ is ratio of longitudinal reinforcement to stirrups, Acor is area enclosed by inner surface of stirrup, t is effective wall thickness.  
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T2 = 2ftbcorhcort cot θ (21)  

T =T1 + T2 = 2
̅̅̅
ζ

√ Asv1fyvAcor

s
+ 2ftAcort cot θ (22) 

The theoretical values and test values of the recommended formula for the ultimate torque of the UHPC beam are illustrated in 
Table 11 and Fig. 18. The average values of the ratios of the test values to the theoretical values of ACI 318–19 [33], GB50010 [24] and 
Eq. (22) recommended formula were 1.53, 1.77 and 0.79, respectively, and the corresponding coefficients of variation were 18.69%, 
3.74% and 7.97%. ACI 318–19 [33] was conservative prediction for the ultimate torque of the UHPC beam. ACI318-19 [33] simplified 
the test beams into a box type by neglecting the concrete tensile strength, a simplification for ordinary concrete torsional beams. 
However, this calculation method was not applicable to UHPC beams, and the deviation of the test value from the theoretical value was 
greater for higher steel fiber content. The reason was that the addition of steel fibers made the tensile strength of UHPC significantly 
higher than that of ordinary concrete. GB50010-2010 [24] was more conservative prediction for the ultimate torque. GB50010-2010 
[24] considered the combined effect of concrete and reinforcement, but the performance of UHPC differed significantly from that of 
ordinary concrete. The regression expression derived from ordinary concrete tests was inapplicable to reinforced UHPC beams. Eq. 
(22) overestimated the ultimate torque, but the variance and coefficient of the theoretical values were small. The prediction results 

Fig. 16. Stress analysis diagram of space truss model.  

Fig. 17. Stress analysis diagram of thin-walled tube model.  
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have a low dispersion. 

5.2.2. Optimization of the derivation formula 
Eq. (22) of UHPC ultimate torque based on space truss model and thin wall management theory. However, Eq. (22) prediction of the 

ultimate torque was unconservative. The main reason was to overestimate the effect of concrete on the ultimate torque. The specific 
reasons are as follows.  

(1) Eq. (22) considered the tensile properties of UHPC but the ultimate tensile states of concrete and reinforcement were not 
simultaneous after cracking.  

(2) As the crack width increased, the actual torsional section of the test beam became smaller, which was unconsidered by Eq. (22).  
(3) The concrete was under biaxial stress and the actual tensile strength of the concrete was reduced when the test beam was loaded 

with torque. 

Therefore, the concrete torsional reduction coefficient α is proposed to represent the combined effect of the overestimated concrete 
on the ultimate torque of the test beam due to the above reasons. 

Table 11 
Comparison of ultimate torque test values and theoretical values.  

Test beams Tu,Exp (kN ⋅ m) Tu,Pred (kN ⋅ m) Tu,Exp/Tu,Pred 

ACI GB50010 Eq. 22 ACI GB50010 Eq. 22 

L00S00F075 8.54 – – – – – – 
L121S00F075 7.26 – – – – – – 
L121S126F075 19.49 13.13 10.83 22.03 1.38 1.80 0.88 
L164S126F075 21.44 16.41 12.04 25.58 1.31 1.78 0.84 
L214S126F075 23.00 18.63 13.22 29.04 1.23 1.74 0.79 
L121S084F075 16.50 11.54 9.45 21.21 1.43 1.75 0.78 
L121S063F075 14.15 10.00 8.63 20.16 1.42 1.64 0.67 
L121S084F150 21.90 11.54 11.72 27.81 1.90 1.87 0.79 
L121S084F300 22.33 11.54 12.36 29.67 1.93 1.81 0.75 
average value  1.53 1.77 0.79 
Variance  0.28 0.07 0.06 
COV  18.69% 3.74% 7.97% 

Where: Tu,Exp is the test value of ultimate torque; Tu,Pred is the ultimate torque prediction.  

Fig. 18. Tu theoretical-to-experimental Tu ratio.  

Table 12 
Comparison between test value and theoretical value with different values of α.  

α 0.3 0.4 0.5 0.6 0.7 0.8 

average value 1.17 1.07 1.03 0.94 0.89 0.85 
Variance 0.10 0.08 0.07 0.06 0.06 0.06 
COV 0.09 0.08 0.07 0.06 0.06 0.07  
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The ultimate torque calculation formula of the UHPC beam is: 

Tn = 2
̅̅̅
ζ

√ AcorAsv1fyv

s
+ 2αAcorftt cot θ (23) 

Table 12 shows the comparison between the test values and the theoretical value of the UHPC beams with different values of α. 
According to Table 12, the test value is most consistent with the theoretical value at 0.5, with the average value of 1.03, the variance of 
0.07 and the coefficient of variation of 0.07. 

The comparison of the prediction results of ACI 318–19 [33], GB50010-2010 [24], Eq. (22) and Eq. (23) were shown in Fig. 19. Eq. 
(23) was used to calculate the ultimate torque for the 14 test beams in the literature [16,20]. As shown in Table 13, the average, 
variance, and coefficient of variation of the ratio of the ultimate torque test value to the theoretical value are 1.13, 0.17, and 0.15, 
respectively. This shows that Eq. (23) can better predict the ultimate torsional load capacity of UHPC beams, and the calculated results 
agree well with the test results. However, the value of the torsional reduction coefficient has certain limitations due to the small 
number of test beams in this study. More torsional tests on UHPC beams are needed to verify the torsional reduction coefficient values 
proposed in this study. 

6. Conclusions 

In this paper, the influence of longitudinal reinforcement ratio, stirrup ratio and steel fiber content on the torsional performance of 
the nine UHPC beams was investigated. Based on the experimental results and analysis, the following conclusions were demonstrated.  

(1) UHPC beams with appropriate longitudinal rebars ratio and stirrups ratio were ductile failure, while UHPC beams with only 
longitudinal reinforcement were brittle failure. The internal force redistribution of UHPC beams was promoted and the 
development of crack width was restrained with increasing the stirrup ratio and steel fiber content. During the normal service 
stage, the longitudinal reinforcement ratio had little influence on the maximum crack width of the UHPC beams. The maximum 
crack width of UHPC beams with the same torque decreased with the increase of longitudinal reinforcement ratio in the stable 
development stage and instability stage.  

(2) The torsional ductility of UHPC beams decreased with increasing the longitudinal reinforcement ratio, but increased with the 
increase of the stirrup ratio and steel fiber content.  

(3) The reinforcement had less impact on the UHPC beams on the elastic stiffness K1. Greater steel fiber content results in higher K1. 
The plastic stiffness improved with the increase of stirrup ratio and steel fiber content, but the longitudinal reinforcement ratio 
has little effect on the plastic stiffness of UHPC beams. The plastic stiffness of UHPC beams was approximately 1/25 to 1/10 of 
the elastic stiffness. The twist of the UHPC beams decreased with the increase of the longitudinal reinforcement ratio, stirrup 
ratio and steel fiber content at the same torque in the plastic stage.  

(4) The reinforcement (longitudinal reinforcement and stirrups) had less effect on the cracking torque of UHPC beams, and the 
ultimate torque of UHPC beams improved with the increase of reinforcement ratio. The cracking torque and ultimate torque of 
UHPC beams improved with the increase of steel fiber content, but the cracking torque and ultimate torque of the UHPC beams 
were slightly improved when the steel fiber content was increased from 1.5% to 3%.  

(5) The energy dissipation of UHPC beams was improved with the increase of longitudinal reinforcement ratio, stirrup ratio and 
steel fiber content. However, the energy dissipation coefficients and damage indexes were similar. The damage index of UHPC 
beams was between 0.85 and 0.90. 

Fig. 19. Comparison of the theoretical results and experimental results.  
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(6) In terms of the prediction of torsional load capacity of UHPC beams, ACI318–19 and GB50010-2010 are more conservative. 
Based on the spatial truss model, the calculation formula of torsional bearing capacity of rectangular UHPC beams is proposed. 
Using Eq. (23) of this paper to calculate the torsional load capacity of the literature, the deviation of the literature test value 
from the theoretical value was small, so the torsional calculation formula of UHPC proposed in this paper was reasonable. 
However, there are fewer UHPC beams in this study, and more torsional tests of UHPC beams are needed to verify the torsional 
calculation formula proposed in this study. 
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