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A B S T R A C T   

This paper investigates the torsional behavior of reactive powder concrete (RPC) beams using spiral reinforce
ment. The influences of parameters, including different spiral reinforcement configuration, spiral reinforcement 
ratio, and the steel fiber content on the torsional performance of the nine RPC beams, were investigated and 
discussed. The experimental results showed that the failure mode, ultimate torque, torsional stiffness, and energy 
dissipation of the RPC beams were not affected by longitudinal reinforcement alone, but it improved the 
ductility. Compared to commonly used stirrups, the locked spiral reinforcement exhibits more torsional ductility, 
stiffness, and ultimate torque of the RPC beams. But the torsional ductility, stiffness, and ultimate torque 
decreased when the spiral reinforcement was unlocked. The cracking torque and pre-cracking torsional stiffness 
of beams were less affected by the locking and unlocking of spiral reinforcement. Greater steel fiber content and 
spiral reinforcement ratio resulted in higher torsional ductility, torsional stiffness, energy dissipation and ulti
mate torque of the locked spiral reinforcement reinforced beams. The pre-yielding torsional stiffness and plastic 
dissipation capacity were strongly influenced by spiral reinforcement states and spiral reinforcement ratio. The 
pre-cracking torsional stiffness and energy dissipation of RPC beam were determined by the steel fiber content. 
Considering the torsional contribution of steel fiber and concrete tensile strength, a new formula for calculating 
the ultimate torque of RPC beam was proposed, and the calculated value was closer to the experimental value.   

1. Introduction 

Building and bridge structures have become complex and irregular, 
some beams subject to large torques, such as border beams, canopy 
beams, and curved bridges. In this case, the beams need to have high 
torsional capacity and ductility, especially in typhoon or earthquake- 
prone areas, which poses new challenges to the torsional performance 
of the beam [1–3]. In recent years, the advantages of using continuous 
spiral reinforcement (SP) instead of ordinary stirrups have been recog
nized in terms of improving the capacity and ductility of members. The 
application of SP significantly improves the shear performance of 
beams, energy dissipation and deformation capacity of beam-column 
joints, and the bearing capacity and seismic performance of shear 
walls [4–8]. Therefore, research relating to the use of SP in torsional 
beams has been gradually carried out. 

Shatarat et al.[9] designed beams with three types of spiral 

reinforcement and investigated the effect of spiral reinforcement form 
on the torsional capacity of beams. The results showed that the 
continuous circular spiral stirrup had the largest enhancement in ulti
mate torque, followed by the continuous SP, and finally the advanced 
rectangular spiral reinforcement and the ordinary stirrups. However, 
circular spiral stirrups were seldom used in beams, while rectangular 
spiral reinforcement were paid more attention by researchers. Chalioris 
et al.[10] investigated the locking and unlocking effect on the torsional 
capacity and ductility of beams, and the results indicated that locked SP 
significantly improved the torsional capacity and ductility of beams. 
This is consistent with the conclusions from Ibrahim et al [11]. The 
torsional capacity and ductility decreased significantly, when the SP was 
unlocked. Shahrooz et al.[12] pointed out experimentally that the tor
que of test beams with SP was subjected should be lower than the 
cracking torque, when the direction of the torque was uncertain. In 
addition, the locking and unlocking effect of spiral reinforcement usu
ally occurs in the column due to the action of cyclic torque [13–15]. 
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However, the direction of the torque born by the beam is basically 
determined, so the beam with SP still has greater application value. 
Therefore, Hadhood et al.[16] further investigated the effect of SP 
spacing on the torsional performance of beams. It was proved that the 
stiffness and ultimate torque of the beams decreased with the increase of 
stirrup spacing. 

At the same time, a limitation of the SP was exposed, which could not 
effectively improve the cracking torque of the beams [9–10]. The 
appearance of torsional cracks reduced the torsional performance and 
durability.[17–19]. Compared to regular concrete, RPC has higher ten
sile strength and durability, which improves the cracking load of the 
members [20–21]. Khuzaie et al.[22] carried out torsional tests on 
hollow RPC T-beams. The results illustrated that the cracking torque of 
the beams was improved and the development of cracks was retarded. 
Yang et al.[23] and Zhou et al.[24] experimentally demonstrated that 
the cracking torque and ultimate torque of ultra-high performance 
concrete (UHPC) beams increased with the increase of steel fibers con
tent. Kwahk et al.[25]conducted pure torsion tests on UHPC box beams 
and found that the influence of steel fiber on cracking torque was greater 
than that of stirrups. 

In summary, RPC significantly increases the cracking torque of 
beams, and compensates for the defects in the unlocking effect of SP. It is 
predictable that the beams with combination of the SP and RPC can 
improve torsion performance. However, there is a little research on the 
torsional performance of RPC beams with SP, and the working mecha
nism and related theories of both are still unclear. With this problem in 
mind, the study aims to investigate the torsional behavior of RPC beams 
with SP. The nine RPC beams were fabricated and tested. The effect of 
different spiral reinforcement states, spiral reinforcement ratio, and 
steel fibers content on the torsional performance of RPC beams was 
studied. It can provide a guideline for the engineering application of RPC 
beams with SP. 

2. Experimental program 

2.1. Properties of materials 

The materials used to prepare RPC include cement (PO42.5), silica 
fume, silica sand, superplasticizer, water and steel fiber. The mix design 
and mechanical properties of RPC are shown in Table 1 and Table 2, 
respectively. There were three RPC mixtures used in this experiment, 
and only the steel fiber content was different. To prepare RPC, silica 
sand with three different diameter first were put into a mixer for 2 min. 
Secondly, the steel fibers were added to the mixer by steel sieve, and 
continued to mix for 2 min. Thirdly, silica fume and cement were poured 
in the mixture when the steel fibers were dispersed and stirred for 10 
min. Finally, water-reducing admixture and water were dropped 
sequentially and mixed for 6 min to obtain RPC with high fluidity and 
usability [26–27]. The test beams and cube specimen were concreted at 
the same time and consistently maintained in the same environment. 
The compressive and tensile strengths of RPC were measured from cubic 
specimens, as shown in Table 3. The longitudinal and transverse re
inforcements were HRB400 steel reinforcements. The SP was made from 
whole continuous rebars. The properties of used rebars are presented in 
Table 4. 

Nomenclature 

Notation 
df diameter of fiber,mm 
lf length of fiber,mm 
ft tensile strength of fiber,MPa 
fc,m cubic compressive strength of RPC,MPa 
ft,m tensile strength of RPC, MPa. 
ξθ ultimate-to-cracking twist ratio 
θu ultimate twist,rad/m; θcr cracking twist,rad/m 
Kcr the pre-cracking torsional stiffness,kN⋅m2/rad 
Ky the pre-yielding torsional stiffness,kN⋅m2/rad 
Ku the pre- ultimate torsional stiffness,kN⋅m2/rad 
W total energy dissipation of tested beam,kN⋅m2 

WE the elastic deformation energy dissipation,kN⋅m2 

WP the plastic deformation energy dissipation,kN⋅m2 

Vf The total volume of steel fibers,% 
ASF steel fiber equivalent stirrups with cross-sectional 

area,mm2 

b,h the width and height of tested beam,mm 
b0,h0 the width and height of the area enclosed by the centerline 

of the stirrup,mm 
S the stirrup spacing of tested beam,mm 
ALR the cross-sectional area of all longitudinal 

reinforcements,mm2 

fLR the yield strength of the longitudinal reinforcement,MPa 
ATR the cross-sectional area of single transverse 

reinforcement,mm2 

fTR the yield strength of the transverse reinforcement,MPa 
φfornt,φtop the inclination angles of the side and top of spiral 

reinforcement 
Tcr measured torsional moment at cracking,kN⋅m 
Ty measured torsional moment at stirrup yielding,kN⋅m 
Tu measured ultimate torsional moment,kN⋅m 
Tcal calculated ultimate torsional moment,kN⋅m  

Table 1 
Mix design of RPC.  

Cement Silica sand Silica fume Steel fibers Super-plasticizer Water 
Coarse Medium Fine 

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

Where: steel fiber is the volume dose. 

Table 2 
Material properties.  

Materials property 

cement PO42.5 portland cement, specific surface area 360 mm2/kg 
silica sand the particle size of coarse, medium and fine sand is 0.16–0.315 

mm, 0.315–0.63 mm, 0.63–1.25 mm. 
Silica fume the silica content is 92%, average particle size is 0.3 μm 
Steel fibers straight steel fiber, df is 0.22 mm, lf is 13 mm, ft is 2000 MPa 
Super- 

plasticizer 
MKM-1021 Superplasticizer, white powder, Water reduction rate 
29% 

Wheredf = diameter of fiber, lf= length of fiber, ft=tensile strength of fiber.  
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2.2. Details of test specimen 

Nine rectangular RPC beams were designed with length of 2100 mm 
and cross section dimension of 150 × 250 mm2. Each beam was divided 
into two zones: pure torsion test region (1200 mm) and support region 
(900mm), as shown in Fig. 1. To ensure damage in the pure torsion test 
region, ordinary stirrup with spacing of 50 mm was used in the support 

region. The main design parameters of the test beam are provided in 
Table 5. ‘‘ST’’ for the ordinary stirrups, ‘‘SP’’ for the rectangular spiral 
reinforcement, and details of the SP are shown in Fig. 2 ‘‘L’’ for the 
beams with SP under beneficially implemented action of the torsional 
direction that leaded spirals to be locked, ‘‘U’’ for the beams with SP 
under detrimentally implemented action of the torsional direction that 
lead spirals to be unlocked [10]. The RPC beams without longitudinal 
and transverse reinforcement and with only longitudinal reinforcement 
were denoted by “P” and “I”, respectively. The designation of the test 
beams with transverse reinforcement was comprised of its own primary 
parameters. The order of designation was ST/SP-100/150/200-U/L- 
0.75/1.50/3.00. For example, SP-100-L-0.75 represents a RPC beam 
with spiral reinforcement (SP), stirrup spacing of 100 mm (100), spiral 
reinforcement locked in the direction of torque loading (L), and steel 
fiber content of 0.75% (0.75). 

2.3. Test setup and procedure 

The test setup was assembled according to Shatarat and Chalioris 
[9–10], as shown in Fig. 3. The test pricedure also refer to [40–42] when 
designing it. The concentrated force exerted by the hydraulic jack was 
transferred to the steel cross beam (length of 0.61 mm) through the steel 
distribution beam (length of 3.00 mm). The hydraulic jack was bolted to 
the steel distribution beam to ensure the safety of test process. Then, the 
concentrated forces withstand by the steel cross beam was transformed 
into torque at the ends of the beam. The balance plates could be 
balanced or rotated freely by adjusting the balance bolt and were placed 

Table 3 
Mechanical properties of RPC.  

Steel fiber content Number of cubes fc,m(MPa) ft,m(MPa)

0.75% 6  116.2  4.2 
1.5% 6  123.8  6.6 
3% 6  131.6  7.9 

Wherefc,m = cubic compressive strength of RPC, ft,m=tensile strength of RPC.  

Table 4 
Mechanical properties of steel rebar.  

Types Function d(mm) fy(MPa) fu(MPa) E(GPa)

HRB400 stirrup 10 452 603 200 
Longitudinal rebar 12 467 611 200 

Whered = diameter of rebar, fy= yield strength of steel rebar, fu= ultimate 
strength of rebar, E= elastic modulus of rebar.  

Fig. 1. Details of test beams.  
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in two roller supports 1150 mm apart. 
The test was conducted by graded loads, as presented in Fig. 4. The 

cracking and ultimate torque (Tcr and Tu) of RPC beams were predicted 
according to the equations in ACI 318–19 [28]. Before reaching the 
estimated cracking torque, each load increment was 2 kN, and each load 
increment was 1 kN when approaching the estimated cracking torque. 
After the tested beam was cracked, each load increment continued to be 
2kN, and each load increment was 1kN when the predicted ultimate 
torque was approached. The load of each increment was maintained for 
5 min in order to record all crucial test data. 

Strain gages were attached at the longitudinal or transverse rein
forcement (Fig. 1) to measure the strains in the rebar. Concrete strain 
gauges and digital inclinometers were respectively arranged at the 
quarter point on side and top of pure torsion test region to measure 
concrete strain and torsional angle, as depicted in Fig. 3. The cracks 
width on the surface of the beam was recorded using a crack observer 
with an accuracy of 0.02 mm under each load increment. After the test 
beam failed, the angle of the main crack inclination was measured using 
a high precision digital display angle scale. 

3. Experimental results and discussion 

The characteristic loads and failure modes of the test beams are given 
in Table 6. Each characteristic load had included the self-weight of the 
steel beam in the test setup. To compare the characteristic loads of the 
beams, the torque at the appearance of the first visible crack was defined 
as the cracking torque, and the torque at the yielding of the stirrup was 
the yielding torque. When the stirrup was not yielded, yielding torque 
could be taken as 0.8 Tu. The failure mode is considered based on the 
observation of the actual failure and the strain of the reinforcement in 
each beam. 

3.1. Cracking patterns and failure modes 

3.1.1. Cracking patterns 
The cracking development process of P and I was similar. After the 

first crack appeared, the crack width increased rapidly until the beam 
was damaged. The crack process of RPC beams with stirrups was less 
affected by different spiral reinforcement states, spiral reinforcement 
ratio, and the steel fiber content. As an example, the crack process of ST- 
100–0.75 was documented, as seen in Fig. 5. When reached the cracking 
torque, the first visible diagonal crack with a distinct sound was found 
on the side of the beam. New diagonal cracks appeared continuously and 
the inclination of the new cracks remains unchanged practically with the 
increase of the torque. Many diagonal cracks had extended to the top 
and bottom, forming spiral cracks on the surface of the beam at a torque 
of 0.5 Tu. New diagonal cracks hardly appeared, and the previous crack 
width increased at a torque of 0.8 Tu. After the torque was approxi
mately 0.9 Tu, the main crack appeared and increased with the increase 
of torsional angles until the beam was damaged. Moreover, there was no 
large concrete falling off due to the existence of steel fiber when the 

beam was damaged. This phenomenon was different from ordinary 
concrete beams [29–30]. 

3.1.2. Failure modes 
The cracks pattern and failure modes of RPC beams are provided in 

Fig. 6. There was only a single helical crack of large width on the surface 
of the beam when P and L were damaged. The failure process was rapid 
and brittle, and P was suddenly divided into two parts while L did not 
fracture due to the presence of longitudinal reinforcement. It shows that 
the longitudinal reinforcement only had little effect on limiting the 
cracks and could not change the failure mode, which was consistent with 
the results of ordinary concrete beams [31–32]. For RPC beams with SP, 
the locking and unlocking of SP could cause changes in failure modes, 
while the spiral reinforcement ratio and steel fiber content had less ef
fect. When the test beam was damaged, the stirrups and longitudinal 
bars of SP-100-L-0.75 yielded. Only the longitudinal bars yielded when 
SP-100-U-0.75 was damaged because the SP were unlocked. Compared 
to beams without stirrups, the presence of stirrups increased the 
torsional deformation and ductility of SP-100-L-0.75 and SP-100-L-0.75. 
But the failure process of SP-100-U-0.75 was faster and had a certain 
brittleness. Because the damage of SP-100-U-0.75 was determined by 
the concrete, the tensile properties of the steel rebars were not fully 
utilized. When the SP was locked, the increasing spiral reinforcement 
ratio and steel fibers effectively inhibited the development of cracks and 
improved the deformation capacity of the tested beam. Therefore, the 
failure of SP-100/150/200-L-0.75 and SP-100-L-1.50/3.00 were ductile 
failures. This is attributed to that longitudinal rebars, and stirrups had 
yielded before the concrete was crushed, and the tensile properties of the 
bars were fully utilized. 

The main diagonal cracks angle is also marked in Fig. 6. The main 
crack inclination angle was influenced by the test parameters. The 
reason is that crack angle depends on the direction of the main tensile 
stress which is related to the stress state of the stirrups and steel fibers. 
Meanwhile, it is observed that SP-100-L-0.75 exhibited more fine cracks 
than ST-100–0.75 and the opposite phenomenon was found in SP-100- 
U-0.75. And the number of fine cracks increases with the decrease of 
stirrup spacing or the increase of steel fiber content. This indicates that 
both spiral reinforcement and steel fibers could promote multiple 
cracking and stress redistribution ability of RPC beams. The excellent 
characteristic was greatly weakened when the SP was unlocked or the 
stirrup spacing was increased. However, the excellent characteristic was 
further enhanced when the steel fiber content was increased. 

3.2. Torque – Rebar strain relationships 

Fig. 7 shows the torque versus strain curves of longitudinal rebar and 
stirrup at the midspan of each RPC beam. The maximum strain of lon
gitudinal reinforcement of I was 800× 10− 6με, which was much smaller 
than that of RPC beams with stirrups. It shows that longitudinal rebars 
hardly bore the tensile stresses due to the torque. The variation of rebar 
strain with torque for the other beam was basically similar. Before 

Table 5 
Main parameters of RPC beams.  

Test beam ρl(%) ρt(%) φ(◦) Stirrup types Stirrup spacing（mm） Torque direction Steel fiber content 

P  –  –      0.75% 
I  1.206  –      0.75% 
ST-100–0.75  1.206  1.340  ST 100   0.75% 
SP-100-L-0.75  1.206  1.356 81 SP 100 L  0.75% 
SP-100-U-0.75  1.206  1.356 81 SP 100 U  0.75% 
SP-150-L-0.75  1.206  0.917 77 SP 150 L  0.75% 
SP-200-L-0.75  1.206  0.700 73 SP 200 L  0.75% 
SP-100-L-1.50  1.206  1.356 58 SP 100 L  1.50% 
SP-100-L-3.00  1.206  1.356 58 SP 100 L  3.00% 

Whereρl = longitudinal reinforcement ratio, ρt=stirrup ratio, φ= inclination angle between stirrup and the longitudinal axis of the beam, as shown in Fig. 2.  
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cracking, the strain growth of longitudinal rebar and stirrup was small 
and linear. The strain on both started to increase rapidly after the first 
crack was discovered. After cracking, the torque was jointly borne by the 
whole formed by the concrete, steel bars and steel fibers. In this case, the 
concrete was under compression and the steel bars or steel fibers were 
under tension. Therefore, the reinforcement intersecting the diagonal 
crack was subjected to higher tensile forces during cracking. This results 

in a flat section in the torque versus curve. 
Compared to SP-100-L-0.75, SP-100-L-1.50 and SP-100-L-3.00 had 

shorter flat sections, while ST-100–0.75 and SP-100-U-0.75 basically 
had no flat sections. This phenomenon reveals that the locked SP 
effectively withstood the tensile forces in the beam after cracking due to 
the superb ability of capturing cracks. But the unlocked SP bore less 
tension due to the stirrup being parallel to the crack. Moreover, the steel 

Fig. 2. Details of stirrups, (a) schematic stirrups, (b) actual stirrups.  
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fiber significantly shared the tensile force of the stirrup, and better 
restrained the sudden increase of the stirrup strain. 

The maximum strain of longitudinal rebar and stirrup for ST- 
100–0.75 was only 2575× 10− 6με, yet the minimum strain of SP-100-L- 
0.75 reached 5000× 10− 6με. This means that the synergy between 
locked SP and longitudinal bars was better than that of ordinary stirrup. 
Therefore, the beneficial tensile properties of the SP were fully used, in 
agreement with previous study [16]. However, the SP was more likely to 

yield with increasing the spacing of stirrup, and longitudinal strain was 
reduced. This means that the synergy between steel bars was weakened 
as the spacing of SP widened. It is worth noting that the synergy between 
the unlocked SP and longitudinal reinforcement was the worst, and the 
effect of the steel fiber on the synergy was small. 

Fig. 3. Details of test setup, (a) schematic test setup, (b) actual test setup.  

Fig. 4. Load control.  

X. Cao et al.                                                                                                                                                                                                                                     



Engineering Structures 290 (2023) 116361

7

3.3. Torque –maximum crack width relationships 

Fig. 8 depicts the variation of torque with maximum crack width. The 
crack widths of P and I were not measured due to failure rapidly. Except 
for SP-100-U-0.75, the torque-maximum crack width curves of test 
beams were divided into a steady development stage and a rapid 
expansion stage. In the steady development stage, the crack width grew 
linearly and steadily with the addition of torque. Because the cracks 
were limited by steel fibers and stirrup in elastic phase. When 
approached the ultimate torque, most of the steel fibers were pulled out 
and the stirrup was close to yielding. Therefore, the limitation of yielded 
stirrup on diagonal crack was weakened and the crack width grew 
quickly during a rapid expansion stage. 

SP-100-U-0.75 had the largest crack growth rate among all RPC 
beams. When the SP was unlocked, the tensile force borne by the SP was 
reduced because the inclination of the stirrups was parallel to the in
clined cracks. Therefore, the unlocked SP had almost no limiting effect 
on cracks. It also is observed from the steady development stage that the 
duration of SP-100-L-0.75 was greater than that of ST-100–0.75. 
Compared with SP-100-L-0.75, the slope of curves decreased for SP-150/ 
200-L-0.75 and SP-100-U-0.75 and increased for SP-100-L-1.50/3.00. 
This implies that the SP was better than normal stirrup in restraining 
cracks. While the spacing of SP was increased or the SP was unlocked, 
the restraining effect was reduced. Steel fibers shared the tensile force 
borne by the stirrups and enhanced the restraining effect on cracks. 
Besides, it is also found that the crack growth rate in the rapid expansion 
stage was basically not affected by the spacing of SP and steel fibers 

content. 

3.4. Torque − twist relationships 

Twist is defined as the ratio of the angular differential between the 
two ends of the beam to the length of the pure torsion region [33]. The 
measured torque versus twist curve of RPC beam is shown in Fig. 9. 
Before cracking, the twist increased linearly and finely. The twist was 
basically unaffected by spiral reinforcement states, spiral reinforcement 
ratio, and the steel fiber content during this period. Because the twist 
was mainly related to concrete before cracking. The twist of RPC beams 
began to increase rapidly with the appearance of cracks. The effect of 
spiral reinforcement states, spiral reinforcement ratio, and the steel fiber 
content on twist also began to appear. This implies that the twist of RPC 
beams with normal stirrup was significantly better than that of beams 
with unlocked SP, while the torsional deformation of RPC beams with 
locked SP was better than that of RPC beam with normal stirrup. With 
the increase of spiral reinforcement spacing, the twist tended to 
decrease. On the contrary, the addition of steel fibers significantly 
enhanced the twist of the beam. This is explained that twist was closely 
related to the synergy of longitudinal rebar and stirrup after cracking. 
When the beam was damaged, the synergy of steel rebar resulted in 
greater torsional deformation. Because the synergy between longitudi
nal rebars and stirrup was better, the beam still supported the torque 
under the condition of large torsional deformation. 

4. Influence of experimental parameters on torsional behavior 

4.1. Cracking torque 

The cracking torque of RPC beams is summarized in Fig. 10. 
Compared with P and I, the cracking torque of ST-100–0.75 was 
increased by 6.9% and 8.2% respectively. The cracking torque of SP- 
100-L-0.75 was basically the same as ST-100–0.75, and SP-100-U-0.75 
was similar to the RPC beams without stirrups (P and I). This proves 
that the form of stirrups and the unlocking and locking of SP had little 
effect on the cracking torque. Although the stirrups could bear the 
tensile force in the beam, the force before cracking was small. So, the 
influence of the stirrups on the cracking torque was small. 

Similarly, with the increase of stirrups spacing, the force further 
diminished, resulting in a reduction of cracking torque of RPC beam. 
When the spacing of SP changed from 100 mm to 150 mm and 200 mm, 
the cracking torque dropped by 7.2% and 13.3% respectively. For or
dinary concrete beams, when the voluminal sum of longitudinal and 
transverse reinforcement ratio is less than 0.014, steel rebar will have a 
greater effect on cracking torque. However, the influence of steel rebar 
on cracking torque of the beam was smaller when the total voluminal 
ratio was greater than 0.014. From the experimental results of Yang [23] 
and this paper, the RPC beam also conformed to the above law. 

Contrary to the state and spacing of SP, the cracking torque was 

Table 6 
Characteristic loads and failure modes of RPC beams.  

Test beam Cracking point Yield point Ultimate Point Failure mode 

Tcr (kN⋅m) θcr (rad/m) Ty (kN⋅m) θy (rad/m) Tu (kN⋅m) θu (rad/m) 

P  7.93  0.0021  —  —  7.93  0.0021 CF 
I  7.82  0.0025  —  —  8.43  0.0042 CF 
ST-100–0.75  8.52  0.0034  14.40  0.0295  18.27  0.0735 CFSY 
SP-100-L-0.75  8.48  0.0029  16.20  0.0298  20.45  0.0844 CFSY 
SP-100-U-0.75  8.38  0.0019  12.30  0.0193  15.37  0.0333 CFLY 
SP-150-L-0.75  7.87  0.0028  14.06  0.0342  17.32  0.0640 CFSY 
SP-200-L-0.75  7.35  0.0030  11.04  0.0374  16.01  0.0575 CFSY 
SP-100-L-1.50  10.5  0.0025  19.86  0.0263  23.56  0.0909 CFSY 
SP-100-L-3.00  11.7  0.0029  26.02  0.0305  29.49  0.1153 CFSY 

Where CF = Concrete failure, CFSY = Longitudinal reinforcement and stirrup yielded before final concrete failure, CFLY = Longitudinal reinforcement only yielded 
before final concrete failure. 

Fig. 5. Crack process of RPC beams.  
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strongly influenced by the steel fibers, in agreement with the conclusion 
of Kwahk [25]. The cracking torque of SP-100-L-1.50 and SP-100-L-3.00 
was 23.2% and 38% higher than that of SP-100-L-0.75, distinctly. This is 
revealed that the steel fiber undertook the tension in the beam through 
bonding effect, and hindered the crack generation. The tension was also 
dispersed by the steel fibers of RPC beams, avoiding the occurrence of 
stress concentration. 

4.2. Ultimate torque 

The ultimate torque of RPC beams and variation rule with the test 
parameters are illustrated in Fig. 11. The difference of ultimate torque 
between P and I was small. The use of longitudinal bars alone did not 
prevent the concrete from being pulled, so the ultimate torque of the 
beams without stirrups was slightly increased. The ultimate torque of 
RPC beams with stirrups varied greatly depending on unlocking and 
locking of SP, stirrup spacing and steel fibers content. 

Compared with ST-100–0.75, the ultimate torque of SP-100-L-0.75 

Fig. 6. Failure modes.  
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was increased by 11.9%, while the ultimate torque of SP-100-U-0.75 was 
reduced by 15.9%. The unlocking and locking effect of the SP could 
result in a difference of 27.8% in the ultimate torque of RPC beams. 
However, the unlocking and locking effect of SP leaded to an average 

difference of 37.1% in the ultimate torque of the ordinary concrete beam 
[10]. This implies that steel fibers weaken the unlocking effect of the SP 
and reduced the influence of the torque direction on ultimate torque of 
specimens. This conclusion is also proved by Shahrooz et al [12]. 

With increased stirrup spacing from 100 mm to 150 mm and 200 
mm, the ultimate torque was reduced by 15.3% and 21.7% respectively. 
When the steel fiber content was added from 0.75% to 1.50% and 
3.00%, the ultimate torque of SP-100-L-1.50 and SP-100-L-3.00 was 
increased by 15.2% and 44.2%, respectively. This implies that steel fi
bers had the greater influence on the ultimate torque of RPC beams with 
SP among the parameters and should be considered in the ultimate 
torque calculation equation. 

The ultimate torque of RPC beams with locked SP was enhanced 
compared to that of the RPC beams with ordinary stirrup. After the 
single ordinary stirrup was yielded, it was difficult to transfer the tension 
to the adjacent stirrup due to the independence and non-uniformity of 
the force of ordinary stirrup. The tensile force was resisted by the con
crete and the crack width increased rapidly, which was more likely to 
cause the failure of RPC beams. Difference to the ordinary stirrup, the 
tension borne by the locked SP was uniform and greater because of its 
continuity and integrity. Meanwhile, the locked SP in tension produced 
an approximate triaxial compression on the concrete in the core area. It 
provided extra constraint in concrete and the constraints was enhanced 
with the increase of tension. Therefore, the concrete with cracks in the 
late loading period was hardly subjected to tension, but still bore larger 
compressive stresses through the constraint. As a result, concrete with 
oblique cracks could form a new stress system with steel rebar to bear 
greater torque. However, it was basically unable to share the tensile 
force for the concrete when the SP was unlocked. And the unlocked SP 
also could not form effective restraint on the concrete in the core area, 
thus the ultimate torque was dramatic descended. In addition, the in
crease of stirrup spacing was accompanied by the decrease of the tensile 
force and restraint. This causes the decrease of ultimate torque when the 
stirrup spacing becomes wider. Contrary to the stirrup spacing, the use 
of steel fibers not only shared the tensile force borne by the stirrups, but 
also increased the tensile strength of concrete. It is a clear interpretation 
that the ultimate torque increased with increasing steel fiber content. 

4.3. Torsional ductility 

Ultimate-to-cracking twist ratio ξθ reflects the ductility of the tested 
beam, and the larger the ξθ resulted in better the ductility of the beams 
[34–35]. ξθ is defined as follows: 

ξθ =
θu

θcr
(1) 

Fig. 7. Torque–rebar strain relationships, (a) Torque–longitudinal rebar strain relationships (b) Torque–transverse rebar strain relationships.  

Fig. 8. Torque –maximum crack width relationships.  

Fig. 9. Torque − twist relationships.  
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Where: θu is ultimate twist; θcr is cracking twist. 
The values of ξθ for all RPC beams are summarized in Fig. 12. P and I 

without stirrups instantly collapsed after cracking and had the worst 
ductility. Under the same stirrup spacing, the ductility of RPC beam with 
locked SP was better than that of ordinary stirrup beam (increased by 
34.6%), while RPC beam was inferior to ordinary stirrup beam 
(decreased by 18.9%). Meanwhile, the torsional ductility was decreased 
by 23.9 % and 35.3 % with increased stirrup spacing from 100 mm to 
150 mm and 200 mm, respectively. The torsional ductility of SP-100-L- 
1.50 and SP-100-L-3.00 increased by 24.9% and 36.7%. 

The effects of spiral reinforcement states, spiral reinforcement ratio, 
and the steel fiber content on torsional ductility were essentially equal. 
Torsional ductility was mainly related to the deformation of RPC beams 
after the stirrup yielded. The stronger the deformation capacity showed, 
the better the torsional ductility of RPC beams. As shown in Fig. 9, it is 
concluded that RPC beam with locked SP had a large deformation after 
the stirrup yielded due to prominent synergy with longitudinal rein
forcement. Therefore, the torsional ductility of RPC beams with locked 
SP was better than that of RPC beams with equal amount of ordinary 
stirrup. However, the stirrup was easier to yield and had weaker crack 
suppression effect with the wide stirrup spacing. So, RPC beams with 
wider stirrup spacing were more vulnerable and less ductile. The use of 
steel fiber enhanced the tensile and compressive strength of RPC 
significantly, suppressed the internal damage of the beam, and avoided 
the failure of the beam due to concrete damage. Therefore, the increase 
of steel fiber content reduced the plastic strain of the stirrup, while the 
torsional ductility of the beam was improved. 

4.4. Torsional stiffness 

Table 7 illustrates the change in torsional stiffness of RPC beams 
during loading. The pre-cracking torsional stiffness (Kcr) denotes the 
stiffness of the test beam before cracking. The pre-yielding torsional 
stiffness (Ky) denotes the stiffness of the test beam after cracking and 
before yielding of the rebars. The pre-ultimate torsional stiffness (Ku) 
denotes the stiffness of the test beam after yielding of the rebars until the 
test beam is failed. For RPC beams without stirrups, the pre-cracking 

torsional stiffness (Kcr) of P and I was greater than that of RPC beams 
with stirrups, which P was greater than I. This is stated that the presence 
of steel rebar had a two-sided effect on the Kcr. In general, the strength 
and elastic modulus of the steel bar were much larger than that of the 
RPC material, which increased the Kcr of RPC beams. From the micro
scopic point of view, the existence of steel bar increased weak interface 
between steel bar and RPC material, which reduced the torsional stiff
ness of RPC beams. The increasing weak interface played a dominant 
role in the change of Kcr due to the small forces on rebars before 
cracking. This results in the less steel bars in RPC beams showed greater 
the Kcr. When the stirrup spacing was identical, the weak interface of 
RPC beams with SP was less than that of beams with ordinary stirrup, 
and the SP could more effectively bore the tension after cracking, which 
limited the deformation. After the stirrup yielded with a larger defor
mation, the Ku was less affected. Compared with ST-100–0.75, the Kcr 
and Ky of SP-100-L-0.75 were increased by 16.7% and 27.6%. The dif
ference between the Ku of SP-100-L-0.75 and ST-100–0.75 was small. 

Similarly, the Kcr of RPC beams was almost independent of the 
locking and unlocking effect of the SP due to the same volume of stirrup. 
However, locked SP could limit crack development and reduce defor
mation of RPC beams after cracking. Therefore, the Ky of SP-100-L-0.75 
was increased by 22% compared to SP-100-U-0.75. On the contrary, 
when the spacing of locked SP changed from 100 mm to 150 mm and 
200 mm, the Ky of RPC beams distinctly decreased by 32.1% and 63.1%, 
while the Kcr and Ku were approximately the same. This reveals that the 
Kcr and Ku of RPC beams did not varied with the spacing of locked SP, 
while the Ky dropped significantly, similar as the findings from Calioris 
[10] and Hadhood [16]. It is caused that the restraining ability of stir
rups to torsional deformation and cracks was weak before cracking and 
after the stirrups yield. The restraint was greater between cracking with 
stirrups yielding. 

When stirrup spacing and torque direction were determined, the Kcr , 
Ky and Ku strengthened with increasing steel fiber content. In addition, 
the increasing the steel fiber content resulted in larger increase in the Ky, 
and a smaller increase in the Ku. When the steel fiber content in RPC 
beams changed from 0.75% to 1.50% and 3.00%, the Ky of RPC beams 
increased by 55.7% and 98.6%, while the Ku increased by only 10.2% 

Fig. 10. Effects of test parameters on cracking torque. where A for control group, B for effect of spiral reinforcement condition on cracking torque, C for effect of 
spiral reinforcement spacing on cracking torque, D for effect of steel fiber content on cracking torque. 
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and 18.4%. After cracking, the steel fiber not only limited the crack 
development, but also heightened the weak interface between the steel 
bar and the RPC. Therefore, the stiffness was strongly affected by the 
steel fiber at this stage. After the stirrup yielded, most steel fibers at 
oblique cracks were pulled out, so the effect of steel fibers on stiffness 
was limited. 

4.5. Energy dissipation 

Based on the law of conservation of energy, the energy dissipation of 
each beam was compared. The energy dissipation calculation model is 
shown in Fig. 13 [36]. The curve OAB represents torque versus twist 
curve of tested beams. 

W = WE +WP = SOAD + SABCD (2)  

Si =

∫ θ

0
f (x)dx (3)  

where W is the total energy dissipation of tested beam; WE is the elastic 
deformation energy dissipation; WP is the plastic deformation energy 
dissipation; SOAD is the area of the region OAD; WABCD is the area of the 
region ABCD; f(x) is the equation of measured torque versus twist curve. 

Table 8 summarizes the actual energy dissipation of all RPC beams. 
There was only elastic energy dissipation for P and I, which had fine 
distinction. The energy dissipation of RPC beams without stirrups was 

less affected by longitudinal reinforcement. It also is observed that the 
total energy dissipation of RPC beams with SP was significantly 
preferred than that of RPC beams without stirrups. In addition, plastic 
energy dissipation accounted for about 95% of the total energy dissi
pation, which was significantly larger than elastic energy dissipation. 
This indicates that the energy dissipation of RPC beams was associated 
with steel rebar. The greater the deformation of steel rebar accompanied 
by more energy dissipation under the same conditions. The steel 
deformation of SP-100-L-0.75 was more than ST-100–0.75, and its en
ergy dissipation was increased by 30.5% with same stirrup spacing. 
While the SP was unlocked, the deformation ability of steel bar could not 
be fully utilized. The energy dissipation of SP-100-U-0.75 was 67.4% 
lower than that of SP-100-L-0.75. However, the number of stirrups and 
the force of longitudinal reinforcement force decreased with the increase 
of stirrup spacing, resulting in weakening overall deformation of steel 
rebar. The decline in the energy dissipation of SP-150-L-0.7 and SP-200- 
L-0.75 was 38.5% and 48.4% of the energy dissipation of SP-100-L-0.75. 
Similar to torsional ductility and torsional stiffness, the energy dissipa
tion also tended to increase with the increase of steel fibers. The 
mechanism of energy dissipation was also the same as that of the 
torsional ductility and torsional stiffness development law mechanism. 

5. Ultimate torque calculation method 

For the calculation method of ultimate torque, the softened space 

Fig. 11. Effects of test parameters on ultimate torque. (a) ultimate Torque of RPC Beams, (b) effect of spiral reinforcement condition on ultimate torque, (c) effect of 
spiral reinforcement spacing on ultimate torque, (d) effect of steel fiber content on ultimate torque. 

X. Cao et al.                                                                                                                                                                                                                                     



Engineering Structures 290 (2023) 116361

12

truss model [37] had been recognized by many scholars. The model 
considered the longitudinal reinforcement, the stirrup, and the concrete 
with oblique cracks as forming a space truss to bore the torque. Calioris 

[10] proposed a new ultimate torque calculation model based on the 
softened space truss model, considering the influence of the inclination 
angle of the SP on the ultimate torque. However, the ultimate torque 
calculation formula based on the SP ignored the contribution of concrete 
tensile strength and steel fibers for the ultimate torque. It was clear from 
the experimental results in this study that the ultimate torque of RPC 
beams was influenced by the steel fibers and concrete tensile strength. 
The ultimate torque calculation formula proposed by Calioris was not 
applicable to RPC beams. From the experimental results, the steel strain 
was minor before cracking and the torque was mainly borne by RPC. 
Therefore, the ultimate torque of the RPC beams was considered as 
consisting of the torque borne by steel rebar (TS) and the torque borne by 
concrete (TC). In this paper, the torsional effects of concrete tensile 
strength and steel fibers were considered and the formula for calculating 
the ultimate torque of RPC beams was proposed on the basis of Calioris. 

5.1. Ultimate torque calculation model 

5.1.1. Consideration of the impact of steel fibers on ultimate torque 
In order to analyze the contribution of steel fibers to the ultimate 

torque of RPC beams, steel fibers were equivalent to the steel fiber spiral 
reinforcement, as shown in Fig. 14. Meanwhile, steel fibers should meet 
two basic assumptions: (1) the sum of adhesion stress between all steel 
fibers and RPC was equal to the sum of the effective forces provided by 
all equivalent steel fiber stirrup; (2) There was no interaction force be
tween equivalent steel fiber stirrups. 

The total volume Vf of steel fibers in RPC beam was divided into n 
steel fiber equivalent stirrups with cross-sectional area ASF. 

Fig. 12. Effects of test parameters on torsional ductility. (a) effect of spiral reinforcement condition on torsional ductility, (b) effect of spiral reinforcement spacing 
on torsional ductility, (c) effect of steel fiber content on torsional ductility. 

Table 7 
Torsional stiffness of RPC beams.  

Group Test beam Kcr
(
kN⋅m2/rad

)
Ky

(
kN⋅m2/rad

)
Ku

(
kN⋅m2/rad

)

Control P 3448 — — 
I 3128 — — 

Lock and 
unlock 
effects of 
the SP 

ST- 
100–0.75 

2506 225 139 

SP-100-L- 
0.75 

2924 287 147 

SP-100-U- 
0.75 

3223 235 228 

stirrup 
spacing 
of the SP 

SP-100-L- 
0.75 

2924 287 147 

SP-150-L- 
0.75 

3148 195 154 

SP-200-L- 
0.75 

2940 106 157 

Steel fiber 
content 

SP-100-L- 
0.75 

2924 287 147 

SP-100-L- 
1.50 

3684 447 162 

SP-100-L- 
3.00 

4676 570 174 

Where Kcr =
Tcr

θcr
, Ky =

Ty − Tcr

θy − θcr
, Ku =

Tu − Ty

θu − θy
.  
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The formula for calculating the cross-sectional area ASF of the 
equivalent stirrup was as follows: 

ASF =
Vf

2(b0 + h0)n
=

ρf L1bh
2(b0 + h0)(L1/S + 1)

(4)  

where ρf is the volume ratio of steel fiber; L1 is the length of the pure 
torsion test region of RPC beam;b and h are the width and height of RPC 
beam;b0 and h0 are the width and height of the area enclosed by the 
centerline of the stirrup;S is the stirrup spacing of tested beam. 

The steel fibers were pulled out when the test beam failed. But it is 
difficult to measure the tensile stress between RPC and each steel fiber 
after RPC beam cracking. For the convenience of calculations, shear 
stress between the fiber and the RPC matrix was regarded as the strength 

of equivalent steel fiber stirrup (fSF). Due to the lack of test data for RPC, 
the calculation formula of steel fiber reinforced concrete (SFRC) was 
adopted. When RPC beams were used in flat type steel fibers, the fSF was 
calculated based on the equation suggested in Singh [38] as follows: 

fSF = 0.75
̅̅̅̅̅
fcu

√
(5)  

where fcu is the compressive strength of RPC. 

5.1.2. Contribution of steel rebar to ultimate torque (TS) 
Under the influence of the torque, shear flow was formed in the cross- 

section of RPC, as shown in Fig. 15. q is calculated in Eq. (6). 

q =
TS

2A0
(6) 

When the SP was locked, the force direction of equivalent steel fiber 
stirrup and SP was consistent, as shown in Fig. 15 (b). Force equilibrium 
along two axes leaded to two equations, respectively: 

qp0 = (FLR + FTRcosφfront + FSFcosφfront)tanθ (7)  

qS = (FTRsinφfront +FSFsinφfront)cotθ (8) 

Substituting Eq (5) into Eq (6), the ultimate torque based on longi
tudinal axis was established: 

TL =
2
(
FLR + FTRcosφfront + FSFcosφfront

)
A0

p0
tana (8.a) 

Substituting Eq (5) into Eq (7), the ultimate torque based on trans
verse axis was established: 

TT =
2
(
FTRsinφfront + FSFsinφfront

)
A0

S
cota (8.b) 

Combining Eq (8.a) and Eq (8.b), the cracking angle,a is deduced: 

tana =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
FTRsinφfront + FSFsinφfront

)
p0

(FLR + FTRcosφfront + FSFcosφfront)S

√

(9) 

Where FLR = ALRfLR;FTR = ATRfTR;FTR = ATRfTR; ALR is the cross- 
sectional area of all longitudinal reinforcements; fLR is the yield 
strength of the longitudinal reinforcement; ATR is the cross-sectional 

Fig. 13. Energy consumption calculation method.  

Table 8 
Energy dissipation of RPC beams.  

Group Test beams WE
(
kN⋅m2) WP

(
kN⋅m2) W

(
kN⋅m2)

Control P  0.009  —  0.009 
I  0.015  —  0.015 

Lock and unlock 
effects of the SP 

ST- 
100–0.75  

0.028  1.033  1.061 

SP-100-L- 
0.75  

0.032  1.353  1.385 

SP-100-U- 
0.75  

0.019  0.432  0.451 

Stirrup spacing of the 
SP 

SP-100-L- 
0.75  

0.032  1.353  1.385 

SP-150-L- 
0.75  

0.022  0.83  0.852 

SP-200-L- 
0.75  

0.025  0.69  0.715 

Steel fiber content SP-100-L- 
0.75  

0.032  1.353  1.385 

SP-100-L- 
1.50  

0.042  1.749  1.791 

SP-100-L- 
3.00  

0.052  2.236  2.288 

WhereWE = the elastic deformation energy dissipation, WP= the plastic defor
mation energy dissipation, W= the total energy dissipation.  

Fig. 14. Steel fiber equivalent spiral reinforcement.  
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area of single transverse reinforcement; fTR is the yield strength of the 
transverse reinforcement; p0 is the perimeter of the shear flow center
line; A0 is the of the area of the shear flow centerline, as follow Eq. (10); 
S is the stirrup spacing. 

A0 = 0.85
(

h0

sinφfront
×

b0

sinφtop

)

(10)  

where b0 and h0 are the width and height of the area enclosed by the 
centerline of SP, respectively; φfornt and φtop are the inclination angles of 
the side and top of SP, respectively [16]. 

When the SP was unlocked, the force direction of equivalent steel 
fiber stirrup and SP is opposite, as shown in Fig. 15 (c). Force equilib
rium along two axes leaded to two equations, respectively: 

qp0 = (FLR − FTRcosφfront + FSFcosφfront)tanθ (11)  

qS = (FTRsinφfront − FSFsinφfront)cotθ (12) 

Likewise, substituting Eq (5) into Eq. (11) and Eq. (12), the ultimate 
torque based on longitudinal and transverse axis was established, 
respectively: 

TX =
2
(
FLR − FTRcosφfront + FSFcosφfront

)
A0

p0
tana (13.a)  

TY =
2
(
FTRsinφfront − FSFsinφfront

)
A0

S
cota (13.b) 

Combining Eq. (13.a) and Eq. (13.b), the cracking angle,a is 
deduced: 

tana =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
FTRsinφfront − FSFsinφfront

)
p0

(FLR − FTRcosφfront + FSFcosφfront)S

√

(14) 

Eq. (8) and (13) simplify the consideration of the effect of spiral 
reinforcement and steel fibers on the torque, respectively, which were 
used for the calculation of the torque of steel rebar (TS) in RPC beams 
with SP. Meanwhile, when φfront and φtop were equal to 90◦, the formulas 
were used to calculate the torque of steel rebar (TS) in RPC beams with 
ordinary stirrups. There was no steel fiber in the beam, it also was better 
connected with the calculation of torque in previous studies [10]. 

5.1.3. Contribution of concrete to ultimate torque (TC) 
The rectangular beam is idealized as a thinwalled tube with a 

thickness of td. The force sketch of the concrete under the torque (TC) is 
illustrated in Fig. 16. Force equilibrium along longitudinal axis: 

ftetdh0cosθcotθ =
TC

2A0
h0 (15) 

Substituting q = TC
2A0 

into Eq. (15), it was converted: 

TC = 2ftetdA0cosacota (16) 

where td is the effective wall thickness; fte is the main tensile stress of 
RPC when the beam is cracked, Based on Li’s study, fte is taken as 
0.671ft,m based on Li’s study[39]. 

Fig. 15. Simplified torsional analysis based on the space truss theory, (a) space truss components of a RC beam under pure torsion, (b)SP with locking effect, (c)SP 
with unlocking effect, 
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Combining Eq. (8), Eq. (13) and Eq. (16), the ultimate torque of RPC 
beam was calculated as: 

Tu = TS +TC = min{TSX , TSY}+TC (17)  

5.2. Comparisons of analytical and experimental results 

In order to verify the calculation accuracy of the proposed formula, 
the experimental data and the calculated data of the formula were 
compared and analyzed. The experimental data included seven RPC 
beams from this paper and fourteen beams from previous studies 
[23–24].The experimental results (Texp) and calculation results (Tcal) for 
all RPC beams are listed in Table 9, and the correlation between the Texp 

and Tcal is depicted in Fig. 17. The average, variance, and coefficient of 
variation of the ratio of tested and calculated values are 1.05, 0.17 and 
0.16, respectively. It is indicated that the formula proposed in this paper 
can predict the ultimate torque of RPC beams accurately. The formular 
accuracy of ultimate torque for RPC beams is improved on the basis of 
considering concrete tensile strength and steel fiber. However, the 
torsional test data of RPC beams are relatively scarce, and more test data 
are needed to further verify formula in this study. 

6. Conclusions 

Nine RPC beams were subjected to torque was investigated, the 

difference in torsional performance of RPC beams between ordinary 
stirrup and spiral reinforcement (SP). This study further analyzed the 
effect of different parameter, including spiral reinforcement configura
tion, spiral reinforcement ratio, and the steel fiber content, on the 
torsional performance of RPC beams with SP, following conclusions 
were demonstrated.  

(1). The synergy of steel rebar, stress redistribution, crack suppression 
and torsional deformation of RPC beams with locked SP were 
better than RPC beams with ordinary stirrups, while the various 
torsional performances of RPC beams with unlocked SP were 
inferior to RPC beams with ordinary stirrups. The ductility, en
ergy dissipation and ultimate torque of RPC beams with locked SP 
were improved by 13.7%, 30.5%, 11.9% compared to RPC beams 
with ordinary stirrup. The RPC beam with unlocked SP was 
weaker by 26.5%, 57.5%, 15.9% than RPC beam with ordinary 
stirrups.  

(2). The torsional ductility, energy dissipation and ultimate torque of 
RPC beams with locked SP were reduced with the increase of 
stirrup spacing and enhanced with the increase of steel fiber 
content. The maximum decrease of torsional ductility, energy 
dissipation and ultimate torque was 38.2%, 48.4%,21.7% with 
the increase of stirrup spacing, respectively. The maximum 
increment of torsional ductility, energy dissipation and ultimate 
torque was 32.5%, 65.2%, 44.2% with the increase of steel fiber 
content, respectively. The effect of stirrup spacing on the 
torsional ductility of RPC beams with locked SP was higher than 
the steel fibers, and the effect on the energy dissipation and ul
timate torque of RPC beams was lower than the steel fibers. 

Fig. 16. Analysis of cross-sections of specimens under pure torsion.  

Table 9 
The experimental results and calculation results for all RPC beams.  

Data source specimens Tcal Texp Texp/Tcal 

This study ST-100–0.75  19.00  18.27  0.96 
SP-100-L-0.75  19.60  20.45  1.04 
SP-150-L-0.75  18.25  17.32  0.95 
SP-200-L-0.75  18.12  16.01  0.88 
SP-100-L-1.50  21.53  23.56  1.09 
SP-100-L-3.00  22.63  29.49  1.3 
SP-100-U-0.75  18.94  15.37  0.81 

Yang et al.[23] SS-F1-L56-S35  74.66  75.30  1.01 
SS-F1-L56-S70  66.91  86.70  1.3 
SS-F2-L56-S35  114.05  85.60  0.75 
SS-F2-L56-S70  82.49  109.80  1.33 
SS-F2-L88-S35  117.18  114.70  0.98 
SS-F2-L88-S70  100.47  115.20  1.15 
SS-F2-L127-S35  146.41  109.60  0.75 
SS-F2-L127-S70  125.63  119.30  0.95 

Zhou et al[24] HB200T50-1  21.97  19.55  0.89 
HB200T50-2  21.97  21.12  0.96 
HB300T50-1  43.08  44.22  1.03 
HB300T50-2  43.08  46.63  1.08 
HB300T80-2  52.66  64.11  1.22 
HB300T80-2  52.66  61.47  1.17 
CHB300T50-1  48.53  62.27  1.28 
CHB300T50-2  48.53  63.36  1.31  

Fig. 17. The correlation between Texp and Tcal.  
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(3). When the stirrup was changed from normal stirrup to the SP, the 
pre-cracking torsional stiffness and pre-yielding torsional stiff
ness of RPC beams with SP were increased and the pre-ultimate 
torsional stiffness was basically the same. The increase of stir
rup spacing had a negative effect on the pre-yielding torsional 
stiffness, while had no effect on the pre-cracking torsional stiff
ness and pre-ultimate torsional stiffness. In contrast to the stirrup 
spacing, increasing steel fiber content had favorable effect on 
three types of torsional stiffness.  

(4). The cracking torque of the RPC beam was not affected by the 
unlocking and locking effect of the SP. RPC beams with stirrup 
spacing of 150 mm and 200 mm produced descending cracking 
torque compared to beam with stirrup spacing of 100 mm. The 
addition of steel fiber significantly improved the cracking torque 
of RPC beams with locked SP. 

(5). Considering the RPC tensile strength and steel fibers in the ulti
mate torque equation minished the deviation and dispersion de
gree between the calculation results and the test results. 
Therefore, the ultimate torque calculation formula proposed in 
this study for RPC beams with stirrup was admissible. However, 
there are few studies on RPC beams subjected to torsion, and 
more experimental data were needed to verify further formula. 
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