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Abstract. The prestressed UHPC-RC I-shaped composite beam is a common
new type of beam structure, but there is relatively little research on its torsional
calculation method This article derives the theoretical formula for ultimate
torque based on the theory of variable angle spatial trusses; Subsequently, the
accuracy of the theoretical formula was verified by finite element calculation
results, and the difference between the theoretical value and the finite element
calculation value was only 2.3% The calculation results of the variable parameter
analysis in this article indicate that increasing the initial prestress of the section
appropriately or improving the tensile (post crack) strength of UHPC can en-
hance the ultimate torque of the section; Considering the initial pre stress and
post cracking strength of UHPC, the ultimate torque of the section can be in-
creased by 272.1 kN-m (57.9%) and 359.6 kN-m (94.1%), respectively.

Keywords: Structural engineering; prestressed UHPC-RC composite beam;
I-shaped cross-section; Ultimate torque.

1 Introduction

The prestressed UHPC-RC I-shaped composite beam is a new type of beam structure
with multiple advantages [1-2]. Currently, there is more research on the bending and
shear mechanical properties of this type of structure, but less research on its torsional
performance.However, the torsion resistance of the I-shaped section is poor, and in
practical engineering, it may be affected by the bending torsion coupling effect or
eccentric load of the curved beam, resulting in a large section torque. It is necessary to
accurately analyze the section torsion resistance performance in the design stage.

At present, the design specifications (standards) for concrete (UHPC) structures
mainly propose crack torque and ultimate torque calculation formulas for rectangular or
box shaped sections [3-6]. The existing standard formulas are not applicable for cal-
culating the ultimate torque of prestressed UHPC-RC I-beams. In recent years, scholars
at home and abroad have made certain achievements in the research of ultimate torque
calculation methods for UHPC beams [7-10]. Studies by some scholars have shown
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that the torsional bearing capacity of reinforced UHPC beams is mainly determined by
the amount and type of steel fibers, reinforcement ratio, and section form. Steel fibers
can significantly improve the ultimate torque of the section. Some scholars have pro-
posed formulas for calculating the torsional bearing capacity of reinforced UHPC
rectangular beams and reinforced UHPC box beams.

In summary, the current research mainly focuses on reinforced UHPC rectangular
beams, with a small amount of literature involving reinforced UHPC box beams and
failing to address prestressed UHPC-RC I-shaped composite beams The existing for-
mulas for calculating ultimate torque are mainly based on fitting formulas proposed
from model test data, and most of them cannot take into account the effects of prestress
and post cracking strength of UHPC on the ultimate torque of UHPC-RC composite
beams Therefore, it is necessary to conduct research on the torsional calculation
method of prestressed UHPC-RC I-shaped composite beams based on their mechanical
characteristics. This chapter focuses on the stress and failure characteristics of
UHPC-RC I-beams under ultimate bearing capacity, derives the theoretical calculation
formula for the ultimate torque of the section, verifies the theoretical formula through
finite element calculation results, and finally conducts variable parameter analysis of
engineering examples.

2 Theoretical Analysis of Ultimate Torque

Ultimate torque refers to the external torque corresponding to the ultimate failure state
of a section under torsion The following first proposes a partition method for the anti
torsion section of I-shaped composite beams, and then derives the theoretical calcula-
tion formula for the ultimate torque based on the theoretical model of variable angle
spatial trusses.

2.1  Anti Torsion Section Partition

According to the distribution characteristics of shear flow in the cross-section of an
I-beam under torsional action, the standard I-beam composite section is divided into
three block areas (ABC) (as shown in Figure 1). The prestressed UHPC-RC composite
beam is first prefabricated with UHPC beams (block B + block C), and then the RC
bridge deck slab (block A) is poured and subjected to a second phase load. The sec-
tional stress of each block area should be accumulated and calculated according to the
specific construction process.

[ roc |

Fig. 1. Positioning principle based on location fingerprints
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2.2 Ultimate Torque

The ultimate torque is analyzed based on the theory of variable angle spatial truss
model (as shown in Figure 2), and the theoretical formula for the ultimate torque of the
I-shaped section is derived below.
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Fig. 2. Variable angle spatial truss model

The ultimate torque analysis of UHPC beams (divided into zones B and C) should
consider the post cracking strength of UHPC between the diagonal strut gaps. Taking
the lower half of the spatial truss model (within the blue box in Figure 2) as the isola-
tion body, the vertical force balance relationship can be obtained as follows:

N=N+N, €))
Among them:
U('or
NZCJ'U“,rZT'E ()
A

N — sl sy t
= U, cota 3)
N, =k,U,, cota 4)

In the formula: q is the shear flow acting on the sidewall; ft is the post cracking
strength q of UHPC; fsv is the tensile strength of the hoop reinforcement; sv is the
spacing between stirrups; Ns is the vertical tensile force provided by a single leg hoop
reinforcement; Nf'is the vertical tension provided between the gaps of UHPC diagonal
compression bars; N is the vertical force formed by the shear flow in the section (the
sum of the vertical tension provided by the single leg hoop reinforcement and UHPC);

A"’“”is the core area of section i in the partitioned area, 4., = (ai —2¢ d)(bl_ —2¢t d);

Uiwr is the circumference of the core area of section i in the partitioned area,
U —2(al.—2t d)+2(bi_ 2t d); kis the fiber orientation coefficient; td is the

icor —
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equivalent wall thickness of the thin-walled section, t,=A4fu , Ais the total area en-

closed by the outer perimeter of the solid cross-section; u is the outer circumference of

the solid section. The equivalent wall thickness td shall not be less than twice the

distance between the outer edge of the section and the center of the longitudinal steel

bar. For hollow sections, the actual wall thickness is the upper limit value [4].
Substituting equations (2) to (4) into equation (1) yields:

N

v

A
(—‘W' o kfttd]'Uwr cota=T '—212’”" (5)

cor

Taking the overall spatial truss model as the isolation body, the horizontal equilib-
rium relationship can be obtained as follows:

F,+Fy +F,;sina =Dcosa (6)

From the vertical balance relationship, it can be concluded that:

Dsina +F,cosa =qU,, (7
Among them:
F/ = kfz‘thcor sina (8)
E=4,1, 9
UC()F
9 U =T"— (10)

In the formula: Fs is the sum of the tensile forces of longitudinal ordinary steel bars;
Ff is the tension provided between the gaps of UHPC diagonal compression bars; FN is
the cross-sectional prestress generated by the prestress beam; D is the sum of axial
pressure of UHPC diagonal compression rods; Ast is the sum of the areas of longitu-
dinal ordinary steel bars; Fs is the tensile strength of longitudinal ordinary steel bars.

Substituting equations (7) to (10) into equations (6) to (7) yields:

cor

A, f. +F, +ktU, sin>a=Dcosa (11)

Dsina +0.5kft,U. sin2a=T'2li% (12)

t°d™ cor
cor

The mechanical equilibrium relationship of the variable angle spatial truss model
can be obtained as follows.
When the reinforcement yields:

N

v

A
T,=24,, (M+kf,z‘d}-cota (13)
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When the longitudinal bars yield:

cor

+0.5kf ¢, sin 20:} (14)

When the hoop reinforcement and longitudinal reinforcement yield simultaneously,
the inclination angle o can be calculated basedon T} =T, :

o = arctan Asvljpsv /Sv + ]g(;td Ucor (15)
Astf; + FN + kf;thcor

The ultimate torque of the overall cross-section is the sum of the ultimate torques of
each segmented area:
3
Tmax = Z 7;,max = TA,max + TB,max + TC,max (16)
i=1

l

The ultimate torque of block A is still considered according to the spatial truss the-
ory, but the concrete fails after cracking. Let the £ in equations (13) to (14) be zero.

3 Numerical Verification of Torsional Calculation

3.1 Example Parameters

This example is a pre-stressed pre tensioned UHPC-RC I-shaped composite beam with
a span of 25m. The calculated span is 24m, and the cross-sectional dimensions of the
beam are shown in Figure 3 Five and 36 steel strands are arranged on the top and
bottom plates respectively, with a controlled tension stress of 1395MPa under the
anchor There are no ordinary steel bars inside the UHPC beam, and two layers of
ordinary steel mesh are arranged inside the RC bridge deck, with a spacing of 100mm
between the steel bars The RC bridge deck is made of C50 concrete, the I-beams are
made of UC150 grade UHPC, the ordinary steel bars are HRB400 steel bars, and the
prestressed steel bars are @15.2mm prestressed steel strands. The material mechanical
properties are shown in Table 1.

Table 1. Material Mechanical Properties Table

compressive strength  tensile strength  Elastic modulus

material (MPa) (MPa) (MPa)

€50 324 2.65 34500
UC150 105 72 43500
HRB400 400 400 200000

steel strand / 1860 195000
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Fig. 3. Sectional View of Example Beam

The finite element model (as shown in Figure 4) of the simply supported UHPC-RC
I-shaped composite beam was established in professional analysis software, and the
entire bridge was divided into 1842540 elements and 255909 nodes.

Fig. 4. Overall diagram of finite element model

3.2 Finite Element Model Calculation Results
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Fig. 5. Numerical calculation results of beam load angle curve for example
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The load angle curve of the example beam calculated by the finite element model is
shown in Figure 5. It can be seen from the figure that the theoretical value of the initial
cracking torque of the example beam is 133KN-m, the theoretical value of the cracking
torque is 420KN-m, and the theoretical value of the ultimate torque is 741 KN-m.

3.3 Numerical Verification of Ultimate Torque

The results of the calculation based on the theoretical formula of ultimate torque de-
rived in this article are shown in Table 2. The ultimate torque is considered whether to
include the tensile strength of C50 concrete in the bridge deck.

Table 2. Theoretical and Finite Element Calculation Values of Sectional Ultimate Torque

Ultimate torque

Theoretical value Initial cracking cracking ultimate
(Maximum torque considering C50 tensile torque torque torque
strength) 133.1 420.5 890.4
Initial cracking cracking ultimate
Finite element calculation value torque torque torque
144 480 912

It can be seen that the theoretical values of the initial cracking torque and cracking
torque of the beam section in the calculation example are relatively close to the finite
element calculation values; After considering the tensile strength of C50 concrete in
the bridge deck, the theoretical values of the initial cracking torque, cracking torque,
and ultimate torque of the beam section in the calculation example are close to the
finite element calculation values This indicates that the theoretical formula for the
ultimate torque of prestressed UHPC-RC I-shaped composite beams proposed in this
article can truly reflect the torsional process of the example beams For safety reasons,
this article suggests not considering the contribution of concrete tensile strength in the
calculation of ultimate torque of bridge decks, and ignoring the tensile strength of C50
concrete in subsequent analysis.

4 Analysis of Ultimate Torque Parameters

Based on the calculation parameters in Section 2.1, a parametric analysis of prestress
and UHPC tensile (post crack) strength is conducted using the ultimate torque theory
formula to investigate the effect of these parameters on the torsional performance of
prestressed UHPC-RC I-shaped composite beams.

4.1 Initial Prestress

The influence of initial preloading stress on the ultimate torque value is shown in Fig-
ure 6. The overall sectional ultimate torque values are 779.7 kN-m, 741.7 kN-m, 697.7
kN-m, 644.1 kN'm, 566.7 kN-m, and 469.6 kN-m, respectively For the partitioned area
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C, the compressive force in the spatial truss model is borne by the post crack stress of
the crack gap between each compressive rod When the prestress value decreases to 25%
of the original value, sectional tensile stress is generated in the segmented area C, but
the crack gaps between the compression bars can still provide tensile strength, and the
segmented area C has not yet reached the ultimate torque When the prestress value
drops to 0%, the tensile stress of section C in the segmented area has exceeded the
limit and cannot form a spatial truss model to resist external torque The calculation
results indicate that increasing the prestress value can improve the ultimate torque of
the overall cross-section.
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Fig. 6. Initial preloading stress ultimate torque

4.2  The Influence of UHPC Tensile Strength
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Fig. 7. UHPC tensile strength ultimate torque
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The influence of UHPC tensile strength on the ultimate torque value is shown in Figure
7. The overall sectional ultimate torque values are 796.7 kN = m, 741.7 kN * m,
683.4KkN * m,625.1kN * m, 5473 kN < m,and382.1 kN - m, respectively The
ultimate torques TuA, TuB, and TuC of the partitioned areas A, B, and C decrease with
the decrease of UHPC tensile strength There is no reinforcement in the block areas A,
B, and C, and the compressive force in the spatial truss model is borne by the post
crack stress between the crack gaps of each compressive rod. When the material matrix
has no tensile capacity, it cannot form a spatial truss model to resist external torque
When the tensile strength of UHPC decreases from the original value to 0%, the ulti-
mate torque of the overall cross-section can only be provided by the segmented zone D
The post cracking strength of UHPC has a significant impact on the ultimate torque
value of the overall cross-section, and the post cracking tensile strength of the material
should be appropriately increased.

5 Conclusions

Based on the structural characteristics of prestressed UHPC-RC I-shaped composite
beams, this article systematically studies the calculation method of their ultimate
torque through theoretical analysis and numerical simulation. The main conclusions
drawn are as follows:

(1) The ultimate torque calculation formula proposed in this article can consider the
effects of prestress and UHPC tensile strength, and can more accurately reflect the
torsional state of the structure than traditional formulas.

(2) Comparing the theoretical analysis and numerical calculation results of the ulti-
mate torque of a 25m span example beam, the theoretical value of the ultimate torque
differs only 2.3% from the finite element calculation value, verifying the accuracy of
the anti torsion calculation formula derived in this paper.

(3) The initial pre stress has a significant impact on the ultimate torque of the sec-
tion. In this study, applying pre stress to the beam can increase the ultimate torque
value by 57.9%, and considering the tensile strength of UHPC, it can increase the ulti-
mate torque value by 94.1%.

Acknowledgements

Thank you for the funding of the 2021 Key Technology Project in the Transportation
Industry (2021-MS1-021).

References

1. Eugen Briihwiler, Peng Feng, Mohamed Moustafa. Bending resistance mechanism of pre-
stressed ultra-high performance concrete - reinforced concrete beam based on a full-scale
experiment[J]. Advances in Structural Engineering, 20240700.



10.

Theoretical Study on the Calculation Method of Ultimate Torque 717

Graybeal B A. Structural behavior of ultra-high performance concrete prestressed
I-girders[R]. No. FHWA-HRT-06-115. McLean, VA: Federal Highway Administration,
2006.

JTG 3362-2018, Design Specification for Highway Reinforced Concrete and Prestressed
Concrete Bridges and Culverts [S] People's Communications Press, 2018.

. EN 1992-2:2005. Eurocode 2: Design of Concrete Structures-Concrete Bridges Design and

Detailing Rules [S]. 2008.

. NF P 18-710. National addition to Eurocode 2 - Design of concrete structures: specific rules

for Ultra-High Performance Fibre-Reinforced Concrete (UHPFRC) [S]. Association Fran-
¢aise de Normalisation, 2016.

ULTRA HIGH PERFORMANCE FIBRE-REINFORCED (Recommendation, Revised
edition) [S]. Association Frangaise de Génie Civil, 2013.

ZHOU J, Li C, Experimental investigation on torsional behaviors of ultra-high performance
fiber reinforced concrete hollow beams [J]. Cement and Concrete Composites, 2022.
CECO: 104504.

. KWAHK LJOHC,LEE JW, Torsional behavior design of UHPC box beams based on

thin-walled tube theory [J]. Engineering, 2015, 7(3): 101-114.

YANG LJOH C,LEE JW, et al. Torsional behavior of ultra high performance concrete
squared beams [J]. Engineering Structures, 2013(56): 372-383.

Qiu Jisheng. Research on Calculation Theory and Stress Mechanism of Steel Fiber Rein-
forced Concrete Multi ribbed Composite Floor System [D] Xi'an University of Architecture
and Technology, 2011.

Open Access This chapter is licensed under the terms of the Creative Commons Attribution-
NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/),
which permits any noncommercial use, sharing, adaptation, distribution and reproduction in any
medium or format, as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license and indicate if changes were made.

The images or other third party material in this chapter are included in the chapter's

Creative Commons license, unless indicated otherwise in a credit line to the material. If material
is not included in the chapter's Creative Commons license and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder.


http://creativecommons.org/licenses/by-nc/4.0/

	Theoretical Study on the Calculation Method of Ultimate Torque of Prestressed UHPC-RC I-shaped Composite Beam



