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Abstract

The prestressed UHPC-RC I-shaped composite beam is a common new type of beam structure at present, and there is relatively
little research on the torsional calculation method for this type of structure. This article first defines the mechanical concept of
characteristic torque based on the structural characteristics and different stage stress states of prestressed UHPC-RC I-shaped
composite beams. Considering the initial pre stress, UHPC tensile strength, and concrete tensile and compressive stress states,
theoretical formulas for initial cracking torque, cracking torque, and ultimate torque are derived based on elastic theory, plastic
theory, and variable angle spatial truss theory, respectively; Subsequently, taking a 25m prestressed UHPC-RC I-shaped
composite beam as an example, the accuracy of the theoretical formula in this paper was verified through finite element
calculation results, where the theoretical value of the ultimate torque differed only 2.3% from the finite element calculation
value. Finally, a parametric analysis of the characteristic torque of the beam was conducted, and the results of this study showed
that the initial cracking torque value of the section was not affected by the initial pre stress and UHPC tensile strength, provided
that the main tensile stress of the bottom concrete did not exceed the limit; Increasing the initial prestressing stress of the section
or enhancing the tensile strength of UHPC can enhance the cracking torque and ultimate torque of the section. Considering the
initial prestressing stress and UHPC tensile strength, the ultimate torque of the section can be increased by 57.9% and 94.1%,
respectively. If the influence of the tensile and compressive stress states of concrete is neglected in the calculation, the values of
the initial cracking torque and cracking torque of the section will be overestimated by 8.6% and 13.3%, respectively.
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1. Introduction

Prestressed UHPC-RC I-shaped composite beam is a new  on the bending and shear mechanical properties of this kind of
type of beam structure, which has the advantages of high structure, but less on the torsional properties. However, the
structural strength, light weight, high material utilization rate, ~ torsion resistance of I-section is poor, which may produce
small lifting weight on site, convenient maintenance in the large section torque due to the bending torsion coupling effect
later stage and so on [1, 2]. At present, there are more studies  or eccentric load effect of curved beam in practical engi-
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neering. It is necessary to accurately analyze the torsion re-
sistance of section in the design stage.

At present, the design codes (standards) for concrete (UHPC)
structures at home and abroad are mainly the calculation for-
mulas of cracking torque and ultimate torque for rectangular or
box section. The domestic [3] and European [4, 5] concrete
structure design codes put forward the contribution of prestress
effect to the ultimate torque. The French [6] and Swiss [7]
UHPC design codes include the contribution of UHPC tensile
strength to the ultimate torque. The torsional calculation for-
mula in the domestic UHPC design code [8-10] is the same as
that in the pre specification [3]. The existing code formulas are
not suitable for calculating the characteristic torque of pre-
stressed UHPC-RC I-beams. In recent years, scholars at home
and abroad have made some achievements in the research of
UHPC beam characteristic torque calculation method [11-16].
According to the research of some scholars [11-13], the tor-
sional bearing capacity of reinforced UHPC beams is mainly
determined by the amount and type of steel fiber, reinforcement
ratio and section form. Steel fiber can significantly improve the
section cracking torque and ultimate torque. Wang JQ et al. [16]
carried out the pure torsion performance test of unreinforced
UHPC rectangular beam, and proposed the calculation formula
of cracking and ultimate torque of unreinforced UHPC rec-
tangular beam based on the test data. Zhou C et al. [17] took the
RC beam strengthened by UHPC thin layer as the research
object, deduced the calculation formula of torsional bearing
capacity of hooped UHPC hollow rectangular beam, and veri-
fied it by model test. Li CX et al. [18] proposed the cracking
torque coefficient of UHPC members and the section torsional
coefficient in the ultimate torque formula through pure torsion
model test. Li CX et al. [19] carried out the pure torsion test of
two reinforced UHPC box girders with flanges, collected the
test data of 47 groups of UHPC specimens, and proposed the
calculation formula of ultimate torque suitable for rectangular
and box section beams.

To sum up, the current research object is mainly focused on
the reinforced UHPC rectangular beam, a small number of
literatures involve the reinforced UHPC box beam, but not the
prestressed UHPC-RC I-shaped composite beam. The existing
research failed to put forward the calculation formula of initial
crack torque reflecting the elastic torsional limit state. The
existing characteristic torque calculation formula is mainly
based on the fitting formula proposed by the model test data,
and most of them can not take into account the effect of pre-
stress, the reduction effect of tensile strength of concrete under
tension and compression stress state, and the influence of
UHPC post crack strength. Therefore, it is necessary to study
the torsional calculation method of prestressed UHPC-RC
I-shaped composite beam according to its mechanical charac-
teristics. In this chapter, according to the mechanical charac-
teristics of UHPC-RC I-beam under normal use and ultimate
bearing capacity, the mechanical concept of section character-
istic torque is proposed, and the theoretical formulas of section
initial cracking torque, cracking torque and ultimate torque are
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derived. The theoretical formulas are verified by finite element
calculation results, and finally the variable parameter analysis
of engineering examples is carried out.

2. Theoretical Analysis of Characteristic
Torque

2.1. Concept of Characteristic Torque
Mechanics

The characteristic torque of UHPC-RC I-shaped composite
beam reflects the process of the beam body from elastic tor-
sion state to ultimate breaking cycle state: the initial cracking
torque refers to the external torque corresponding to the
moment when the principal tensile stress at any point on the
section reaches the tensile strength of concrete; Cracking
torque refers to the external torque when the full section
reaches the yield strength of concrete and the section enters
the full plastic state; Ultimate torque refers to the external
torque corresponding to the section reaching the ultimate
failure state. In the following, the torsional section zoning
method of I-shaped composite beams is proposed, and then
the theoretical formula of characteristic torque is derived
according to the corresponding mechanical concepts.

2.2. Torsional Section Zoning and Section Stress
Calculation Method

According to the distribution characteristics of shear flow
in the section of I-beam under torsion, the section of standard
I-beam composite beam is divided into ABC three block areas.
Block B and block C correspond to UHPC beam, and block A
corresponds to RC bridge deck. For prestressed UHPC beams,
the width of the web is usually less than the thickness of the
bridge deck and bottom plate. According to the principle of
the maximum sum of torsional stiffness of each block area
after section division, the section division is carried out in the
way that the web block area does not extend to the bridge deck
and bottom plate, as shown in Figure 1. It should be noted that
when the roof area of UHPC beam is large, a UHPC beam
roof block area should be added in Figure 1 (similar to the
section in Figure 3).

Zone A

Zone B

Zone C

Figure 1. Anti torsion section zoning diagram.
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The prestressed UHPC-RC composite beam shall be pre-
fabricated with UHPC beam (block B+block C), and then the
RC bridge deck (block A) shall be poured and the secondary
load shall be applied. The section stress of each block area
shall be calculated according to the specific construction
process.

The section stress (positive under pressure) of block A,
block B and block C is:

M
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Where: Ny, is the resultant force of part i steel tendon; e,; is
the distance between the i-part tendon and the gravity center
axis of the section; z; is the distance between the upper and
lower centroids of the center of gravity axis of UHPC section
(block B+block C) when the beam is subjected to bending
moment. When the area of UHPC top plate and bottom plate is
larger than that of the web, the distance between the top and
bottom plate tendon positions can be taken; When the area of
UHPC top plate or bottom plate is slightly larger or smaller
than that of the web, 2/3 of the overall section height can be
taken; z, is the distance between the upper and lower centroids
of the gravity axis of the overall section (block A+block
B+block C) when the beam is subjected to bending moment.
When the area of the bridge deck or bottom slab is much
larger than that of the web, the distance between the bottom
slab tendon and the center of gravity axis of the bridge deck
can be taken; Aa, Ag and Ac are the sectional areas of blocks A,
B and C; M, is the section bending moment caused by the
dead weight of RC bridge deck and UHPC beam; M, is the
section bending moment caused by phase 11 load.

2.3. Initial Cracking Torque

The initial cracking torque is analyzed according to the
elastic theory, and the theoretical formula of the initial
cracking torque of I-section is derived below. When the con-
crete is in tension and compression stress state, the tensile
strength of concrete decreases. According to the specification
[20], the following formula is given:

f,=nf,— f, @)

®)

Where: f; and f, are the compressive strength (positive
value) and tensile strength (negative value) under biaxial
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tensile and compressive stress state; f, and f., are the com-
pressive strength (positive value) and tensile strength (posi-
tive value) under uniaxial stress state.

The maximum principal tensile and compressive stresses of
the section in block i are:
~(0.256:2 +72)-0.50, =1,

Ot mex

(6)

Gigme =(0.250; +72)+ 0.50; = f,

(7
Where: o;, 7; are the normal stress and shear stress of the
section in the block area i; o is positive under pressure.

The following equation can be derived from simultaneous
equation (4), equation (6) and equation (7):

(n+2”

Then the maximum shear stress of the section in block i is:

_no-iz + ftr2 +(1_ n)o-i ftr (8)

_ \/_ no-iz + ftrz +(1_ n)o-l flr
B 1+n

7 9)
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According to the elastic torsion theory, the section torsion
rate of each block area is the same, and each block area shares
the torque according to the proportion of its torsional stiffness
in the total section stiffness, so the overall section torque
corresponding to the maximum shear stress of each block area
section is:

Ti‘maxﬁiiGlﬂi'aibis \/* nUiz + fnz + (1* n)Ui fie 'ﬂiieiﬁi'aibig
T i=1 . — i=1 (10)
G|ﬁ| t)l
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Where: G; is the shear modulus corresponding to the block
areai; £, fi' is the torsion factor; a; and b; are the lengths of the
long and short sides of the section.

When a,/b >3, ﬂi' ~ j,, there are:

3 '
\/* no’ + f,” +(@L-no f, >.Gh, ab’

i=1

(1+n)-Gp,

(11)

imax T

The initial cracking torque of the overall section is the
minimum value of the overall section torque corresponding to
the section of each block:

T

Tk = min(Ti‘m)z min(TAmx T c,max) (12)

B,max ?

2.4. Cracking Torque

The section cracking torque is analyzed according to the
plastic theory, and the theoretical formula of I-section crack-
ing torque is derived below. When the block I reaches the full
section plastic state, the full section shear stress should reach
the limit value. Considering the influence of concrete tension
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and compression stress state on tensile strength, the maximum
shear stress of section | in block area can be expressed as
formula (9), and the section cracking torque of block area |
can be expressed as:

2 2
Tivmax -z W= \/—n0'| + f£|»+:]'(1— n)(Ti f“, ~Wl (13)

i,max t

Where: W, is the torsional plastic resistance moment of the
section.

When the section of block i is rectangular, equation (13)
can be written as:

_ \/_ﬂo_l2 + ftrz +(1_n)0_| ftr ‘b|2(3a| _bi)

T = 6(L+n) (14)

i,max

The cracking torque of the overall section is the sum of the
cracking torques of the sections in each block:

=T +T,

A, max B, max

+T,

3
Tmax = lemax C,max (15)
i=1

2.5. Ultimate Torque

The ultimate torque is analyzed according to the theory of
variable angle space truss model, and the theoretical formula
of the ultimate torque of I-section is derived below.

2.5.1. Basic Assumptions

qgcola

- —— ——

h cor cOta |

Figure 2. Variable angle spatial truss model.

The variable angle space truss model is a classical me-
chanical model for analyzing the torsional limit state of
components, as shown in Figure 2. The basic assumptions of
the variable angle space truss model are as follows:

(1) The inclined angle of the inclined compression bar of
the truss composed of the concrete shell with spiral
cracks is unified as a. The ordinary concrete inclined
compression bar can only bear the compressive stress
on the normal section, while the UHPC inclined com-
pression bar can bear the compressive stress on the
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normal section and the tensile stress between the in-
clined compression bars at the same time;

(2) The longitudinal bars and stirrups only bear tensile
force, and form the chord and web members of the truss
respectively;

(3) The torsion resistance of core concrete and the pin bolt
effect of reinforcement are ignored.

2.5.2. Ultimate Torque of Uhpc Beam (Block Areas
B and C)

The ultimate torque analysis of UHPC beams (block areas
B and C) should consider the post crack strength of UHPC
between the gaps of the diagonal struts. The lower half of the
space truss model (in the blue box of Figure 2) is taken as the
isolation body, which can be obtained from the vertical force
balance relationship:

N=N,+N, (16)
Including:
UCOT
N:q'Ucor:T'% (17)
&\ﬂ. fSV
N, =—2=U t
S SV cor CO [24 (18)
N, =kftU,, cota (19)

Where: q is the shear flow acting on the side wall; f; is the
post crack strength of UHPC; f, is the tensile strength of
stirrup; s, is the stirrup spacing; N; is the vertical tension
provided by the single leg stirrup; N is the vertical tension
provided between the gaps of UHPC diagonal struts; N is the
vertical force formed by the cross-section shear flow (the sum
of the vertical tension provided by the single leg stirrup and
UHPC); A isthe core area of section I in the blocking area,
A =(a -2t )b -2t); Ui, is the perimeter of the core area
of section i in the blocking area, Ui =2(a —2t;)+2(b,-2t,); k is
the fiber orientation coefficient; TD is the wall thickness of
the equivalent thin-wall section, t; = A/u, A is the total area
surrounded by the outer periphery of the solid section; u is the
outer perimeter of the solid section. The equivalent wall
thickness tq shall not be less than 2 times of the distance be-
tween the outer edge of the section and the center of the lon-
gitudinal reinforcement. For hollow sections, the actual wall
thickness is the upper limit [4].

Substituting equations (17) to (19) into equation (16), we
can get:

cota=T &
A

or

Avl fsv .
[ s, + kfttd J Ucor (20)

Taking the overall space truss model as the isolation body,
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the horizontal balance relationship can be obtained:

F, +F, +F sina=Dcosa (21)
According to the vertical balance relationship:
Dsina + F; cosa = qU,,, (22)
Including:
F, =kft,U_, sina (23)
F =Af, (24)
AU =T (25)

Where: Fs is the sum of tensile force of longitudinal ordi-
nary reinforcement; F; is the tension force provided between
the gaps of UHPC diagonal struts; Fy is the section preloading
stress generated by the prestressing beam; D is the sum of
axial pressure of UHPC inclined compression rod; Ay is the
sum of the areas of longitudinal ordinary reinforcement; f is
the tensile strength of longitudinal ordinary reinforcement.

Substituting equations (23) to (25) into equations (21) to
(22), we can get:

A f, +F, +kft,U_, sin’a=Dcosa (26)
Dsi 0.5kft,U_, sin2a =T Yoo,
Sina + 0. Ly CorSIn o = % (27)

The following formulas can be obtained from the me-
chanical equilibrium relationship of the above variable angle
space truss model.

When stirrups yield:

T - 2/%(% +KiL, } coter (28)

v

When the longitudinal bars yield:

tano

cor

T, = 2;\0{(/& f, +Fy +kft,U,, sin? @)% + 0.5kft, sin 24 (29)

When the stirrup and longitudinal reinforcement yield at
the same time, the inclination angle o can be obtained ac-
cordingto T, =T,:

_ _Aufa/s +kfE,
“ arCtan[\/ A+ Ry KU Ucor] (30)
3
Tox :ZTi,max =Tamax + Temax + To.m (31)

2.5.3. Ultimate Torque of Rc Bridge Deck (Block A)

The ultimate torque of block a is still considered according
to the space truss theory, but the concrete will fail after
cracking. It is sufficient to make FT in equations (28) to (30)
zero.

3. Numerical Verification of Torsional
Calculation

3.1. Example Parameters

This example is a prestressed pretensioned UHPC-RC
I-shaped composite beam with a span of 25m [21]. The cal-
culated span is 24m, and the beam section size is shown in
Figure 3. 5 and 36 steel strands are respectively arranged at
the top and bottom plate, and the tension control stress under
the anchor is 1395mpa. There is no ordinary reinforcement in
the UHPC beam. Two layers of ordinary reinforcement mesh
are arranged in the RC bridge deck with a reinforcement
spacing of 100mm. The RC bridge deck is made of C50 con-
crete, the I-beam is made of UC150 grade UHPC, the ordinary
reinforcement is HRB400 reinforcement, and the prestressed
reinforcement is ®°15.2mm Prestressed steel strand. The
material mechanical properties are shown in Table 1.

Table 1. Material Mechanical Properties Table.

Compressive Tensile strength

b U strength (MPa) (MPa)
C50 32.4 2.65
UC150 105 7.2
HRB400 400 400
Prestressed steel strand  / 1860

226

Elastic modulus Poisson's Bulk density
(MPa) ratio (kN/m?)
34500 0.2 26.0

43500 0.2 27.0

200000 0.3 78.5

195000 0.3 78.5
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Based on the sectional characteristics of the UHPC-RC
I-beam, block area D belongs to post-cast construction and is
mainly connected to block area A through shear reinforce-
ment. At the same time, from a perspective of safety and for
ease of calculation and analysis in practical projects, the
beam section is divided into four block areas, as shown in
Figure 4. Block A, B and C correspond to the top plate, web
plate and bottom plate of UHPC beam, and block D corre-
sponds to RC bridge deck.

2200
1200

500 500

1450
A 05? 00

0,180,

Figure 3. Sectional View of Example Beam.

Reinforcement details

Section details

2200
1200

500 500

88, 200

939

Figure 4. Anti torsion section zoning diagram.

3.2. Establishment of Finite Element Model

The finite element model of the UHPC-RC I-shaped
composite beam is established in the finite element analysis
software Midas-FEA. The whole bridge is divided into
255909 elements and 296567 nodes. C50 concrete bridge
deck is divided into 92000 units and 117735 nodes, and
UHPC I-beam is divided into 119000 units and 146292 nodes.
The bridge deck and I-beam grids are mainly divided into 50°
mm?® hexahedral elements, and some section transition sec-
tions are tetrahedral elements, as shown in Figure 5. In order
to simulate that the shear flow does not flow between the

bridge deck and the I-beam top plate, an interface unit is set
between the bottom surface of the bridge deck and the top
surface of the I-beam. The interface can slip laterally without
lifting.

Interface unit

Torque loading point

Figure 5. Overall diagram of finite element model.

The finite element model simulates the fabrication and
loading process of UHPC-RC I-shaped composite beam:
firstly, precast the UHPC I-shaped beam and tension the pre-
tensioned steel strand, pour the RC bridge deck, apply the
secondary load, and finally apply the concentrated torque at
the right end for loading. A rigid connection is set between the
boundary point and the loading section at both ends. The
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constraint conditions of the left boundary point are Tx, Ty, Tz,
Ry and Rz, and the constraint conditions of the right boundary
point are Ty, Tz and Rz. The torsional load is applied to the
right boundary point. The tensile properties of UHPC in the
model are simulated using a simplified elasto-plastic consti-
tutive model. The elastic modulus of UHPC remains constant
until it reaches the elastic limit strain, and the tensile stress of
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UHPC within the range from the elastic limit strain to the
ultimate tensile strain (0.0025) decreases linearly to zero. The
tensile properties of C50 concrete are not neglected in the
model and are also simulated using a simplified elasto-plastic
constitutive model.

3.3. Finite Element Calculation Results

The load rotation curve of the example beam calculated by
the finite element model is shown in Figure 6. The develop-
ment process of the plastic state of the example beam under
torsion is shown in Figure 7 through numerical simulation. 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 im, and the
theoretical value of the ultimate torque is 741kN m.

1000

800+ Ultimate torque, 912kN m

[=2]

o

o
1

400

Load (kN m)

Cracking torque, 480kN m

200

Initial cracking torque, 144kN m

3 6 9 12 15 18
Loading point corner (<

Figure 6. Numerical calculation results of beam load angle curve for
example.

[F] Partially open
- loading

Partially open

- unloading
Fully open

- loading
[O7] Fully open

- unloading
Initial cracking of bridge deck [T ] Ciosed
[ Mo crackyet

(a). Bridge deck cracking under initial cracking torque.

[F] Partially apen
- loading
Partially open

- unloading
[T] Fullyopen

- loading
Fully open

- unloading
Closed
[ Mo crackyat

(b). Under the action of cracking torque, most of the cross-section reaches a plastic state.

(c). Under the action of ultimate torque, the beam body reaches the complete limit state.

[F] Fartially apen
- Inading
Partially open

- unloading
[G] Fullyopen

- loading
Fully open

- unloading
Closed
[] Mocrackyet

Figure 7. Development process of plastic state of example beam under torsional action.

3.4. Numerical Verification of Characteristic
Torque

The calculation results based on the theoretical formula of
characteristic torque deduced in this paper are shown in Table
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2. The theoretical value of ultimate torque is provided in two
values depending on whether the tensile strength of C50
concrete is considered or not. 741.7 is the theoretical value
without considering the tensile strength of C50, while 890.4 is
the theoretical value with the tensile strength of C50 consid-
ered.
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Table 2. Theoretical and Finite Element Calculation Values of Sectional Characteristic Torque.

Characteristic torque

Theoretical value (C50 tensile strength is ignored for ultimate torque)

Theoretical value (C50 tensile strength is considered for ultimate torque)

Finite element calculation value

Initial cracking

Cracking torque Ultimate torque

torque

133.1 420.5 741.7
133.1 420.5 890.4
144 480 912

Note: the unit of characteristic torsion is kN m, and the tensile strength of bridge deck C50 concrete is considered in the finite element model

It can be seen that the theoretical values of the initial
cracking torque and the cracking torque of the beam section of
the example are close to those calculated by the finite element
method; When the tensile strength of bridge deck C50 con-
crete is considered, the theoretical values of the initial
cracking torque, cracking torque and ultimate torque of the
example beam section are close to those calculated by the
finite element method. It shows that the theoretical formula of
characteristic torque of prestressed UHPC-RC I-shaped
composite beam proposed in this paper can truly reflect the
torsional process of the example beam. For the sake of safety,
this paper suggests that the contribution of concrete tensile
strength should not be considered in the calculation of bridge
deck ultimate torque, and the subsequent analysis should also
ignore the tensile strength of C50 concrete.

4. Characteristic Torque Parameter
Analysis

According to the example parameters in Section 2.1, based
on the theoretical formula of characteristic torque, the variable
parameter analysis of preloading stress, UHPC tensile (post
crack) strength and concrete tensile and compressive stress
state is carried out to study the influence of the parameters on
the torsional performance of prestressed UHPC-RC I-shaped
composite beams.

4.1. Initial Preloading Stress

4.1.1. Effect on Initial Cracking Torque

The effect of initial preloading stress on initial cracking
torque value is shown in Figure 8. The preloading stress val-
ues are taken as 125%, 100%, 75%, 50%, 25% and 0% of the
original value of the example beam (without prestress). When
the preloading stress value is greater than 25% of the original
value (100%), the overall section initial cracking torque is
133.1kN m, and when it is less than 25% of the original value,
the overall section initial cracking torque is 0.

The initial cracking torque TICA of block a increases with
the decrease of preloading stress, but the increase of initial
cracking torque is also small due to the small increase of
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section normal stress. The initial cracking torques tich and
TICC of block B and C decrease with the decrease of pre-
loading stress. Because the normal stress of the section de-
creases greatly, the initial cracking torque also decreases
greatly. When the preloading stress value is reduced to 25% of
the original value, although the sectional tensile stress of
2.6MPa is generated in the block C, the maximum principal
tensile stress of the section does not exceed the tensile
strength of UHPC, and the block C can still withstand a cer-
tain torque. When the preloading stress value drops to 0%, the
sectional tensile stress of 10.06mpa is generated in the block
C, and the section has cracked, and its initial cracking torque
is 0. Block D (RC bridge deck) is a post pouring construction.
The normal stress of the section is not affected by the pre-
loading stress, and its cracking torque remains unchanged.

1000

800

—e— Block A
—e— Block B

Block C
—e— Block D
—e— Integral section

600

400

200

Initial cracking torque (kN )

T
25 50 75 100
Initial preloading stress ratio (%)

T
125
Figure 8. Initial preloading stress initial cracking torque.

4.1.2. Effect on Cracking Torque

The effect of initial preloading stress on the cracking torque
value is shown in Figure 9. The cracking torque of the overall
section is 439.5kN m, 420.5kN m, 393.9kN m, 356.4kN m,
297.5kN m, 195.1kN m.

The cracking torques TCRA, TCRB and TCRD of block a,
B and D are less affected by the preloading stress value. The
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cracking torque tcrc of Block C decreases with the decrease of
preloading stress. Due to the large reduction of normal stress
of the section, the cracking torque also decreases greatly. The
normal stress of the section in Block D is not affected by the
preloading stress, and its cracking torque remains unchanged.
The effect of initial preloading stress on cracking torque is the
same as that of initial cracking torque. When the preloading
stress value is reduced to 25% of the original value, although
the sectional tensile stress is generated in the block C, its
section does not enter the fully plastic state, and the block C
can continue to bear the torque until the full section enters the
plastic state. When the preloading stress value is reduced to
0%, the cracking torque of the whole section is reduced to
195.1kN m, indicating that the preloading stress value has a
great influence on the cracking torque of the whole section,
and the preloading stress of the section should be appropri-
ately increased.
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Figure 9. Initial pre stress cracking torque.

4.1.3. Effect on Ultimate Torque

The effect of initial preloading stress on cracking angle and
ultimate torque value is shown in Figure 10 and Figure 11, and
the ultimate torque of the overall section is 779.7kN m,
741.7kN m, 697.7kKN m, 644.1kN m, 566.7kN m, 469.6kN m.

The cracking angle 0 a of block a decreases slightly with the
decrease of preloading stress, while the cracking angles 6 B
and 6 C of block B and C increase with the decrease of pre-
loading stress. When the preloading stress value decreases to
0%, the normal stress of the section in Block B is 0, and the
cracking angle 6 B is 45< The cracking angle 6 C of Block C
is about 90 indicating that the tensile stress of the section of
Block C has exceeded the strength of UHPC after cracking,
and it can not continue to bear the torque. The cracking angle
0 D of block D is not affected by the preloading stress. The
effect of initial preloading stress on ultimate torque is the
same as that of initial cracking torque and cracking torque.
For Block C, the strut force in the space truss model is borne
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by the post crack stress of the crack gap between the struts.
When the preloading stress value is reduced to 25% of the
original value, the sectional tensile stress is generated in the
block C, but the crack gap between the compression rods can
still provide tensile capacity, and the block C still does not
reach the limit torque. When the preloading stress value de-
creases to 0%, the tensile stress of section C in the block area
has exceeded the limit, and the space truss model cannot be
formed to resist the external torque. The calculation results
show that increasing the preloading stress can improve the
ultimate torque of the whole section.
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Figure 10. Initial pre stress limit torque.
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Figure 11. Initial pre stress cracking angle.

4.2. Effect of Uhpc Tensile Strength

4.2.1. Effect on Initial Cracking Torque

The effect of UHPC tensile strength on initial cracking
torque value is shown in Figure 12. The UHPC tensile
strength values are taken as 125%, 100%, 75%, 50%, 25% and
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0% of the example beam respectively (the section has no
tensile capacity). When the UHPC tensile strength is greater
than 25% of the original value (100%), the overall section
initial crack torque is 133.1kN m, and when it is less than 25% of
the original value, the overall section initial crack torque
decreases with the decrease of UHPC tensile strength.

The initial cracking torques TICA, ticb and TICC of block a,
B and C gradually decreased with the decrease of UHPC
tensile strength. When the tensile strength of UHPC is less
than 25% of the original value, the initial cracking torque
value of the overall section is controlled from block D to
block C.
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Figure 12. UHPC tensile strength initial cracking torque.

4.2.2. Effect on Cracking Torque

The effect of UHPC tensile strength on the cracking torque
value is shown in Figure 13. The cracking torque of the
overall section is 462.7kN m, 420.5kNm, 374.3kN m,
326.8kN m, 261.0kN m, 116.3kN m.
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Figure 13. UHPC tensile strength cracking torque.
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The cracking torques TCRA, TCRB and tcrc of block a, B
and C gradually decrease with the decrease of UHPC tensile
strength. When the tensile strength of UHPC decreases to 0%,
the plastic sections of block a, B and C cannot be formed. The
tensile strength of UHPC has a great influence on the cracking
torque value of the whole section, and appropriately increas-
ing the tensile strength of the material can improve the
cracking torque of the whole section.

4.2.3. Effect on Ultimate Torque

The effect of UHPC tensile strength on cracking angle and
ultimate torque value is shown in Figure 14 and Figure 15, and
the ultimate torque of the overall section is 796.7kN m,
741.7kN-m,  683.4kNm, 625.1kNm,  547.3kNm,
382.1kN m.

The cracking angles 6 a, 8 B and 8 C of block a, B and C
decrease with the decrease of UHPC tensile strength. When
the tensile strength of UHPC decreases to 0%, the cracking
angle of block a, B and C is 0< indicating that the space truss
model cannot be formed in the block. The ultimate torques
TUA, tub and TUC of block areas a, B and C decrease with
the decrease of UHPC tensile strength. There is no rein-
forcement in block areas a, B and C, and the compressive bar
force in the space truss model is borne by the post crack stress
of the crack gap between the compressive bars. When the
material matrix has no tensile capacity, the space truss model
cannot be formed to resist the external torque. When the ten-
sile strength of UHPC is reduced from the original value to
0%, the ultimate torque of the overall section can only be
provided by block D. The post crack strength of UHPC has a
great influence on the ultimate torque value of the overall
section, so the post crack tensile strength of the material
should be appropriately increased.
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Figure 14. UHPC tensile strength ultimate torque.
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50 4.3. Influence of Concrete Tension and
l]oe—————<——+—— Compression Stress State

40 —e— Block A .. . .
o~ | Block B When the concrete is in the tension and compression stress
e I state, the tensile strength of the concrete decreases, which has
§ 30 a certain impact on the initial cracking torque and cracking
% torque value of the overall section. The calculation results of
g 20 whether to consider the influence of the tension and com-
S pression stress state of the concrete are shown in Table 3 and
= 10 - Table 4. The initial cracking torque and cracking torque of the
whole section were reduced by 8.6% and 13.3%, respectively.
If the effect of concrete tension and compression stress state
01 . . . . . . on tensile strength is ignored in the calculation, the initial
0 o5 50 75 100 125 cracking torque and cracking torque of the whole section will

UHPC tensile strength ratio (%) be overestimated.

Figure 15. UHPC tensile strength cracking angle.

Table 3. Concrete tensile and compressive stress state - initial cracking torque.

Whether to consider the tension and
compression stress state of concrete

YES

NO

Torque value of section initial crack(kN m)

. . . TicA TicB TicC TicD
Initial cracking torque in block area
867.3 839.0 384.3 133.1
o R ) Tic
Initial cracking torque of overall section
33.1
TicA Ti.B TiC Ti.D
Initial cracking torque in block area
987.4 985.9 455.7 145.6
Tic
Initial ki f I i
nitial cracking torque of overall section 145.6

Table 4. Concrete tensile and compressive stress state cracking torque.

Whether to consider the tension and
compression stress state of concrete

YES

NO

Section cracking torque value(kN m)

. . -l—CI'A TCI’B -l—CI'C TCI‘D
Cracking torque in block area
47.4 52.1 204.7 116.3
. . TCI’
Overall section cracking torque
420.5
TA T.B T,C T.D
Cracking torque in block area
54.0 61.2 242.7 127.2
TCI’
Overall secti king t
verall section cracking torque 485.2
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5. Conclusion

This article systematically studies the calculation
method of characteristic torque for prestressed UHPC-RC
I-shaped composite beams through theoretical analysis and
numerical simulation. The main conclusions drawn are as
follows:

(1) This article addresses the deficiencies of existing re-
search by proposing a characteristic torque calculation
formula based on the structural characteristics of pre-
stressed UHPC-RC I-shaped composite beams. This
formula takes into account the effects of prestressing,
the tensile and compressive stress states of concrete,
and the tensile strength of UHPC, providing a more
accurate representation of the structure's torsion state
compared to traditional formulas. The theoretical val-
ues of the initial cracking torque and cracking torque of
the example beam differ by 7.6% and 12.6% from the
finite element calculation values, respectively, while the
ultimate torque (considering the tensile strength of C50)
differs by only 2.3%, verifying the accuracy of the tor-
sion calculation formula derived in this article. The
torsion calculation formula in this article can accurately
predict the torsion resistance of prestressed UHPC-RC
I-shaped composite beams and can be applied to engi-
neering design and safety assessment.

(2) Comparing the theoretical analysis and numerical cal-
culation results of the characteristic torque of a 25m
span beam, the theoretical values of the initial cracking
torque and cracking torque are 7.6% and 12.6% dif-
ferent from those calculated by the finite element
method, and the difference of the ultimate torque (con-
sidering the tensile strength of C50) is only 2.3%, which
verifies the accuracy of the torsional calculation for-
mula derived in this paper.

(3) On the premise that the tensile stress of the bottom slab
concrete does not exceed the limit, the initial cracking
torque value of the section is controlled by the RC
bridge deck, and is not affected by the initial preloading
stress and UHPC tensile strength; The initial preloading
stress and UHPC tensile strength have a great influence
on the cracking torque and ultimate torque of the sec-
tion. The cracking torque and ultimate torque of the
example beam after preloading stress are 115.5% and
57.9% respectively, and the cracking torque and ulti-
mate torque after considering UHPC tensile strength are
261.6% and 94.1% respectively. Properly increasing the
initial preloading stress or using hardened UHPC can
enhance the cracking torque and ultimate torque of the
section.

(4) The initial cracking torque and cracking torque of
concrete in tension and compression stress state will be
reduced by 8.6% and 13.3% respectively, which should
be considered in the calculation.
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