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ABSTRACT

In order to explore the improvement effect of ultra-high-performance concrete (UHPC) on the
mechanical property and crack resistance in the negative moment zone of the continuous concrete
box girder after simple support (CCBGSS), based on the experimental research, the finite element
software was used to simulate and analyze the parameters of the reinforced beam. The variation
trend of the load-deflection curve obtained from numerical simulation and experimental
measurements was basically consistent. The minimum error value of the cracking load was 2.0%,
and the maximum was 8.4%. The minimum error value of the ultimate load was 2.0%, and the
maximum was only 4.4%. This showed that the finite element model can well simulate the stress
behavior of the test beam in the whole process. When the pouring thickness of UHPC increased
from 60 mm to 100 mm, the cracking load and ultimate load increased by 10.3% and 5.6%
respectively. When the pouring length of UHPC increased from 1.6 m to 2.0 m, the cracking load
and ultimate load increased by 18.3% and 6.5% respectively.
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INTRODUCTION

As traffic becomes increasingly busy, vehicle loads continue to increase, the continuous
concrete box girder after simple support (CCBGSS) bridges are gradually exposed to many problems.
The most frequent one is the premature cracking of the concrete in the negative moment zone of the
wet joint structure at the top of the bridge pier due to heavy traffic pressure [1-2]. Ultra-high-
performance concrete (UHPC), as a new material, has excellent tensile properties, ultra-high
toughness, and ultra-long durability. Compared with normal concrete, UHPC can effectively solve
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the problem of cracking in the negative moment zone of CCBGSS [3-5]. With the rapid development
of the computer industry, the application of numerical analysis in the field of civil engineering has
become more and more extensive. Utilizing the powerful analysis and calculation ability of computer,
the stress state of the structure can be reflected more accurately, and the results can guide the
relevant structural tests, which can save the economic cost and time cost to a great extent [6-7].

In recent years, many scholars have used finite element software simulation and practical test
results to explore and study the problems in the field of Bridges. Shao [8] and Xu [9] numerically
simulated the longitudinal and lateral slip diseases and the deterioration trend of lateral stiffness of
prestressed concrete curved beam bridges, and proposed corresponding solutions, which provided
new possibilities for further improving the disease prevention level of prestressed concrete curved
beam bridges. Chung [10] and Barth [11] used the three-dimensional nonlinear finite element
analysis method to predict the ultimate load behavior of the upper structure plate of the steel string
bridge, and the results showed that the finite element analysis results were in good agreement with
the experimental data. Rao [12] designed and manufactured two sets of 6 parallel glued T-beams
with larch as raw material, observed and evaluated the failure mode and failure mechanism of glued
wood beams, and established the glulam upside T-beam model with ABAQUS finite element
software to simulate the mid-span deflection, displacement at measuring point, strain and failure
mechanism of the members under the same load level. The conclusions provided a theoretical
reference for further study of the mechanical properties of glulam T-beam. Based on finite element
theory and ANSYS software, Ling [13] conducted linear and nonlinear analyses on the force
conditions of continuous nodes of simply-supported girder T-girder bridges with continuous decks
under different loading conditions, and obtained the theoretical basis for the design and construction
of simply-supported T-girder bridge deck pavement, which can provide references to the related
personnel. Wu [14] used the finite element method to analyze the interaction between the old and
new box girders as well as the effect on the structural stress state of the existing box girders, and
studied the possible structural diseases of the top plate and wing plate of the existing box girders
and the mechanism of their generation after widening. Their research has made an outstanding
contribution to the application of finite element software in the field of bridge, so that the finite element
simulation analysis has a guiding significance to the field test results and practical engineering.

In this paper, the bending test of 6 concrete box beams was carried out by using UHPC to
strengthen the negative moment zone of CCBGSS locally. Then, the nonlinear analysis model was
established by using ABAQUS, a large general three-dimensional finite element software. The model
calculation results were compared with the data obtained from the tests to verify the reasonableness
of the material constitutive relationship and the correctness of the modeling. On the premise of a
good agreement between the two results, the influence of different variables on the mechanical
properties of the test beam after UHPC strengthened the negative bending moment zone was
continued to be explored.

EXPERIMENTAL SCHEME AND RESULTS
Test Beam Parameters

In this paper, the UHPC length, UHPC thickness and reinforcement ratio of steel bar in the
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negative bending moment zone of the CCBGSS were taken as the test parameters. A total of 6 test
beams were designed, one of which was a CCBGSS, and five of which were UHPC locally-reinforced
CCBGSS. The parameters of each test beam are shown in Table 1, and the detailed sizes and
reinforcement of the test beam are shown in Figure 1 and Figure 2.

Tab. 1 - Experimental program

T Length of UHPC | Ratio of reinforcement | Thickness of UHPC
est beam number
(mm) (%) (mm)

BO — 0.43 —

B1 1600 0.36 60

B2 1600 0.43 60

B3 1600 0.50 60

B4 800 0.43 60

B5 1200 0.43 60

The pouring length of UHPC for Beams B1, B2 and B3 was all 1.6 m, and the reinforcement
ratio was different, which was 0.36%, 0.43% and 0.50%, respectively. Beams B2, B4 and B5 had
the same reinforcement ratio, while the pouring length of UHPC was different, which was 1.6 m, 0.8
m and 1.2 m, respectively.
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(b) - Beams B1, B2, B3, B4 and B5

Fig.1 - Facade diagram of test beam (unit: mm)
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(a) - Cross-section of the test beam (A-A) (b) - Cross-section of the test beam (B-B)

Fig.2 - Beams B1, B2, B3, B4 and B5 (unit: mm)
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Test Beam Loading Method

This article adopted the reverse loading method to simulate the negative bending moment of
the box beam. The two ends of the beam were supported on the support, and the distance between
the two supports was 4600 mm. Four-point loading was used in the test, and the distance between
loading points was 600 mm. The loading diagram of the test beam and the site picture are shown in
Figure 3 and Figure 4.
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Fig.3 - Test loading diagram (unit: mm)
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Fig.5 - Load-midspan deflection contrast ~ Fig.6 - Load-midspan deflection contrast
curve of Beams BO, B1, B2 and B3 curve of Beams B0, B2, B4 and B5

The load-deflection curves of CCBGSS reinforced by UHPC with different reinforcement ratios
are shown in Figure 5. The cracking loads of Beams B1, B2 and B3 were significantly increased
compared with Beams BO, by 35%, 46% and 54%, respectively. Beam B2 and Beam BO had the
same reinforcement ratio, due to the bridging effect of steel fibers in UHPC material, Beam B2 was
significantly improved compared with Beam BO. The cracking load of Beam Bl with low
reinforcement ratio still increased by 35%. As the load continued to increase, the yield load of Beam
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B1 only decreased by 4% and the ultimate load increased by 8% compared with Beam BO due to
the enhancement of UHPC in the negative bending moment zone.

The load-deflection curves of UHPC reinforced CCBGSS with different UHPC pouring lengths
are shown in Figure 6. The thickness of UHPC in the negative moment zone of Beams B2, B4, and
B5 was 60 mm, and the lengths were 1.6 m, 0.8 m, and 1.2 m, respectively. The cracking loads of
Beams B2, B4, and B5 were 95 kN, 70 kN, and 75 kN, respectively, which were significantly higher
than the control Beams BO, by 46%, 8%, and 15%, respectively.

MATERIAL PARAMETERS

Plastic Damage Model of Concrete

ABAQUS has three types of constitutive models for concrete, including dispersion model, brittle
cracking model, and plastic damage model. They have different advantages in dealing with
components under different failure modes. In this paper, the plastic damage model (CDP) in
ABAQUS was selected for nonlinear analysis to simulate the stiffness recovery, damage, crack
development and closure behavior of concrete structural members under loads.

The plastic failure criterion of concrete damage model includes parameters such as expansion
angle ¢, eccentricity ¢, strength ratio owo/0c0, K¢, cohesion coefficient y and so on, the specific values
are shown in Table 2. The stress-strain curves of uniaxial compressive and tensile concrete materials
in the concrete plastic damage model are shown in Figure 7 and Figure 8, respectively.
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Tab. 2 - Damage model plastic failure criterion parameters

Expansion . Cohesion coefficient
Eccentricity € Obo/Oco Ke
angle ¢ u
30 0.1 1.16 0.667 0.0005

Note: gvoi0co is the ratio of the ultimate compressive strength of biaxial to uniaxial, K is the ratio of the invariant,
U is the viscosity coefficient of concrete material.

Fig.7 - Schematic diagram of stress-strain Fig.8 - Schematic diagram of stress-strain
curve of concrete under uniaxial compression curve of concrete under uniaxial tensile

In the figure: o.,—Concrete yield stress
o,,—Ultimate stress of concrete under compression
agi—Tensile limit stress of concrete
g, eS'C—Compressive elastic strain when considering damage and no damage
g, ef'—lnelastic strain and plastic strain of concrete under pressure
ggt', e —Tensile elastic strain of concrete considering no damage and damaged
ek, ef'—Concrete under tensile inelastic strain and plastic strain

In ABAQUS, the stress-strain relation of concrete material in plastic stage is determined by input
stress-inelastic strain relation and tensile stress-inelastic strain relation. When the compressive
strain of concrete exceeds the peak compressive strain, the compressive stress of concrete begins
to enter the descending stage, at which time the concrete compressive stress oc and inelastic strain
€ can be calculated by equation 1:

in _
& =& — UC/EC

(1)

When the tensile strain of concrete exceeds the peak tensile strain, the tensile stress of concrete
material begins to decrease. The relationship between tensile stress o: and tensile cracking strain
% of concrete can be calculated by equation 2.

ck _
& =& — o /E;

(2)
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Tensile Constitutive Relation Curve of UHPC

Due to the UHPC material being doped with steel fibers, which gives it better tensile properties,
after cracking, there is still a continuous tensile stress in the UHPC. In the axial tensile test, the
UHPC specimen is mainly manifested as follows: after the specimen reaches the elastic limit tensile
stress f;, the stress decreases suddenly, but the tensile stress decreases slowly until the strain
reaches about 0.2%, and then the tensile stress decreases faster. In order to describe the
mechanical behavior of UHPC more accurately, the plastic section before the crack width reaches
0.3mm (the plastic strain of the axial tensile specimen is 0.2%) is simplified as a horizontal straight
line, and the corresponding curve model of UHPC is shown in Figure 9.
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Fig.9 - Uniaxial tensile stress-strain curve of

Fig.10 - Tensile constitutive curve of UHPC
UHPC

The corresponding UHPC axial tension constitutive relation expression is as follows:
Elastic segment:

o 3)
Platform segment (w<<0.3 mm):
or = ft
(4)
Softening segment (w=0.3 mm):
1
O = for——7—
o pl(wio—1)p2+1

e ®)

Among them, p;1 and p2 are the parameters obtained by fitting, which are -0.931 and 0.949
respectively.

According to the UHPC mechanical property test results, the ft used in this constitutive relation
is the initial cracking stress of 7.79 MPa, and the endpoint ¢ of the flat section is taken as 2069 .
The UHPC uniaxial compression stress-strain constitutive curve can be obtained by the above
equation, as shown in Figure 10.

Constitutive Modeling of Normal Concrete
Compressive Constitutive Relation Curve of Concrete

In the finite element model of test beam, the uniaxial stress-strain constitutive relation of normal
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concrete is selected in Code for Design of Concrete Structures (GB 50010-2010) to simulate, and
the uniaxial stress-strain curve of concrete is shown in Figure 11. The uniaxial compressive stress-
strain curve of C40 concrete is shown in Figure 12.
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Fig. 11 - Uniaxial stress-strain curve of Fig.12 - Compression constitutive curve of C40
concrete concrete

Tensile Constitutive Relationship Curve of Concrete

The uniaxial compressive stress-strain curve of C40 concrete is shown in Figure 13.
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Fig.13 - Tensile constitutive curve of C40 concrete

Constitutive Model of Steel Bar

In this paper, the HRB400 type steel bar is adopted as an ideal elastic-plastic material, and the
stress-strain curve of steel bar is simulated by using the three-stage curve recommended in the
Code for Design of Concrete Structures (GB50010-2010), as shown in Figure 14.
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Fig.14 - Stress-strain curve model of steel bar
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FINITE ELEMENT SIMULATION

Finite Element Model

In the ABAQUS finite element model, the concrete was simulated using Soild shape and C3D8R
unit, the steel bar was simulated using Wire shape and T3D2truss unit, the bearings and pads were
modeled by Soild shape. The concrete model and bearing pad, the concrete model and distribution
beam pad, the concrete and the UHPC were all connected with Tie way. The main steel bar and
hoop steel bar in the concrete were embedded into the overall model in Embedded way.

The model adopted four-point loading method, and the model size was consistent with the size
of the test beam. The size of the support was | x b x h= 600 mmx100 mmx50 mm, the center of the
support was 200 mm from the end of the beam, the size of the pad at the loading point was | x bx
h= 350 mmx100 mmx50 mm, and the center of the pad was 300 mm from the center line of the
beam.

Because of the symmetry of the finite element model, a 1/4 model can be established for
analysis and calculation, which can effectively reduce the pressure of the computer running software
and improve the speed of model calculation. Figure 15(a) shows the constructed model of the steel
reinforcement cage. When applying constraints, applied constraints in X-direction and Z-direction to
the X-axis profile and Z-axis profile of the test beam, and added constraints in Y-direction at the
support, as shown in Figure 15(b).

In order to help convergence and speed up the calculation, the RP point can be set on the top
surface of the pad, and the RP point was coupled with the top surface. The displacement load was
applied to the RP point to realize the loading of the test beam. When meshing the test beam, to
improve the accuracy of the results, the mesh can be subdivided for the whole area covered by the
UHPC of the test beam, and care should be taken to ensure the coupling of the mesh surfaces when
meshing. The model meshing is shown in Figure 15(c).

(a) - Model of the steel reinforcement cage (b) - Model meshing of T-beam

Fig.15 - ABAQUS finite element model

Comparison of Finite Element Calculation Results with Test Results
Comparison of Test Results with Finite Element Analysis of Control Beam

Figure 16 shows a comparison of the load-deflection curve of BO beam measured through test
and calculated by finite element software. As can be seen from the comparison diagram, the
simulation curve of ABAQUS conforms well to the test curve, which is basically in the overlapping
state. In the early stage of loading, the curves all rose linearly. When the load reached 60 kN, the
curve of model showed a turning point, cracks began to appear in the beam body, the stiffness of
the beam body decreased, and the slope of the load-deflection curve decreased. After that, the load-
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deflection curves of the two basically coincided. The ultimate load of BO beam measured by the test
was 280 kN, and the ultimate load calculated by the finite element model was 276 kN, with an error
of only 1.4%. It can be considered that the finite element model performed well in simulating the test.
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Fig.16 - Comparison diagram of load-deflection curve of Beam B0 between test and finite element

Figure 17(a) shows the tension damage cloud diagram of the beam body simulated by the finite
element model. The tension damage of the beam body roughly reflected the distribution and
extension direction of cracks. Figure 17(b) shows the cracks diagram of the beam body measured
by the test. By comparing the test results with the model calculation, it can be seen that the
distribution and development direction of the cracks calculated by the finite element method were
roughly similar to the test results. The crack height was roughly 4/5 of the beam height, and the
development direction of the cracks all extended to the loading point, and the cracks were mostly
near the pure bend section. The closer to the support position, the shorter the fracture length.
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(a) Tension damage cloud diagram of Beam  (b) The cracks diagram of Beam BO measured
BO by test

Fig.17 - Comparison of cracks in Beam BO

Comparison of Test Results with Finite Element Analysis of UHPC Reinforced
CCBGSS

Figure 18 shows a comparison of the load-deflection curve of UHPC reinforced CCBGSS
measured through test and calculated by finite element software. It can be seen from the figure that
the variation of the slope of load-deflection curve in the whole test loading process is basically the
same as that in the numerical simulation. In the early stage of loading, the slope of the numerical
simulation curve was large, and after reaching a certain load, the slope began to decline. The change
of the slope of the curve indicated that the model beam had obvious body damage, that is, the beam
body cracks. As the load continued to increase, the numerical simulation curve gradually overlaped
with the measured curve. At the late loading stage, the numerical simulation curve and the test curve
reached the yield load and the ultimate load almost simultaneously.
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Fig.18 - Comparison diagram of load-deflection curve of UHPC reinforced CCBGSS between test
and finite element

The following table is a comparison of the cracking load and ultimate load of the test beam and
the finite element model. Among them, the relative error of Beam B4 was the smallest, at 2.0%. The
relative error of Beam B2 was the largest, at 8.4%. The relative errors of the cracking load of other
beams were all within this error range. In general, the error of cracking load was relatively small, so
it can be considered that the finite element model can better simulate the stress behavior of the test
beam in the elastic stage, and it also proves that the constitutive relationship curves of concrete and
UHPC input in the plastic damage model are in good agreement with the material strength used in
the test.

Comparison of results between test beam and finite element model is shown in Table 3.
Comparing the ultimate load analysis of the test beams with the finite element model, it can be seen
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that the relative error of Beam B3 was the smallest, which was 2.0%. The relative error of Beam B5
was the largest, which was only 4.4%. The relative errors of the ultimate load of other beams were
all within this error range. It can be shown that the plastic damage model can better simulate the
stress behavior and limit state of the test beam after the yield stage. It also verifies the constitutive
relationship of each material and the correctness of the CDP model fitting.

Tab. 3 - Comparison of results between test beam and finite element model

Cracking load (kN) Ultimate load (kN)
Beam name | Experimental | Calculated Error Experimental | Calculated Error
value value value value
B1 85 82 3.5% 303 292 3.6%
B2 95 87 8.4% 350 341 2.6%
B3 100 96 4.0% 392 400 2.0%
B4 70 68 2.0% 315 304 3.5%
B5 75 77 2.6% 340 325 4.4%

The tensile damage diagrams of the beams calculated by the finite element simulation and the
crack distribution diagrams of the beams measured by the test are shown in Figure 19. In the
numerical simulation calculation, there were no cracks in the beam body in the elastic stage. When
the cracking load was reached, the strain of the beam body increased. Cracks appeared sequentially
in the full NC area, interface between UHPC and NC, and the NC and UHPC areas under the UHPC
cover. The sequence was basically consistent with the test results. After reaching the yield stage,
the damage in the UHPC area increased, eventually showing several cracks that did not penetrate
the bottom surface and one crack that extended through the bottom surface to the side. When the
load test was carried out to the yield stage of the beam body, the crack distribution in the UHPC
region was one macroscopic main crack and many small cracks. The damage morphology of the
two was roughly similar, which can indicate that the cracks distribution of finite element numerical
simulation is basically consistent with that of test.
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(i) - Tension damage cloud diagram of Beam B5
Fig.19 - Comparison of cracks in UHPC reinforced beams

Stress Results of UHPC Reinforced CCBGSS

Figure 20 shows the stress cloud diagram of the steel bar of each model test beam when the
bearing capacity limit state was reached. It can be seen from the diagram that the stress distribution
state of each beam is similar. When the bearing capacity limit state was reached, the main
reinforcement in the tension area had reached 453 MPa, indicating that the steel bar in the tension
area had yielded. The stress of the stirrups was much less than the yield stress, indicating that the
model beams were bending failure, which accorded with the test results.
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Fig. 20 - Stress cloud diagram of steel bar

Parameter Analysis

Under the condition of ensuring the size and other parameters of the CCBGSS model
unchanged, the parameter analysis was further carried out. By changing the pouring thickness and
length of UHPC in the negative bending moment zone of CCBGSS, and comparing its load-deflection
curve, tensile damage, and stress results, the mechanical properties of UHPC reinforced CCBGSS
were explored.

Different Pouring Thicknesses of UHPC
(1) Load-deflection curve

In order to study the influence of different pouring thicknesses of UHPC in the negative moment
zone of the CCBGSS on the mechanical properties of the beam, the pouring thicknesses of UHPC
in the model were 60 mm, 80 mm and 100 mm, respectively. The sizes of the finite element model
were consistent with those of the box girder used in the test. The reinforcement ratio was 0.43%,
and the length of UHPC in the negative bending moment zone was 1.6 m. The specific numerical
simulation results are shown in Table 4.

Tab. 4 - Numerical simulation results of box girder with different pouring thicknesses of UHPC

Pouring thickness | Cracking load Increase Ultimate load Increase
Beam number . .
of UHPC (mm) (kN) ratio (%) (KN) ratio (%)
FEM-60 60 87 — 341 —
FEM-80 80 94 8.0 351 29
FEM-100 100 96 10.3 360 5.6

The cracking load and ultimate load of the CCBGSS increased slightly with the rise of the
pouring thickness of UHPC. Taking the model beam with pouring thickness of 60mm as a reference,
when pouring thickness increased from 60mm to 80mm and 100mm, the cracking load increased by
8.0% and 10.3%, and the ultimate load increased by 2.9% and 5.6%, respectively.

Figure 21 shows the load-deflection curve of the model beam under different pouring
thicknesses of UHPC. As can be seen from the figure, with the increase of load, the development
trend of deflection of model beams with different UHPC pouring thicknesses was roughly the same.
The curves in the early loading period basically coincided. However, as the load continued to
increase, the stiffness of the beam under the same load increased with the rise of pouring thickness,
and the bearing capacity also increased.
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Fig.21 - Load-deflection curve under different pouring thicknesses of UHPC

(2) Tensile damage cloud diagram

Figure 22 shows the tension damage cloud diagram of the model beam under different pouring
thicknesses of UHPC. Cracks appeared sequentially in the full NC area, interface between UHPC
and NC, and the NC and UHPC areas under the UHPC cover. The cracks in the pure bending section
basically developed vertically upward, and the cracks in the shear bending section basically
developed along the inclined loading point at the bottom of the beam, and the closer the cracks were
to the pure bending section, the denser the damage sites were. The cracks in the UHPC area
appeared later, and the degree of crack development decreased with the increase of pouring
thickness. The cracks in the UHPC area gradually increased after reaching the yield stage, and
finally showed several cracks that did not penetrate through the bottom surface and a crack that
extended to the side through the bottom surface, which indicated that the negative moment zone of
the CCBGSS could effectively limit the development of cracks through the enhancement of the
UHPC.

(a) - FEM-60 (b) - FEM-80

(c) - FEM-1000
Fig. 22 - Strain damage cloud diagram under different pouring thicknesses of UHPC

(3) Stress cloud diagram

Stress cloud diagram of steel bar under different pouring thickness of UHPC is shown in
Figure 23. The following figure shows the stress cloud diagram of the steel bar under different
thickness of UHPC pouring for CCBGSS. As can be seen from the diagram, when the bearing
capacity limit state was reached, the stress of the longitudinal tensile bars of each model beam had
reached the original set 453 MPa, and the longitudinal tensile bars had reached the yield state, while
the stirrups had not reached the yield strength at this time, which indicated that the model beams
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ultimately underwent bending failure.
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Fig. 23 - Stress cloud diagram of steel bar under different pouring thickness of UHPC

Different Pouring Lengths of UHPC

In order to study the influence of different pouring lengths of UHPC in the negative moment
zone of the CCBGSS on the mechanical properties of the beam, the pouring lengths of UHPC in the
model were 1.6 m, 1.8 m, and 2.0 m. The sizes of the finite element model were consistent with
those of the box girder used in the test. The pouring thickness of UHPC was 60 mm, the
reinforcement ratio was 0.43%. The results of the specific numerical simulation are shown in Table
5.

Tab. 5 - Numerical simulation results of box girder with different pouring thicknesses of UHPC

Pouring length of | Cracking load Increase Ultimate load Increase
Beam number , .
UHPC (m) (kN) ratio (%) (kN) ratio (%)
FEM-1600 1600 87 — 341 —
FEM-1800 1800 96 10.3 352 3.2
FEM-2000 2000 103 18.3 363 6.5

From the above table, it can be seen that the cracking load and ultimate load of the CCBGSS
increased with the rise of pouring length of UHPC. Taking the model girder with a pouring length of
1.6 m as a reference, the cracking load was enhanced by 10.3% and 18.3% when the pouring length
was increased from 1.6 m to 1.8 m and 2.0 m, respectively, which was a larger enhancement of the
cracking load. When the length pouring was increased from 1.6m to 1.8m and 2.0m, the ultimate
load was raised by 3.2% and 6.5%, respectively, with a slight increase in ultimate load.

Figure 24 shows the load-deflection curves of the finite element model with different pouring
lengths of UHPC. As can be seen from the figure, the load-deflection trend of the model beams was
approximately the same, and the curves basically coincided in the early loading period, but as the
load continued to increase, the model beam bearing capacity increased with the rise of the pouring
length of UHPC.
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Fig.24 - Load-deflection curve under different pouring lengths of UHPC

CONCLUSIONS

In this paper, ABAQUS finite element software is used to conduct numerical simulation of
UHPC reinforced CCBGSS, and the correctness of the numerical simulation is verified by comparing
the model calculation results with the test results. The following conclusions are drawn:

1. Through nonlinear analysis of the finite element model, the results of load-deflection curve,
cracking load, ultimate load, stress-strain results and crack development patterns were compared
with those measured by the test beam, the following results were obtained:

(1) The variation trend of load-deflection curves measured by the numerical simulation was
basically consistent with those measured by the test. The error value of the cracking load of the two
was at least 2.0% and at most 8.4%, and the error value of the ultimate load of the two was at least
2.0% and at most only 4.4%, indicating that the finite element model can better simulate the stress
behavior of the test beam in the whole process. In practical engineering, finite element software can
be used to calculate the stress process of composite beams

(2) The cracks of the beam body appeared in the whole NC region, interface between UHPC
and NC, and the NC and UHPC areas covered by UHPC, and the cracks in the model were basically
consistent with those measured by the test.

2. The parametric analysis shows that the cracking load and ultimate load of the CCBGSS increased
with the rise of thickness and length of UHPC pouring in the negative moment zone. Taking the
model beam with pouring thickness of 60 mm as a reference, when the pouring thickness of UHPC
increased from 60 mm to 100 mm, the cracking load and ultimate load increased by 10.3% and 5.6%
respectively. Taking the model beam with pouring length of 1.6 m as a reference, when the pouring
length of UHPC increased from 1.6 m to 2.0 m, the cracking load and ultimate load increased by
18.3% and 6.5% respectively. In practical engineering, the error of cracking load and limit load in
finite element simulation is less than 20% and less than 10%, which is reasonable.
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