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'e forms of U-shaped UHPFRC beams have not been investigated for the highway footbridge. Compared with the traditional
section forms, the U-shaped UHPFRC beams can reduce the material consumption under the condition of providing the same
bearing capacity. Furthermore, prestressed U-shaped UHPFRC beams are rarely reported in the existing research. 'is paper
explores the flexural behavior of prestressed ultrahigh-performance fiber-reinforced concrete (UHPFRC) beam bridge having
unique design and the material properties of prestressed reinforcement combined with UHPFRC. Based on the unique shape of
the U beam, the flexural performance test of the full-scale model of the prestressed UHPFRCU beam is conducted.'en, the finite
element model considering material nonlinearity and structural ductility is established using Midas FEA software. Finally, the
failure mode, failure process, cracking moment, ultimate moment, and strain of the full-scale model are studied. 'e calculation
formulas of the flexural capacity of UHPFRC U beam considering ductile failure are derived. 'e comparative analysis results
show that the prestressed UHPFRC U beam has an excellent flexural performance. 'e bending failure of a U-shaped beam
belongs to the group of ductile failures, which is characterized by the main crack along the central rib and the loading center,
which is accompanied by multiple microcracks. 'e failure process can be divided into four stages: linear deformation,
microcracks development, main cracks development, and bearing capacity decline. 'e incorporation of steel fiber and the
interaction between UHPFRC and reinforcement can effectively reduce the development of cracks.'e U-beam bending moment
is 50–55% of the ultimate bending moment. In the UHPFRC bridge design, the deformation can be used as a control index, and
material advantages of the UHPFRC can be used to a certain extent. 'e strain-hardening characteristics of the UHPFRC are
obvious in the loading process. 'e finite element analysis results show that the maximum strain value appears at the central rib,
followed by the transverse strain value of the bottom plate, while the minimum strain is the longitudinal strain value of the bottom
plate. 'e deformation of the rib plate is the largest, and the strain of the other measuring points changes slowly. 'e farther away
from the center the measurement point is, the slower its strain changes. 'erefore, the load is mainly caused by the central rib and
the loading center plate. With the increase in the deformation, the load on both sides continuously moves to the central rib along
the plate surface. 'is study can provide a useful reference for theoretical analysis and design of prestressed U-UHPFRC bridges.

1. Introduction

Ultrahigh-performance fiber-reinforced concrete (UHPFRC)
is a cement matrix composite material based on the principle
of maximum compactness. In recent years, the UHPFRC has
gained popularity in the construction and rehabilitation of

infrastructures due to its high compressive, pre- and post-
racking tensile strengths, as well as negligible permeability
[1–3]. As a new trend in the bridge engineering material field,
the UHPFRC application to the prestressed bridge structure
can not only provide effective prestress in the beam but also
solve the problems of prestressed bridgemain span deflection
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and beam cracking, realize structural form diversification
and lightweight and thin-walled structure, prolong the ser-
vice life of the structure, and save resources [4–6]. 'e
UHPFRC bridge structure is convenient for construction and
maintenance since the structure has a low life-cycle cost and
conforms to the development concepts of low-carbon en-
vironmental protection, aesthetics, and economy of modern
bridges, thus ensuring technical and economic benefits, great
popularization, and high application value [7–9]. Since the
superhigh strength and durability of UHPFRC can extend the
service life and reduce themaintenance cost of bridges, which
could solve many technical problems of conventional
bridges, it has still been in its infancy. If prestressed UHPFRC
bridges can be popularized, it could provide a great op-
portunity in the context of green, industrialization, and
standardization of the transportation industry [10, 11].

'e structural behavior of UHPFRC elements has been
investigated in a few studies. Several analytical models to
predict the failure mode and resistance of composite beams
have been developed. 'e tensile behavior of UHPFRC fol-
lowed by the results of a large experimental study on a series of
composite beams and slabs was presented in [12–14]. Sharif
et al. conducted experimental research on adopting UHPC
board in the negative moment zone, which improved the
thickness of the UHPC board and partial shear connection
performance [15]. Deng et al. proposed a type of fully pre-
fabricated beam-column node by using the UHPC node and
conducted a numerical analysis of the beam-column con-
nection [16]. Pribramsky and Kopálová used the prefabricated
UHPCweb to establish a box section combination system and
analyzed the mechanical performance [17]. Gurusideswar
et al. designed five different UHPC compositions for im-
proving the mechanical properties of conventional control
concrete [18]. Fan et al. concluded that the steel fiber with a
volume content of up to 3% would not lead to corrosion of
steel rebar and could be safely used in UHPC [19]. Wang
et al. studied the strengthening effects of constraints on the
UHPC axial compression strength and the reduction effect
of annular stress on the axial compression strength of
circular steel tubes [20]. Xiujiang et al. investigated
experimentally the biaxial flexural fatigue behavior of thin
slab elements made of the strain-hardening UHPFRC by
means of the ring-on-ring test method [21–23].'e flexural
performance of large-scale steel-UHPC composite beams
composed of a precast UHPC slab, which was connected to
the steel girder by large-headed stud clusters embedded
with shear pockets, was studied in [24]. 'e experimental
and numerical study on the dynamic behavior of axially
loaded UHPC columns under the low-velocity impact
loading was conducted in [25]. Interfaces between the
UHPC and NSC were experimentally tested by a common
test method for measuring the shear behavior of interfaces
[26]. Application of UHPFRC to the specific zones of
structural members subjected to severe mechanical and
environmental actions has been proven to be an effective
method for improving the structural parameters with re-
spect to resistance and durability [7, 24, 27, 28].

In recent years, UHPFRC has been widely used for
bridge reinforcement and in deck pavements, but the

research on using the UHPFRC material for the whole
bridge, as well as the addition of prestressed reinforcement,
has still been less [29–31]. However, to explore the structural
performances of UHPFRC bridges, better understanding
and prediction of material properties are necessary [32–34].
'erefore, in this paper, the failure test of a full-scale pre-
stressed UHPFRC U-shaped beam is conducted, and a
nonlinear numerical model is established. Also, the yield line
theory is used for the computational model, and results are
compared and analyzed to evaluate the mechanical mech-
anism of the unique type of prestressed UHPFRC U-shaped
beam. 'e results presented in this paper are of great sig-
nificance for improving the project quality, speeding up the
construction process, reducing the project cost, and realizing
civilized construction of UHPFRC girder bridges and also
provide a useful reference for the design of UHPFRC girder
bridges and the formulation of relevant codes.

2. Full-ScaleModelTest ofPrestressedUHPFRC
U Beam

2.1. Model Design and Production. 'e test model was a
prestressed UHPFRC U beam full-scale model of the
Martinet Bridge in Switzerland, and the whole model was
made by casting the UHPFRC with a steel fiber volume rate
of 3%. During the design, in order to make the U-beam web
artistic, the material consumption and self-weight were
reduced, the web height on both sides was different, and there
should be many hollow parts in the high web. 'e low web
was a solid structure, as shown in Figure 1(a). It was stipulated
that the longitudinal direction of the bridge was the longi-
tudinal direction of the test component, and the transverse
direction was the transverse direction of the component. 'e
transverse width of the member was 2879mm, the height was
1523mm, and the width of the bottom plate was 2500mm. Six
prestressed steel strands with a nominal diameter of 15.2mm
were arranged symmetrically at both ends along the longi-
tudinal direction. 'e cross-section was symmetrical along
the transverse axis; the width was 1884mm, the rib plate
thickness was 100mm, and the ordinary reinforcement with a
diameter of 14mm was provided; the rest of the plate
thickness was 50mm, as shown in Figures 1(b) and 1(c).

2.2. Model Test Loading and Measurement Scheme. Due to
the large size of the test model and the symmetry of the U
beam, two jacks with the maximum loading value of 200 kN
were selected to be loaded in a concentrated manner along
the transverse central axis. 'e loading position was in each
1/2 bottom plate center, and the loading amount was
controlled by the gravity sensor. At the same time, nine
displacement sensors and nine strain gauges were arranged
to collect the measurement data to track the deformation
development and changing process of the component in the
bending process. Four strain gauges were arranged along the
transverse and longitudinal directions at the bottom center
of the 1/2 U beam on one side, and five strain gauges were
arranged along the center rib. 'e measuring point No. 3
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was located in the rib center, and the other four measuring
points were symmetrically arranged along the rib; measuring
points No. 1 and No. 2 were located on the low web, and
measuring points No. 4 and No. 5 were on the high web, as
shown in Figure 2(c).

Five displacement sensors were arranged at the bottom,
of which two displacement sensors were arranged at the
bottom center of each 1/2 U-beam plate. 'e remaining
three sensors were arranged as follows: one sensor was
arranged in the center of the bottom, and the other two
sensors were arranged symmetrically at the rib four points.
'e remaining four sensors were arranged on the top of the
bottom plate to measure the displacement of the supports at

both ends of the component.'e displacement sensors No. 1
andNo. 3 were located at the bottom plate of the 1/2 U beam,
where Force 1 was located. 'e displacement sensors No. 2
and No. 4 were located at the place where Force 2 was
located. 'e displacement sensors No. 1 and No. 2 were on
the high-web side, and displacement sensors No. 3 and No. 4
were on the low-web side. 'e specific positions and
numbers of measuring points are shown in Figure 2.

2.3. Load Step. 'e full-scale model test was conducted in
the Key Laboratory for structural safety maintenance (MCS)
of the Federal Polytechnic University of Lausanne (EPFL),
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Figure 1: Full-scale model construction of the U beam. (a) Test component of U beam. (b) Cross-section (unit: mm). (c) Longitudinal
section (unit: mm).
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Switzerland. 'e U-component test model was placed be-
tween two supporting steel beams, and the strip wood blocks
were placed between the steel beams and the test model. 'e
loading and measuring devices were installed. Hollow steel
columns and steel cushion blocks were used as loading
blocks. 'e loading process started from the initial stage and
lasted until the failure occurred. Deformation, strain, and a
load of each measuring point were monitored in real time.
Crack development and failure mode of the component were
also observed in real time. 'e actual measurement and
loading processes are shown in Figure 3.

In the test process, the loading value of each loading
point in each stage was chosen according to the theoretical
analysis, and the loading values are shown in Table 1.
According to the one-way slab calculation of ultimate
bearing capacity, the load was controlled to 20 kN by force
and increased until 60 kN of the two-way slab calculation.
'en, we change to displacement controlled loading; when
the displacement was controlled to 80mm, the deformation
of the rib plate was observed by unloading. According to the
structural deformations, the bearing capacity of the rib plate
increased, so the load continued to be applied until the
component was damaged.

3. Nonlinear Numerical Analysis

3.1. Finite Element Model Establishment. In order to verify
the correctness of the nonlinear numerical model, the

experimental results were compared with the theoretical
results, and the numerical model was established using the
Midas FEA software for nonlinear analysis. Only the main
U-beam stressed part, namely, the bottom plate, was estab-
lished without considering the asymmetric simulation webs.
Because the longitudinal section of the bottom plate was
symmetric along the transverse central axis, only half of the U
beam was established for analysis. 'e solid element was used
to simulate the U-beam bottom plate, the hexahedron-based
grid division method was adopted, and the UHPFRC part was
divided into 21,126 elements, having 16,392 nodes. 'e bar
element was used to simulate the prestressed steel tendon and
ordinary steel bars, and the reinforced part was divided into
392 elements, having 208 nodes. 'e finite element model of
the member is shown in Figure 4.

3.2. Material Constitutive Model. In order to simulate the
nonlinear material performance of the UHPFRC and re-
inforcement accurately, material characteristics were cus-
tomized, and the constitutive relation of the UHPFRC was
based on the test results.'e UHPFRC constitutive model in
the finite element analysis adopted the total strain fracture
model, in which the compression characteristic function was
the 'orenfeldt function, and the tensile characteristic
satisfied the multiline function, as shown in Figure 5. 'e
Von Mises model was used to simulate the prestressed and
ordinary steels. Specific material characteristics parameters
are given in Table 2.
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Figure 2: Positions of measuring points (unit: mm). (a) Test model elevation. (b) Test mode surface. (c) Test mode base.
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3.3. Boundary Conditions and Load Application. Since the
U-beam test member was placed between the two sup-
porting steel beams, and the strip wood blocks were placed
between the steel beams and the member, when simulating
the boundary conditions of the FEM, a set of nodes in the left
and right longitudinal directions were set up to impose the
boundary conditions. 'e displacements in the x and z
directions of the left and right node sets were limited. 'e
y-direction displacement and rotation constraints were
released to simulate the boundary conditions in the actual
U-beam test. 'e steel loading blocks were set at the central
point to relieve the local stress concentration. In the nu-
merical simulation analysis, displacement load control was
used to obtain the descending section curve along the
normal direction of the loading block. Since the maximum
displacement value corresponding to the load-displacement
curve obtained by the test was 90mm, a total displacement of
100mm in the z-direction is applied at the loading point of
the steel loading block to simulate the concentrated force so
as to the stress characteristics of the half U beam.

4. Mechanical Properties of Prestressed
UHPFRC U Beam

4.1. Failure Mode. In the full-scale prestressed UHPFRC U
beam, in the period from the test beginning to the failure,
first, a large number of fine cracks developed at the loading
center. 'e cracks appeared at the subsurface bottom plate,
and the first visible crack appeared at the central rib,
eventually forming several visible longitudinal and vertical
cracks. 'e maximum vertical crack was connected with a
longitudinal crack. 'e failure mode is shown in Figure 6.

'e U-beam failure mode represented a transverse
bending along the longitudinal bottom axis. 'ere were
obvious longitudinal cracks on the top and bottom surfaces,
and the cracks developed around the two concentrated
loading positions.'e cracks were numerous and dense, and
the largest crack occurred in the central rib. 'e growth rate
of the crack width at the rib was greater than that at the
bottom. Based on the results of the failure mode of the
component under the external load, the middle bottom plate
bore part of the load, while the other part of the load was
transferred to two free edges where the rib plate was located,
which was borne by the rib plate.

'e top, bottom, and rib crack distribution diagrams
obtained according to the fracture morphology are pre-
sented in Figure 7. As shown in Figure 7(a), the top surface
crack spacing was small, relatively concentrated, and dense.
'ere were only a few visible cracks around the loading
points on the bottom. When the central point crack de-
veloped at about half-length from the free side, the fracture
became dispersed and obtained a triangular shape. 'e
bottom crack distribution was more dispersed and extensive
than that on the top surface, but most of the cracks were

Table 1: Actual loading values.

Load range of single loading point Load unit Note
0∼20 kN 2 kN Limit bearing capacity of the one-way slab, observe initial cracks
20 kN∼50 kN 5 kN
50 kN∼60 kN 2 kN Ultimate bearing capacity of the two-way slab, observe cracks
60 kN to END Displacement control 'e deformation increases while the load application does not grow

z

y
x

Figure 4: 'e established FEM.

(a) (b)

Figure 3: Measurement and loading processes of the test model. (a) Measurement and loading at the model top. (b) Measurement and
loading at the model bottom.
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distributed around the rib plate, as shown in Figure 7(b).'e
rib crack distribution was similar to that of the suitable
reinforcement beam. 'e cracks appeared on the whole rib,
and they were evenly distributed, as shown in Figures 7(c)
and 7(d).

4.2. Deflection Development. 'e load-central displacement
curves under the combined action of two concentrated loads
(Force 1 and Force 2) acting on the 1/2 U beam are presented
in Figure 8(a). 'e bearing capacity of the 1/2 U beam under
Force 1 was always greater than that under Force 2, and the
corresponding ultimate bearing capacities were
F1� 74.77 kN and F2� 63.62 kN, respectively. 'erefore, the
U-beam ultimate bearing capacity reached a value of
138.39 kN, and the maximum central displacement was

90mm. 'e load-displacement curves of the rib at each web
side and the two loading points are shown in Figure 8(b),
where it can be seen that the deformations measured by the
two displacements at the fourth points were consistent. 'e
maximum displacement was 50mm, indicating that the rib
stress in the loading process was uniform.

4.3. Strain Development. Since the component was sym-
metrical along the central rib, only transverse and longi-
tudinal strains at the bottom plate were considered, as shown
in Figure 9. As shown in Figure 9(a), when the central
displacement was less than 75mm, the strain value of the
transverse measuring point No. 1 was always greater than
that of the longitudinal measuring point No. 1, but when the
central displacement reached a value of 75mm, the strain
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Figure 5: Constitutive relation model of the UHPFRC. (a) Tensile and compression constitutive model of the UHPFRC. (b) Tensile
constitutive relation in the numerical model of the UHPFRC.

Table 2: Material characteristic parameters.

UHPFRC fUte (MPa) fUtu (MPa) εUte (‰) εUts (‰) εUtu (‰) fUcu (MPa) EU (GPa)
6.5 10 0.15 2.0 5.0 150 50

Ordinary steels fsy (MPa) fsu (MPa) εsy (‰) εsy (‰) Es (GPa) ϕ (mm) N
500 510 2.19 100 205 14 2

Prestressed steels fsy (MPa) fsu (MPa) εsy (‰) εsu (‰) Es (GPa) ϕ (mm) N
760 1860 2.19 100 195 15.2 6
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value of the transverse measuring point No. 2 exceeded that
of the transverse measuring point No. 1. When the dis-
placement reached a value of 80mm, the maximum strain
value of 16.3‰ was at the transverse measuring point No. 2.
'e minimum strain value of 1.3‰ was obtained at the
longitudinal measuring point No. 2, which was far less than
the ultimate tensile strain of UHPFRC of 5.0‰. 'erefore,
the cross-section around the longitudinal measuring point
No. 2 was not cracked, and the transverse strains were
greater than the longitudinal strains in the whole test
process. 'us, the transverse deformation at the bottom was
greater than the longitudinal one.

As shown in Figure 9(b), the longitudinal strain dif-
ference increased during the test, and the maximum dif-
ference was 7.1‰, while the transverse strain difference first
increased and then decreased, and the maximum difference
of 4.0‰ occurred at the central displacement of 42.4mm.
'e transverse deformations at the bottom were more evenly
distributed than the longitudinal deformations in the
loading point area.

'e displacement strain curves measured by five strain
gauges at the central bottom rib are shown in Figure 9(c).
From the loading beginning to the displacement of 20mm,
the strain values measured at five measuring points had

small differences, showing a linear change, and the strain
value at measuring point No. 3 was the largest. However,
after the central displacement reached a value of 32mm, the
strain value at measuring point No. 2 exceeded that of
measuring point No. 4 and remained at its maximum value.
Due to the influence of the loading block, the strain change
at the central rib was not obvious and mainly occurred at the
measuring points No. 2 and No. 4, showing a linear change.
'e strain value at the measuring points No. 1 and No. 5
decreased after reaching the maximum value of 5.0‰. 'e
strain curves of the measuring points No. 1, No. 5, No. 2, and
No. 4 were similar to that of measuring point No. 3. 'e
U-beam deformation was symmetrical to the central rib, but
the deformation of the low-web side was greater than that of
the high-web side.

4.4. Discussion

4.4.1. Displacement. 'e 1/2 U-beam central displacement
calculated by the nonlinear FEM was compared with the
central displacement under Force 1 and Force 2 obtained by
the test. 'e comparison of the load-displacement curves is
shown in Figure 10, where it can be seen that the changing

(a) (b)

(c)

Figure 6: Failure modes of the U-beam test. (a) Top surface failure of the bottom plate (b) Bottom surface failure of the bottom plate. (c)
Bottom rib failure.
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trend of the FEM load-displacement curves was consistent
with that of the test results, which was between test load-
displacement curves obtained under two concentrated
forces. When displacement was less than 10mm, the FEM
curve changed the same as the Force 1 curve. However, when
the displacement reached a value of 80mm, the maximum
bearing capacities of Force 1, Force 2, and FEM did not differ
significantly, and they were 69.7 kN, 61.4 kN, and 59.3 kN,
respectively. 'us, the established nonlinear FEM could
simulate the actual stress reasonably.

4.4.2. Strain. 'e strain obtained by the nonlinear nu-
merical simulation was compared with the measured data,
and the transverse and longitudinal load strain curves are
shown in Figures 11(a) and 11(b). 'e changing trend of the
transverse load strain was in good agreement with the test
strain rule, especially the two transverse strain curves of the
measuring point No. 2 almost coincided.'e changing trend
of longitudinal strain in the early stage was similar, the
measured strain was larger than that of the FEM, but the
difference was significant in the later stage.

(a) (b)

(c) (d)

Figure 7: Crack distribution diagrams. (a) Crack distribution on the top surface. (b) Crack distribution on the bottom surface. (c) Crack
distribution on the bottom rib. (d) Crack distribution on the bottom edge.
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In addition, because the numerical model was simulated
by taking half of the central symmetry of the test members
along the transverse symmetry axis, the FEM stiffness was
greater than that of the test. Moreover, the longitudinal
strain difference was large, and the maximal longitudinal
strain value of the test was significantly smaller than that of
the FEM, having a maximum difference of 2‰. 'e lon-
gitudinal stiffness of the numerical model in the early
loading stage was larger than the transverse stiffness, and
Force 1 and Force 2 had a joint influence on the longitudinal
deformation on the plates, but the influence on the trans-
verse deformation was not significant. At the later loading
stage, the anisotropy of the UHPFRC material was relatively
obvious, and the longitudinal distribution of steel fibers in
the material could inhibit the deformation development.

'e comparative analysis showed that the nonlinear
FEM could accurately simulate the component mechanical
performance. In order to understand the strain distribution
and development trend of the loading process more clearly,
the bottom-element central strain with the loading coeffi-
cients of 0.2, 0.4, 0.6, and 0.8 in the numerical model was
analyzed, and the results are shown in Figures 12(a)–12(c).
Since the numerical model was a symmetrical structure, half
of the strain curve was along the longitudinal direction. 'e
transverse axis denoted the ratio of the distance between a
measuring point and the central point to the half transverse
length. 'e smaller the ratio was, the closer the measuring
point was to the central point.

'e strain distribution along the bottom transverse
centerline is shown in Figure 12(a). Because the loading
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Figure 9: Strain-displacement curves. (a) Load point strain. (b) Transverse and longitudinal strain differences. (c) Costal board strain.
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block was always in the elastic deformation stage, the strain
value of the central point element was smaller than that of
the second-nearest measuring point to the center point. 'e
strain changed slightly at the other points, and the further
from the center point the measuring point was, the slower
the strain value increased. From the above analysis, it can be
concluded that the load transmitted along the longitudinal
direction under the concentrated load was mainly borne by
the center bottom. When the loading coefficient was 0.8, the
distance ratio was 0.11, and the crack development area on
the transverse plate was 0.11× 1250mm� 137.5mm, which
was about one-tenth of the transverse plate length.

'e strain distribution along the longitudinal centerline
is shown in Figure 12(b). 'e strain change occurred at the
center rib (the last measuring point), reaching the maximum
value of 19‰, which was much higher than the nonrib strain

value. 'erefore, in the deformation process, most of the
load was transferred to the rib, which bore the burden, while
the rest of the load was borne by the bottom plate. 'e
greater the load was, the more significant the strain change
was. 'e strain value of the center rib increased rapidly, while
that of the plate changed uniformly along the longitudinal
direction, and the strain difference between adjacent mea-
suring points was small. Under the joint action of the two
forces, the load transferred along the transverse direction was
mainly borne by the center bottom plate and rib. Taking the
strain value that was 5‰ greater than the ultimate tensile
strain value as the main longitudinal development crack
region, the distance to the center ratio was 0.72, so the crack
development area was 0.72× 471mm� 339.1mm, which was
about two-thirds of the longitudinal plate length, and it was
larger than that of the transverse development crack area, so
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the component mainly deformed along the longitudinal
direction.

'e rib strain distribution is shown in Figure 12(c). Dif-
ferent from the transverse and longitudinal centerline strain
curves, the first measuring point was the actual rib center
deformation position, which was also the maximum defor-
mation location. According to the four obtained curves, when
the loading coefficient was 0.2, the strain curve changed rel-
atively slowly, and the strain values at adjacent measuring
points had a small difference. When the distance ratio from the
center of the rib was from 0.26 to 0.9, the strain curves at the
loading coefficients of 0.4, 0.6, and 0.8 coincided, and the
deformation around the rib could be ignored. In contrast, the
strain value at the position before the measuring point having a
distance from the center ratio of 0.26 increased linearly. 'e
strain of the curve increased rapidly at the measuring points
with the distance ratio of zero to 0.26 from the center of the rib,
while the strain changed slowly at the other measuring points.

'e farther the distance from the central point was, the less the
strain value was. 'e rib crack development distance was
0.2×1250mm� 250mm, which was about one-fifth of the rib
length. 'erefore, the deformations mainly occurred at the
bottom, and cracks first appear at the rib and then around the
loading center.

4.4.3. Failure Mode. 'emain fracture development regions
of the FEM are plotted in Figure 13. Compared with the
fracture distribution mode obtained from the test (Figure 7),
it has the following characteristics:

(1) 'e distribution range of cracks of the FEM was
similar to that of the actual rib, but there were visible
cracks in the whole central rib and only in the middle
part of the edge rib, as shown in Figure 13(a).

(2) 'e FEM and test results show that cracks on the top
surface developed longitudinally along the loading
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Figure 12: FEM strain curves. (a) Transverse central strain of the FEM. (b) Longitudinal central strain of the FEM. (c) Rib strain of the FEM.
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block, as shown in Figure 13(b). In the test, the top
surface crack width was the same as that of the
loading block, and in the FEM analysis, the top
surface crack width was larger than the loading block
width, and the top surface crack development range
was smaller than that of the bottom surface.

(3) 'e bottom cracks developed in the center rectangle
and rib area. In the FEM, cracks on the underside
were mainly concentrated in the central rectangular
region, as shown in Figure 13(c). In the test, there
were a number of triangular cracks on the bottom
plate extending to the edge rib, but the more cracks
were developed, the more dispersed the crack dis-
tribution was. Moreover, due to the rib-cracking
impact, there were more microcracks on the inner
edge than in the loading center.

5. Ductility Analysis of Prestressed UHPFRC
U Beams

As mentioned previously, due to the U-beam symmetry,
only half section was taken for the analysis and calculation.

'e UHPFRC had ultra-high compressive strength, so the
interface was equivalent to the first type of T-shaped section.
'e calculation diagrams are shown in Figures 14(a)–14(c).

According to the simplified calculation diagram that is
shown in Figure 14(c), the calculation equation of the height
of section compression zone x given by equation (1) and the
ultimate bending moment given by equation (2) of the
section compression zone were derived. 'e material
strength was calculated according to the design value. 'e
concrete material performance partial coefficient of the axial
compressive and tensile strength specified in [35, 36] was set
to 1.45, and the material performance partial coefficient
specified in [37, 38] was not less than 1.3, so the material
performance partial coefficient of the UHPFRC was taken as
1.3. In addition, when the ultimate bearing capacity of the
UHPFRC structure was calculated, it was necessary to take
into account the global size effect influence coefficient
K� 1.75, and the partial coefficient of reinforcement ma-
terial performance was taken as 1.2.

a
fUcu

cc

bfx �
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Figure 13: 'e main fracture regions of the FEM. (a) Fracture development model. (b) Top fracture development area. (c) Bottom fracture
development area.
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By substituting the calculated height of the compression
zone into equation (2), the ultimate bending moment was
obtained as follows:

Mu �
fy

cm

AS h0 −
x

2
􏼒 􏼓 +

hfUtu

4Kcc

h

2
− x􏼠 􏼡bf +

h
2
fUtu

4Kcc

b

�
500MPa

1.2
× 308mm2

× 70mm −
4.24mm

2
􏼒 􏼓 +

100mm

4
×

10MPa
1.3 × 1.75

×
100mm

2
− 4.24mm􏼒 􏼓 × 705mm +

(100mm)
2

4
×

10MPa
1.3 × 1.75

× 105mm

� 13.41 × 106 N · mm � 13.41 kN · m.

(2)

'en, the ultimate bending moment per unit width was
obtained as

mu �
Mu

B
�
13.41 kN · m
0.942m

� 14.24
kN · m
m

. (3)

Based on the FEM and experimental failure modes, the
virtual work principle was used as the theoretical basis, and
boundary conditions were simply supported on two

opposite sides. Suppose that the slab length was L and its
width was B, and the concentrated load acted on the cen-
terline; then, the possible ductile slab failure modes I and II
under the concentrated load would be as shown in Figure 15.
'e ultimate bearing capacity equation PU was derived to
predict the ultimate flexural capacity, in which the ultimate
positive and negative resistance slab moments were denoted
by mu and mu

′, respectively.
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5.1. Failure Mode I. Failure mode I could be divided into
four triangle plates by the yield line plate. Assume that in
the direction of the long side of the plate, the distance of the
yield line from the center was denoted by a, while the
distance of the short edge of the yield line from the center
was denoted by ηB/2, where 0< η≤ 1, and the ultimate
bearing capacity of mode I was denoted by PU,I. 'en, as
shown in Figure 15(a), the displacement caused by the load
was δ, but since this work mainly considered the bending
moment on the four triangular plates, the virtual work
equation was given by

PU.Iδ � 2mu

δ
ηB/2

· 2a + 2 mu
′ + mu( 􏼁

δ
a
ηB,

PU,I �
8amu

ηB
+
2ηB mu

′ + mu( 􏼁

a
.

(4)

When the minimum PU,I, there is dPU,I/da � 0.

dPU,I

da
�
8mu

ηB
−
2ηB mu

′ + mu( 􏼁

a
2 � 0. (5)

'erefore,

a � 0.5ηB

�������
mu
′ + mu

mu

􏽳

. (6)

So,

PU,I � 4(1 + η)

������������

mu mu
′ + mu( 􏼁

􏽱

. (7)

5.2. Failure Mode II. Failure mode II consisted of two
fan-shaped parts; the central angle was denoted by ϕ, and the
yield line edge from the board center size was denoted by a;
the ultimate bearing capacity of mode II was PU,II, as shown
in Figure 15(b). 'is work was mainly done by bending the
moments of the two parts and the area between them, so the
virtual work equation was as follows:

PU,IIδ � 2mu

δ
a

· 2a · cot
ϕ
2

+ 2 mu
′ + mu( 􏼁δϕ,

PU,II � 4mu cot
ϕ
2

+ 2 mu
′ + mu( 􏼁ϕ.

(8)

When the minimum PU,II, then dPU,II/dϕ � 0.

dPU,II

dϕ
� −2mucsc

2 ϕ
2

+ 2 mu + mu
′( 􏼁ϕ � 0. (9)

'erefore,

csc2
ϕ
2

�
mu
′ + mu

mu

� 1 +
mu
′

mu

,
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ϕ
2

�

���
mu
′

mu

􏽳

.

(10)

When mu
′ � mu,

cot
ϕ
2

�

���
mu
′

mu

􏽳

� 1, ϕ �
π
2

. (11)

'us, the ultimate load formulas of failure modes I and II
were as follows:

PU,I � 4(1 + η)

����

2m
2
u

􏽱

� 4
�
2

√
(1 + η)mu ∼ (5.66, 11.31]mu,

PU,II � 4mu 1 +
π
2

􏼒 􏼓 � 10.28mu.

(12)
When mu

′ � 0 , then cot(ϕ/2) �

������

mu
′/mu

􏽱

� 0, ϕ � π, and
the two sectors in failure mode II were connected into a
whole circle.

'erefore, the ultimate load formulas of failure modes I
and II were as follows:

PU,I � 4(1 + η)

���

m
2
u

􏽱

� 4(1 + η)mu ∼ (4.0, 8.0]mu,

PU,II � 2π · mu � 6.28mu.
(13)

'e minimum values of ultimate bending capacity cal-
culated for each failure mode are given in Table 3.
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Figure 15: 'e theoretical analysis of failure patterns. (a) Failure pattern I (b) Failure pattern II.
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'e long-short side ratio of the half U-shaped test beam
was 2500/942� 2.65, so the value was in the range of (2, 3),
which needed to be designed and calculated according to the
two-way slab. When mu

′ � 0, the intersection of the bearing
capacity values of the two failure modes was (56.94,89.40]
kN, and the average value of 73.17 kN was taken as the
theoretical ultimate bending capacity of the half U-shaped
test beam. 'is value was close to the maximum value of
74.77 kN obtained in the test, having a difference of only
2.1%. 'erefore, the theoretical calculation value of the
ultimate bending capacity of the whole test model was
146.34 kN, which was 138.39 kN higher than the actual test
value, and the difference was 5.4%.

6. Conclusions

'e contributions of this work can be summarized as
follows:

(1) 'e full-scale model test of the prestressed UHPFRC
U-beam bridge is performed. 'e overall mechanical
performance of a component is preliminarily de-
fined. 'e UHPFRC characteristics under the static
load and its influence on its bearing capacity, de-
formation, and cracks are explored, which plays a
guiding role in the U-shaped structure applications
in practical engineering.

(2) 'e ultimate bearing capacity values of the two
loading points of the test model are 74.77 kN and
63.62 kN, so the ultimate bearing capacity of the U
beam is 138.39 kN, and the maximum displacement
of the center is 90mm. When the displacement is
80mm, the maximum strain value is 16.3‰. Because
the transverse deformation of the component is
obvious, the longitudinal strain difference keeps
increasing, with the maximum difference up to
7.1‰; the transverse strain difference shows a trend
of first increasing and then decreasing, having the
maximum difference of 4.0‰ at the center dis-
placement of 42.4mm.

(3) 'e U beam is symmetrical and harmoniously de-
formed in the central rib, but the deformation on the
low-web side is larger than that on the high-web side.
'e transverse deformation at the component bot-
tom is more uniform than the longitudinal defor-
mation. 'e crack distribution is triangular around
the action point on the bottom surface of the U
beam, and it is a two-way plate failure. 'e maxi-
mum crack occurs at the central rib.

(4) 'e established nonlinear FEM can accurately
simulate the structural deformation state in the stress

process and define the existence and development of
a crack. 'e maximum strain values are ordered as
follows. 'e maximum strain value appears at the
central rib, followed by the transverse strain value of
the bottom plate, and the minimum strain value is
the longitudinal strain of the bottom plate. 'e
deformation of the rib is the largest, while the
longitudinal deformation is always greater than the
transverse deformation. Simulation of the crack
development trend in the loading process can help
obtain a more intuitive understanding of the load
transfer path in the U-UHPFRC structure.

(5) Based on the crack propagation theory of damage
mechanics, the component crack development state
and failure modes in the test are analyzed. 'e
possible ductile failure modes under the concen-
trated load are given. 'e theoretically calculated
value of the ultimate bending capacity is 146.34 kN,
and it is higher than the actual test value of 138.39 kN
by only 5.4%. 'us, the established theoretical
bearing capacity calculation model is safer than the
actual test model. 'erefore, the presented theo-
retical calculation model can accurately determine
the bearing capacity and provide a reference for
UHPFRC bridge engineering design and analysis.
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[23] X. Shen and E. Brühwiler, “Influence of local fiber distribution
on tensile behavior of strain hardening UHPFRC using NDT
and DIC,” Cement and Concrete Research, vol. 132, Article ID
106042, 2020.

[24] Y. Hu, Z. M. Meloni, and H. J. XiuWang, “Flexural perfor-
mance of steel-UHPC composite beams with shear pockets,”
Structures, vol. 27, pp. 570–582, 2020.

[25] J. Wei, J. Li, and C. Wu, “An experimental and numerical
study of reinforced conventional concrete and ultra-high
performance concrete columns under lateral impact loads,”
Engineering Structures, vol. 201, Article ID 109822, 2019.

[26] J. Liu, Z. Chen, D. Guan et al., “Experimental study on in-
terfacial shear behaviour between ultra-high performance
concrete and normal strength concrete in precast composite
members,” Construction and Building Materials, vol. 261,
Article ID 120008, 2020.

[27] F. Baby, P.Marchand, and F. Toutlemonde, “Shear behavior of
ultrahigh performance fiber-reinforced concrete beams. II:
analysis and design provisions,” Journal of Structural Engi-
neering, vol. 140, no. 5, pp. 472–482, 2014.
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