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Abstract: The excessive deflection of large-span cantilever cast prestressed concrete (LCCPC) box
girders has always been a complex problem to be solved in bridge engineering. To analyze the effect
of shear deformation at segmental joints on the deflection of LCCPC box girders, comparison tests
were carried out on three prestressed concrete (PC) I-girders with joints and a PC I-girder without
joints, and a finite element simulation method of segmental joints was proposed based on the tests.
Subsequently, finite element analysis was conducted on a test girder and the Assistant Shipping
Channel Bridge of Humen Bridge (a PC continuous rigid frame bridge with a main span of 270 m)
using this method. The experimental and theoretical analysis results showed that the effect of the
shear deformation at joints compared to the deformation at midspan of the girder specimens was
negligible. Deformation at midspan of the specimens would not significantly increase, even if shear
rigidity at the joints was significantly reduced or there were more joints in the girder specimen. The
effect of shear deformation at segmental joints on the deflection of LCCPC box girders was quite
small and thus insignificant.

Keywords: large-span prestressed concrete box girder; joint; shear deformation; experimental
investigation; finite element analysis; deflection

1. Introduction

Cantilever casting is a prevailing construction method for large-span PC box girders
in China. In this way, vertical joints are formed between successively cast box girders
and the continuity of the box-girder concrete is destroyed. In the design, box girders
with segmental joints are usually analyzed based on ideal box girders without joints.
The problem of excessive long-term deflection at the midspan of LCCPC box girders is
widespread [1–4], and many researchers have attempted to determine the difference in
deformation between box girders with and without joints. The accumulation of relative
slip deformation at the segmental joints (i.e., shear deformation at segmental joints, see
Figure 1) was listed as one of the main reasons for excessive deflection at the midspan of
box girders [5–11], and some structural measures to control shear deformation at segmental
joints have been proposed, such as inclined joints, stepped joints, etc.

Currently, the finite element method is mainly used for studying the influence of
shear deformation at segmental joints on the deflection of the box girder, and the axial
deformation of the linear spring element is devoted to simulating the shear deformation
and shear creep deformation at segmental joints [8–11]. When shear forces are applied to
the segmental joint, there is a small relative slip (that is, the shear deformation of segmental
joints) in the section. The axial deformation of the linear spring element can be used to
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simulate the slip. Accurately determining the stiffness of the linear element is key since the
axial deformation is inversely proportional to the stiffness. However, existing studies report
significant differences in determining the shear stiffness of segmental joints due to the lack
of necessary theoretical derivation and experimental verification. He et al. [8] assumed
that the shear modulus of a concrete segmental joint is 1/100-1 times that of C30, that is,
1.3×102–1.3×104 MPa. Wang [9] believed that the width of segmental joints is 0.1–0.2 mm,
and the shear modulus of a concrete segmental joint was obtained through theoretical
deduction. Du [10] concluded that the shear modulus of a concrete segmental joint is
1.4 × 104 MPa. Zhang [11] considered that the shear modulus of a concrete segmental joint
is 0.2 times that of C50, which is 7.3 × 103 MPa. Due to great differences in the assumed
shear stiffness of segmental joints and in calculation methods, the conclusions obtained
were not consistent. He et al. [8] illustrated that when the shear modulus of a concrete
segmental joint is taken as 1/100 of that of C30, the increment of midspan deflection of a
bridge caused by shear deformation at the segmental joint will reach 12.76 cm. Wang [9]
pointed out that the shear deformation at segmental joints has a certain influence on the
construction deflection of the box girder, and the long-term deflection of the midspan
will be increased by approximately one time. Du [10] insisted that the effect of shear
deformation at segmental joints on the construction deflection of the box girder can be
neglected but it has great influence on the long-term deflection of the box girder.
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Figure 1. Schematic diagram of the shear deformation at segmental joints.

The above studies all hypothesized the shear stiffness without conducting relevant
experimental studies. This paper fills the knowledge gap with experiments. To clarify
the future direction of research, it is of great significance to explore the influence of shear
deformation at segmental joints on the deflection of LCCPC box girders. Therefore, experi-
mental studies were carried out in this paper to determine the decreasing degree of shear
stiffness of segmental joints. On this basis, a finite element simulation method of segmental
joints was suggested to overcome the limitations of quality and quantity of segmental
joints. The influence of shear stiffness variation of segmental joints and the accumulation of
shear deformation at multiple segmental joints on the deformation at midspan of the girder
specimens was studied by numerical simulation. Finally, taking the Assistant Shipping
Channel Bridge of Humen Bridge in the Guangdong province of China as an engineering
example, the influence of shear deformation at segmental joints on the deflection of actual
LCCPC box girders was analyzed.

2. Experimental Program
2.1. Overview of Girder Specimens

According to the hypothesis that the segmental joint stress of the girder specimens
was similar to that of the Assistant Shipping Channel Bridge of Humen Bridge, four
simply supported girder specimens (4700 mm in length and 550 mm in height) were
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designed and manufactured, numbered B1 to B4, respectively. The materials, external
dimensions, and prestressed reinforcement configuration were the same for all specimens
(Figure 2). However, B1 was cast integrally, while girders B2 to B4 were cast segmentally
to form segmental joints. In view of the influence of the interface roughness on the shear
deformation at segmental joints, the interface of the segmental joints of girder B2 was
artificially roughened, and the interface of the segmental joints of other girders was kept
naturally smooth. In order to consider the influence of the shear reinforcement ratio,
the reinforcement ratio of the web of girder B4 was reduced to half of that of the other
girders. For girders B2 to B4, both sides of the segments were cast first, and the middle
segments were cast after an interval of 28 days (Figure 3). The specimens were stored under
laboratory environmental conditions for curing purposes.

The concrete for all girder specimens was designed to be grade C50, and the test
showed that the 150 mm-cube compressive strengths of the per-casting and post-casting
concrete were 55.1 and 57.9 MPa, respectively. Grade HRB335 steel with a diameter of
8 mm was used for the ordinary steel bar. In addition, high-strength and low-relaxation
steel strands with a diameter of 15.24 mm were applied to the prestressed bar. One bundle
of strands was devoted to each girder, and each bundle was composed of 4 strands. The
tested tensile strengths of the ordinary steel bar (grade HRB335) and prestressed steel bar
with ϕs 15.24 were 341 and 1933 MPa, respectively, and the elastic moduli were 2.05 × 105

and 1.96 × 105 MPa, respectively.
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Figure 2. Schematic diagram of the girder specimen (unit: mm). (a) Dimensions of the girder
specimen. (b) Layout of curved prestressed steel strands of the girder specimen. (c) C-C Section.
(d) A-A Section. (e) B-B Section. (f) Loading and test system.
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Figure 3. Casting of the middle segment of girders B2 to B4.

2.2. Measuring of Deflection of Girder and Shear Deformation at Segmental Joint

Deflection measuring points were arranged at the midspan and the two supporting
sections, and an electronic digital dial gauge (measuring range of 5 cm, tolerance of
0.01 mm) was adopted to measure the deflection.

In view of the requirement of testing accuracy, a Fiber Bragg Grating (FBG) displace-
ment sensor was applied to measure the shear deformation at the segmental joints. Due to
the unknown magnitude of the shear deformation, wide-range (range of 3 mm, tolerance
of 0.7 µm) and small-range (range of 100 µm, tolerance of 0.1 µm) sensors were installed
and recorded at 60 Hz for each segmental joint during the test.

Before the test, the two ends of the sensor were respectively fixed on two steel plates
along the segmental joint (Figure 4). The circular ends of the steel plates were bonded with
the web using epoxy resin (steel plate 1 was bonded with the pre-casting section while steel
plate 2 was bonded with the post-casting section). However, the rectangular ends of the
steel plates were not bonded with the concrete. Therefore, the FBG displacement sensor
would be elongated if shear deformation occurred, representing the shear deformation at
the segmental joint.
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2.3. Loading Process and Test Phenomena

Tests were conducted using a servocontrolled actuator with a capacity of 1000 kN and
a tolerance of 5 kN. Simply supported girder specimens were loaded with concentrated
force at the midspan (Figure 4). The main purpose of the experiments was to test the shear
deformation at segmental joints under compression-shear stress and tension-shear stress.
To this end, the girders were loaded until bending cracks occurred. The force was loaded
in nine stages to 250 kN during the test. At this time, a bending crack occurred near the
midspan of the four girders (the distance between the crack and the section at the midspan
was between 7 and 16 cm). Then, the force was loaded in two stages to 270 and 280 kN,
respectively. The midspan crack under the maximum loading force (280 kN) extended
through the bottom plate to the vicinity of the web plate. The crack at the joint was obvious
in girders B2 to B4, as shown in Figure 5.
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Figure 5. Crack at segmental joints of girders B2 to B4.

3. Test Results

The deformation at midspan of the main girder and the shear deformation at segmental
joints were measured in the tests (Figures 6 and 7). The shear deformation was taken as the
average value measured by wide-range and small-range FBG displacement sensors. The
deformation at midspan and the shear deformation at segmental joints under the maximum
load (280 kN) are listed in Table 1.
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Figure 7. Shear deformation curve at joints of girder specimens.
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Table 1. Maximum deformation test values of girder specimens (unit: mm).

Girder Specimens B1 B2 B3 B4

Shear deformation at segmental joints 0.0072 0.0090 0.0094 0.0091
Deformation at midspan 1.90 2.21 2.02 2.11

It can be seen from Table 1 that the average maximum test value of the shear deforma-
tion at segmental joints of girders B2 to B4 was 0.0092 mm, while the average maximum
deformation at midspan of these girders was 2.11 mm. The ratio of the shear deformation
at segmental joints to the deformation at midspan was 0.0092/2.11 = 4‰ < 1%. Thus,
when calculating the deformation at midspan of girders B2 to B4, the shear deformation at
segmental joints could be ignored.

The average shear deformation of girders B2 to B4 was 0.0092 mm, and the shear
stiffness of the corresponding joint was denoted as kj. The test value of the shear defor-
mation at the segmental joint of girder B1 was 0.0072 mm, and the shear stiffness of the
corresponding segmental joint was denoted as kt. According to the inverse ratio between
deflection and stiffness, it was inferred that kj = (0.0072/0.0092) kt = 0.783 kt. In conclusion,
compared with the corresponding section of the integrally cast girder, the shear stiffness
of the segmental joint section was virtually reduced by segmental casting, but the degree
was limited. When the concentrated force of 280 kN was applied at the midspan of the
girder specimen in this paper, the shear stiffness reduction coefficient of the segmental joint
section was 1 − 0.783 = 0.217.

4. Finite Element Analysis on Test Girders

To develop the theoretical analysis system of the shear deformation at segmental joints,
and to study the changes in shear stiffness and the influence of possible multiple segmental
joints on the deformation at midspan of the girder, finite element analysis on the stress and
deformation of girders in the linear elastic stage was carried out. The following analysis is
based on the finite element simulation method of segmental joints, avoiding the tedious
nonlinear analysis without affecting the purpose.

4.1. Simulation Method and Principle of Segmental Joints

Two overlapping sections were established at the segmental joint during simulation.
The nodes on the joint sections were coincident and corresponding. To avoid changing
the transmission of axial force and bending moment in the model, and to conveniently
simulate the shear deformation at two sections of the segmental joint, the constraint
relationship shown in Figure 8 was applied to each pair of coincident nodes. To illustrate
the constraint relationship between nodes i and i’, they were drawn at different although
coincident positions.
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The following theoretical derivations determine the stiffness of the spring at the
segmental joint (Figure 8). For two adjacent sections with longitudinal horizontal distance
δ [12], the vertical relative displacement (shear displacement) under shear force QP is
given by:

∆y = γ × δ =
QP

kGA
× δ (1)

where γ is the shear strain, k is the shear correction factor of the section, G is the shear
modulus of the material, and A is the area of the section.

If this shear displacement (∆y) is equivalent to the spring with axial stiffness K, the
following equation shall be satisfied:

∆y =
QP
K

(2)

Contrasting Equation (1) with Equation (2) gives:

K =
kGA

δ
(3)

The interfaces of the concrete cast at different times are coincident in the model, that
is, the segmental joint only represents one section in the longitudinal direction. As a result,
the stiffness of the segmental joint spring element is equivalent to the shear stiffness in unit
width. Letting δ in Equation (3) equal 1 gives:

K = kGA (4)

4.2. Verification

To verify the rationality of the method in this paper, the whole model and the model
with segmental joints of the girder specimens were established by 3D 8-node isoparametric
elements (SOLID45 element) in ANSYS [13] (Figure 9). The geometrical dimensions,
boundary constraints, element partition, material characteristics, and load size of the
two models were all the same. The only difference between them is that the segmented
modeling method was used in the segmental joint model, so that there were two coincident
sections at the joint. Coupling the longitudinal and transverse linear displacements of all
overlapping nodes of these two coincident sections, the vertical spring element COMBIN14
was established at the overlapping nodes of the web, and the compression deformation of
the element was applied to simulate the shear deformation at the segmental joints.
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The stiffness of the spring element is calculated by Equation (4). At this time, the
stiffness of the spring element is in line with the shear stiffness of the corresponding section
at the segmental joints in the whole model. If the results calculated using the whole model
and the model with segmental joints were consistent under the same loading condition, the
method would be proven to be credible. The results of these two models under self-weight
are shown in Table 2. It can be seen that the results at the midspan section were consistent,
indicating that the simulation analysis in this paper was reasonable.

Table 2. Results at midspan of the girder specimen under self-weight.

Computation Model Normal Stress of Lower
Edge/MPa Vertical Displacement/mm

ANSYS whole model 0.573 0.1075
ANSYS model with joints 0.573 0.1075

4.3. Results and Analysis

According to the finite element analysis and test results, finite element simulation
analysis on the girder specimen was carried out when the loading force at midspan was
200 kN, which corresponded to the measured displacement at midspan of 1.24 mm. Since
the purpose of the finite element analysis was to obtain the deformation of test girders
(midspan displacement and shear deformation at segmental joints) under the load of
200 kN, geometric nonlinear and prestress forces were not considered in the analysis. The
details of the model are listed in Table 3. The methods provided by He et al. [8] and Wang [9]
were adopted for comparison. The whole model had 15,537 nodes and 11,604 SOLID45
elements, and the model with segmental joints had 15,855 nodes and 12,132 elements
(including 11,604 elements of SOLID45 and 528 elements of COMBIN14). The solid element
SOLID45 was used to simulate the girder, and spring element COMBIN14 was applied to
simulate the segmental joint. The results are shown in Table 4.

Table 3. Details of the models under the action of 200 kN.

Computation Model Number of Elements Meshing Size of SOLID45 Loading Method

ANSYS whole model 11604 SOLID45
50 mm Steel pad (200 mm × 200 mm) at midspan

ANSYS model with joints 11604 SOLID45 and 528 COMBIN14

Table 4. Results at midspan of girder specimens under the action of 200 kN.

Method Spring Stiffness
N/mm

Vertical Displacement
/mm

Relative Error to the
Measured Displacement

Lower Edge Normal Stress
/MPa

1. Whole model — 1.2422 — 8.902
2. Verification Model with Joints 7.846 × 108 1.2422 0.18% 8.898

3. Curve measured from FBG 1.182 × 107 1.2530 1.05% 8.895
4. From He et al. [8] 2.795 × 106 1.3138 5.95% 8.893

5. From Wang [9] 7.846 × 109 1.2416 0.13% 8.889

It should be noted that the model with segmental joints was applied to Methods 2–5
in Table 4, and the difference lies in their values of spring stiffness. Method 2 was proposed
in this paper and Equation (4) was devoted to calculating the spring stiffness, in which
G = 3.65 × 104 MPa. Method 3 was used to calculate the spring stiffness by Equation (2),
in which ∆y = 0.0055 mm (i.e., the measured average value of shear deformation at the
segmental joints of girders B2–B4). Method 4 was used to calculate the spring stiffness by
Equation (4), where G = 1.3 × 102 MPa (the value was based on the eighth-grade concrete
shear modulus by He et al. [8]). Method 5 was adopted to calculate the spring stiffness by
Equation (3), where δ = 0.1 mm, G = 3.65 × 104 MPa.

As can be seen from Table 4, the results calculated by Methods 1 and 2 were almost the
same. In addition, the shear deformation at a segmental joint obtained by Method 3 was
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(1.2530 − 1.2422)/2 = 0.0054 mm, which was almost the same as the value measured by
the FBG displacement sensor (0.0055 mm). The correctness of the simulation analysis was
verified in this paper one more time, showing that the values of spring stiffness calculated
by Methods 2 and 3 were reasonable.

The results of normal stress at the lower edge were almost identical in Table 4, and the
calculated vertical displacement results were also close. Therefore, it was difficult to judge
the correctness of the various methods from only the error value, so it was necessary to
judge the correctness of the methods using the determination principle of spring stiffness.

The spring stiffness obtained by Method 2 represents the shear stiffness of the section
corresponding to the segmental joint in the whole model. Because segmental casting can
reduce the shear stiffness of the segmental joint section relative to the corresponding section
of the integral casting girder, the rational spring stiffness at the segmental joint should be
less than that in Method 2. In contrast, the spring stiffness obtained by Method 5 is ten
times of that in Method 2, which obviously does not conform to common sense.

He et al. [8] reduced the shear modulus of a concrete segmental joint, and the spring
stiffness obtained using this method was only 0.0036 times that obtained by Method 2.
Although the spring stiffness was less than that of Method 2, the theoretical basis of this
method was insufficient, and Method 4 was not reasonable. The relative error between
1.3138 mm (the midspan displacement obtained by Method 4) and 1.24 mm (the mea-
sured value) was only 5.95%, while the relative error between the result of Method 4 and
1.2422 mm calculated by Method 2 was only 5.76%. This result showed that although the
girder had only two segmental joints, infinitely reducing the shear stiffness of the segmental
joint section (such as 0.36% of the ideal section shear stiffness) would have a non-negligible
effect on the displacement at midspan. Thus, the shear stiffness of the segmental joints
would not be greatly reduced, according to the test results.

It should be pointed out that although Method 3 was correct according to the calcu-
lation principle, some errors must have occurred between the results of Method 3 and
the measured values. This is because when Equation (2) was used to calculate the spring
stiffness at the joint section in the finite element analysis, ∆y represented the shear de-
formation of the section of the joint. However, it is difficult to accurately test the shear
deformation of a section using existing test methods, and the actual test often measures the
shear deformation of a part of the main beam with a very small length, which will result in
a large ∆y value and small spring stiffness. Inevitably, the test method proposed in this
paper also had similar shortcomings, resulting in the spring stiffness obtained by Method
3 being smaller, which was only 0.0232 times that obtained by Method 2 (i.e., the shear
stiffness of the section corresponding to segmental joints in the whole model). However,
the relative error between 1.2530 mm (the midspan displacement obtained by Method
3) and 1.24 mm (the measured value) was only 1.05%. In comparison, the relative error
between the result of Method 3 and 1.2422 mm calculated by Method 2 was only 0.87%. It
can be concluded from these results that significantly reducing the shear stiffness of the
segmental joint section to a certain extent (such as reducing the shear stiffness to 2.3% of
that of ideal section) would not cause a significant increase in the displacement at midspan.

The main reason for the above phenomena is that the reduction of the shear strength of
segmental joints occurs only at joint sections. In general, the ratio of the shear deformation
of the PC girder to the total deformation is relatively small; thus, significantly reducing
the shear stiffness of the segmental joint section to a certain extent does not cause a
significant increase in the displacement at midspan. It can be further explained that the
shear deformation at segmental joints of the girder specimens could also be ignored even if
there were multiple segmental joints.

5. Influence of Shear Deformation at Segmental Joints on the Deflection of an Actual
Box Girder

The finite element method was used to analyze the influence of shear deformation
at segmental joints on the deflection of the box girder of the Assistant Shipping Channel
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Bridge of Humen Bridge, which is a PC continuous rigid frame bridge with a span of
150 m + 270 m + 150 m constructed by cantilever casting. Inspection after seven years of
service showed that the deflection at midspan reached 22.2 cm, which far exceeded the
designed maximum creep deflection of 11.2 cm. To simplify the analysis, this paper only
considered the most unfavorable case according to the test results. When the maximum
load was applied at the midspan of the test girder, the reduction coefficient of shear stiffness
was 0.217. Therefore, the reduction coefficient of 0.217 was considered as the worst case
and adopted in the FEM model.

Two analysis models of the Assistant Shipping Channel Bridge of Humen Bridge in
construction stages were established using ANSYS. One is the whole model and the other
is the model with joints. The model with joints reduced the shear stiffness by 0.217. The
loads were composed with gravity and longitudinal prestress of the box girder. To reduce
the difficulty of calculation, only half of the bridge model along the transverse direction
was established due to the symmetry of the structure. The models are shown in Figure 10,
in which the whole model had 42,732 nodes and 32,636 SOLID45 elements, and the model
with joints had 45,372 nodes and 34,556 elements (including 32,636 SOLID45 elements and
1920 COMBIN14 elements).
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Figure 10. ANSYS finite element models of the Assistant Shipping Channel Bridge of Humen Bridge.
(a) Whole model of the Assistant Shipping Channel Bridge of Humen Bridge. (b) Model with joints
of the Assistant Shipping Channel Bridge of Humen Bridge.

In these two models, the displacement of each segment after the completion of the
bridge was extracted, respectively. The displacement of the whole model was subtracted
from that of the model with joints, and the influence value of the shear stiffness reduction
of the segmental joints on the displacement of the girder (hereinafter referred to as the
influence value) was obtained. Taking the junction of 0# and 1# segments of the pier top
as the origin, the longitudinal distribution of the influence value along the box girder was
drawn, as shown in Figure 11 (only half of the midspan is drawn due to symmetry), in
which specifying the upward displacement was the positive direction.

It can be seen from Figure 11 that the decrease in joint shear stiffness slightly increased
the displacement of the main girder, and the maximum and minimum influence values
were 0.0103 and 0.0001 mm, respectively. In addition, the maximum and minimum dis-
placements of the segment extracted from the whole model were 147.25 and 8.28 mm,
respectively, indicating that the influence value was a different order of magnitude from the
displacement. Further analysis showed that the maximum ratio of the influence value to
the displacement of the corresponding segment was 0.0048/8.28 = 0.06% < 1%. Therefore,
the shear deformation at segmental joints only had a slight influence on the deformation of
the box girder and could be neglected.
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Figure 11. Longitudinal distribution of additional deflection caused by shear deformation at
segmental joints.

The LCCPC box girder is dominated by bending, and the segmental joints are generally
under bending and shear loading conditions. Whether in the form of compression shear
or tensile shear, parts of or all of sections bear the major compressive stress in the normal
direction. In addition, a large number of prestressed steel bars and ordinary steel bars
cross the joint section, which makes a great contribution to resist shear deformation at
joints [14,15]. Additionally, the ratio of PC girder shear deformation to total deformation is
relatively small. Therefore, the shear deformation at segmental joints has a slight influence
on the deformation of LCCPC box girders, which can be ignored.

As the calculation of shear creep of concrete is not clear at present, the shrinkage
and creep effect of concrete were not considered in this paper. In addition, few studies
have reported the shear creep coefficient of concrete. If the shear creep coefficient and
compression creep coefficient are calculated using the same expression [16], the shear creep
deformation of joints and total deformation of the box girder would increase in equal
proportion with time.

6. Conclusions

• The ratio of the shear deformation at segmental joints to the deformation at midspan
of the girder specimens was less than 1%, indicating that the shear deformation at
segmental joints can be ignored.

• The finite element analysis on the girder specimen showed that even if the shear
stiffness of the joint section was significantly reduced, such as 2.3% of that of the ideal
section, the deformation at midspan would not significantly increase. If the shear
stiffness of the joint section continued to decrease to 0.36% of that of the ideal section,
the deformation at midspan would be significant. Since the measured shear stiffness
of the joint section of the girder specimen in this paper could only be reduced up
to 78.3% of the stiffness of the ideal section, the deformation at midspan would not
obviously increase even if there was an accumulation of shear deformation in multiple
segmental joints.

• The finite element analysis on the Assistant Shipping Channel Bridge of Humen
Bridge showed that the influence of the shear deformation at segmental joints on the
deflection of LCCPC box girders was less than 1%, which could be ignored.

• In this paper, experiments were adopted to fill the knowledge gap in deducing shear
stiffness only by hypothesis. In addition, experimental research on the shear creep of
concrete is crucial to determine the long-term deflection of LCCPC box girders. Thus,
it is recommended that relevant research be conducted to elucidate the effect of shear
creep deformation.
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