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Abstract: To improve the cracking resistance of a concrete slab in the hogging moment region, a new
concept called uplift-restricted and slip-permitted (URSP) connection technology has been proposed.
Several studies have been conducted on URSP connectors, but investigations into the time-varying
evolution behaviors of composite beams with URSP connectors are still lacking. In this paper, three
types of elaborate finite element models of composite girders with differentiated connectors and
different construction methods were established. Simulation of the concrete shrinkage and creep effect
was realized using a user subroutine based on an improved rate-type formulation. The performances
of the composite girders in three schemes were analyzed and compared in both the construction
and service stages. The results demonstrated that the URSP connection technique can effectively
increase the prestressing efficiency and decrease the tensile stress of the concrete induced by dead
loads and vehicle loads. With an increasing service time, the concrete shrinkage effect will enhance
the advantage of the URSP connection technique, and the creep effect will reduce this advantage.
Finally, parametric analyses were conducted, and a value of 0.2 is recommended for the URSP length
ratio to promote practical applications.

Keywords: steel-concrete composite girder; uplift-restricted and slip-permitted (URSP) connection;
concrete shrinkage and creep effect; construction process; cracking

1. Introduction

Steel-concrete composite girder bridges can benefit from the advantages of both
concrete and steel materials; thus, they have been widely used in railway and highway
bridges [1-8]. However, in the hogging moment region of continuous composite girder
bridges, the composite action between the steel girder and the concrete slab induces an
adverse state of tension in the concrete and compression in the steel girder [3,9-11]. In
addition, the tensile stress in the concrete slab caused by concrete shrinkage and the creep
effect cannot be effectively released due to the constraint of the shear connector, which
has a negative influence on the long-term performance and durability of the composite
girder system.

The crack resistance of composite girder bridges has attracted wide engineering and
academic attention. Currently, the technical means to address the cracking of concrete
slabs in composite girders mainly include increasing the reinforcement ratio, longitudinal
prestressing, adopting grouped stud connectors, and optimizing construction [8,11,12].
However, a large reinforcement ratio will affect the pouring quality of the concrete. When
prestressing technology is adopted, the applied longitudinal prestressing force will be
transferred to the steel girder through the shear connectors, thus significantly reducing the
compressive prestress in the concrete slab. To improve the prestressing efficiency, grouped
stud connectors combined with post-connected construction have been proposed [8-13].
The concrete in the precast holes is poured, and the concrete slab and the steel girder are
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connected after longitudinal prestressing. However, the arrangement of grouped stud
connectors will affect the structural integrity of the composite girder, and no effective anti-
uplift action exists in the steel-concrete interface between adjacent group studs. Moreover,
the concrete in the precast hole has no prestress, and the tensile stress in the concrete slab
caused by the pavement loads, vehicle loads, concrete shrinkage, and the creep effect still
cannot be effectively released.

In recent years, Nie et al. [14] have proposed a new concept for the crack-resistant
design of concrete slabs in the hogging moment region of composite structures, namely,
uplift-restricted and slip-permitted (URSP) connection technology. Traditional stud con-
nectors provide both shear and uplift resistance at the steel-concrete interface, and the
shear resistance of stud connectors is the fundamental reason for the tensile stress of con-
crete slabs in the negative moment region of composite structures. The URSP connectors
can effectively reduce the tensile stress of concrete slabs by permitting free slip at the
steel-concrete interface. Meanwhile, the uplift restriction of the connector is retained to pre-
vent the separation of the steel girder and the concrete slab. Two types of URSP connectors
have been proposed [15-17], as shown in Figure 1.
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Figure 1. Different types of connectors [17].

Several studies have been conducted on the short-term performance of URSP connec-
tors. The results of push-out tests [16] demonstrated that URSP-T connectors (Figure 1)
realized permitted slip and restricted uplift at the steel-concrete interface. Therefore, a
load-slip curve for this type of connector and a hysteresis model were proposed. Exper-
imental studies on simply supported beams and two continuous composite beams with
URSP-S connectors were also conducted [18]. The test results showed that URSP connectors
significantly improved the crack resistance of concrete slabs and hardly affected the load
capacity of composite beams. In addition, the behaviors of the steel-concrete composite
frame, in which the URSP-S connectors were applied in the hogging moment regions, were
investigated by using a finite element (FE) analysis [19]. Suggestions for the design and
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construction of URSP connectors were proposed based on research on a three-span continu-
ous composite girder bridge. Based on the research above, URSP connectors have also been
applied in practical engineering and have demonstrated good application effects [16,17].

Previous studies have focused on the short-term performances of URSP connectors and
composite beams with URSP connectors. However, the actual stress state of the concrete
slab is significantly affected by the construction scheme, and the shrinkage and creep effects.
In addition, it is difficult to predict these effects in composite girders in which both the
stud and URSP connectors are applied. Therefore, it is quite necessary to investigate the
time-varying evolution behaviors of steel-concrete composite girders with differentiated
connectors. The main contribution of this work includes: (1) Developing elaborate finite
element models of composite girders with different construction schemes and connectors;
(2) Revealing the creep and shrinkage effects on the behaviors of the composite girders
with differentiated connectors in both the construction and service stages; and (3) Design
suggestions for URSP connectors based on the results of parametric analyses.

2. Elaborate FE Modeling
2.1. User Subroutine UMAT for Creep and Shrinkage Effects

Currently, a one-dimensional (1D) FE model is generally applied to analyze the behav-
iors of composite girders in practical designs. However, this simplified model has several
limitations in simulation analysis. For example, the shear lag effect cannot be reasonably
considered in the 1D analysis, which may lead to significant errors when estimating the
long-term behavior of the composite girders [20,21]. In addition, the concrete shrinkage
and creep effects are often ignored or simulated by simplistic methods in 1D models, which
are incapable of accurately predicting the long-term performance of composite girders.
Therefore, in this paper three-dimensional (3D) FE models for composite girders were
established in ABAQUS, and the concrete shrinkage and creep were considered by using
the user subroutine UMAT.

In recent years, researchers have developed several analytical models and proposed
numerical analysis methods for the concrete shrinkage and creep effect [22-30]. To avoid
the high cost of storing a complex stress history in the concrete creep analysis, the rate-type
algorithm proposed by Yu et al. [31] was adopted in the user subroutine. As the rate-type
algorithm is unconditionally stable, the step size can be larger, resulting in a high calculation
efficiency. The Kelvin rheological model was adopted to simulate the creep behavior of the
concrete, the basic mechanical formula of which can be expressed as:

Ee(t) +ne(t) = o(t) @

where E is Young’s modulus, ¢ is the concrete strain, # is the viscosity, and ¢ is the concrete
stress. When the compliance function J(t,tp) is expanded by the Dirichlet series, it can be

expressed as:
1 = 1 t—t
- = - 1= Y
60 = g+ Lp) e (-57)] @

1

where 7; represents the retardation times, and it is recommended that 7; =1, 7, = 10,
73 =100, and T4 = 1000 [32]. According to Bazant [32], this can achieve an acceptable
accuracy when m equals 4. D; is the distinctive moduli. When considering the aging effect
of the concrete, we can obtain the following:

®)

Yi(t) + %,’h’(t) = Di(t) 4)
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where the intermediate variable ;(t) is:
7i(t) = Tei(t) @)

Based on time discretion, when considering the step from ¢, to t,,1, the corresponding
increments are: At = tp,1 — tn, AT = 0(tns1) — 0(tn), D;™/2 = Dy(tn + At/2). Then, the
above formula can be approximately expressed as:

: 1 Ao
7i(t) + ;i%'(t) = AtD1/2 (6)
The special solution of the equation is:
TZAU' t—1tn (n) t—th
Yi(t) = W{ —exp<— p. )] +7i exp| — . @)
The following recurrence relation can be obtained:
Ao
7" = /\iw +Bivi ™ ®)
where A
t T
Bi =exp(—Ti> A= (1= Bi) O
Then, the strain component can be obtained by integrating Equation (8):
tnt1
1 1-M
Ag; = ?K/t Wi(t)dt D172 Ao+ (10)

(1— i)yl

By summing the strain components, the total strain increment can be expressed as:

1-A 1 -
AE—ZASI— ZW+E—O A ) 1= pt” )
1=

where the first term is essentially a linear term [32]. Accordingly, the concept of the
incremental elastic modulus E is defined as [32]:

1
f ZD n+1/2 (12)

The second term in Equation (11) is the strain increment due to concrete creep:

m

Aef = 2(1 — Bi)vi™ (13)

i=0
The stress increment in each step can be expressed as:
Ao = E(Ae — A¢°) (14)

The recurrence relation of the intermediate variables 7,'("“) and 'y,-(”) can be obtained
according to Equations (6) and (14), and then an increment step is completed.
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According to the above algorithm, a UMAT subroutine was developed to calculate
the concrete shrinkage and creep effect based on ABAQUS 2019. A flow chart of the user
subroutine is illustrated in Figure 2. When using the subroutine, the concrete parameters
can be defined in the material module directly, including the elastic modulus, Poisson’s
ratio, standard value of the concrete cube compressive strength, theoretical thickness of
components, relative humidity, loading age, etc.
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Y.Y
C te shrink trai
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v .
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Result Store elastic strain, creep Store intermediate
storage strain and shrinkage strain variable ¥, (n+1)
1

Figure 2. Flow chart of the user subroutine for concrete creep and shrinkage.

2.2. Elaborate FE Modeling Considering the Construction Stages

A three-span continuous composite girder bridge, which was built in Shandong
Province, China, was selected here to serve as an example to allow investigation of the
concrete shrinkage and creep effect in composite girders with differentiated connectors.
The elevation view of the bridge is shown in Figure 3a, and the span lengths were 45, 60,
and 45 m. Figure 3b shows the typical cross section of the girder, consisting of three box
girders. The depth and the total width of the concrete slab were 400 mm and 20.25 m,
respectively. The height of the steel box girder was 2.1 m, the total girder height was 2.5 m,
and the widths of the top and bottom flanges were 0.9 m and 3.5 m, respectively. The
variation in the slab depth in the transverse direction only occurred in the cantilever part
and can thus be neglected in the FE model.
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Figure 3. Dimensions of the three-span composite girder.

According to the preliminary analysis results, each hogging moment region was
determined to be 24 m long, as shown in Figure 3a. In the sagging moment regions, the
thicknesses of the top flange, web, and bottom flange were 20 mm, 18 mm, and 30 mm,
respectively, whereas in the hogging moment region, these thicknesses were 40 mm, 18 mm,
and 30 mm, respectively. Solid plate diaphragms were arranged at a spacing of 4 m. The
elastic modulus and Poisson’s ratio of the steel used for the steel girder were 206 GPa and
0.3, respectively; these two values were 34.5 GPa and 0.2 for the concrete used for the slabs.
A total of 30 groups of prestressing tendons with a diameter of 15.24 mm were arranged in
the concrete slab above each box girder in the hogging moment region. The prestressing
stress of the tendon was 1750 MPa, the construction joints were 1 m long, and the uniformly
distributed deck pavement load was 62 kN/m. The humidity was set as 80%, and concrete
shrinkage started three days after casting.

To investigate the concrete shrinkage and creep effect in composite girders with
differentiated connectors, three connection and construction schemes were considered:

(1) Scheme U refers to the scheme in which the URSP connectors were applied in the
hogging moment regions and the normal shear studs were used in the sagging moment
regions; (2) Scheme S refers to the scheme in which the normal shear studs were adopted
for the entire length of the bridge, and integral cast in situ slabs were applied in the hogging
moment regions; (3) Scheme P represents the scheme in which normal shear studs were
adopted for the entire length of the bridge, but precast holes were arranged in the hogging
moment regions, and the post-connected construction was adopted.

As shown in Figure 4, the major construction steps in the three schemes were as follows.
(a) After erecting the steel girder, the precast concrete slab segments were placed onto the
steel girder in the sagging moment regions. Concrete slab segments were connected to the
steel girder through shear studs by pouring the high-strength cement into the precast holes.
(b) The concrete slabs in the hogging moment regions were cast in place. In Scheme P, holes
were preserved in the slab for post-connection of the concrete slab to the steel girder, while
in Scheme S and Scheme U, the integral concrete slabs were cast. The curing of the concrete
lasted for 7 days. (c) The tendons in the concrete slabs were prestressed. In Scheme P, the
preserved holes were then filled with high-strength cement to connect the concrete slab to
the steel girder. (d) The construction joints were cast to connect the sagging and hogging
moment regions. (e) The deck pavement was constructed.
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Figure 4. Construction sequence and connectors in the three schemes.

The element types and the 3D FE model are shown in Figure 5. The construction
process of the concrete slab and the prestressing tendons was simulated by setting the
activation state of the corresponding elements in the “interaction” module through the
“model change” in each step. The prestressed tendons were tied to the concrete slab, and
the prestressing force was applied by decreasing the temperature of the tendons. Surface-to-
surface contact was adopted in order to simulate the interaction between the concrete slab
and the steel girder, in which “hard contact” was selected to define the normal behavior
for both the traditional shear studs and the URSP connectors. Only the URSP-S connectors
were adopted, since this type of URSP connector is more convenient in construction and
beam tests have been conducted [18] that could be used for the validation of the FE models.
Different cohesion behaviors of the contacts were defined for different connectors. The
cohesion stiffness in the longitudinal direction of the girder (the tangential direction of
the surface contact) of the shear connectors was determined according to the stud shear
stiffness k [5]:

k = 0.43Agt\/Ecfe < 0.7 Astysf (15)

where Ag and f are the stud cross-sectional area and tension strength, respectively; s is
the ratio of the ultimate strength to the yield strength of the stud. The stiffness coefficient
in the tangential direction was specified as 358.4 for shear studs and 0.11 for URSP-S
connectors [19]. Meanwhile, the activation state of the contact could be specified in the
interaction manager in ABAQUS.
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In Scheme P, the preserved holes were filled with high-strength cement after prestress-
ing the tendons in the concrete slab; thus, the contact that simulated the effect of shear
studs was inactive before casting the construction joints. Therefore, a temporary boundary
condition of vertical supports was added to the concrete slabs in the hogging moment
regions in order to simulate the support provided by the steel tub girder. Furthermore,
this boundary condition was inactive after the shear connection between the concrete slab
and steel girder was created. The simulation of the post-connected construction could
be realized.

To date, elaborate FE modeling of composite girders considering the construction
stages for three schemes with different construction methods and interfacial connectors has
been accomplished through the comprehensive use of the model change, surface-to-surface
contact, and boundary conditions in ABAQUS.

2.3. Validation of the FE Modeling

(1) Prediction model for concrete shrinkage and creep

Numerous prediction models for concrete shrinkage and creep have been proposed in
recent decades, among which, the commonly used models include that used in the CEB-FIP
Model Code 90 [33] (the CEP90 model), that used in the CEB-FIP Model Code 2010 [34]
(the CEP10 model), that adopted by the American Concrete Institute [35] (the ACI model),
that proposed by Bazant et al. [36] (the B4s model), and that proposed by Gardner and
Lockman [37] (the GL2000 model). To verify the modeling strategies, and shrinkage and
creep prediction models for composite beams, long-term tests of composite beams were
collected from the literature. The parameters of these specimens are shown in Table A1l in
the Appendix A.

A comparison of the results obtained from the tests and FE analyses is shown in
Figure 6. There are relatively few parameters required for CEP90, B4s, and GL2000, while
the parameters of some specimens required by the ACI model have not been reported in
the corresponding literature. It is worth noting that in Xue et al. [38], 90 days after the first
loading (7.37 kN /m), a secondary loading of 5.23 kN/m was applied on the specimens.
For specimen CB2 in the study of Al-deen et al. [39], an external load (13.4 kN/m) was
applied at 29 days after the concrete pour. The corresponding finite element models also
adopted two-stage loading. The following conclusions can be drawn: (1) The FE models
can accurately simulate the behavior of the composite beams; (2) In different tests, the
best prediction model was not the same; and (3) Within the duration of the experiment,
each prediction model could provide acceptable predictions for the deflection. Based on
comprehensive consideration of the complexity and accuracy of the model, the CEP90
model was adopted to predict the concrete creep and shrinkage effect for steel-concrete
composite girder bridges in this study. According to the CEP90 model, the shrinkage strain
of concrete can be calculated as follows:
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where ecs(t, ts) is the shrinkage strain at the age of ¢; £ is the age of concrete at the beginning
of shrinkage (d), which is assumed to be 3 d; bpy denotes the coefficient related to the
annual average relative humidity (applicable for 40% < RH < 99%); RH is the annual
average relative humidity of the environment (%); and RHy = 100%. The meaning of other
symbols can be found in the CEB-FIP Model Code 90 [33]. It can be observed that the lower
the relative humidity of the environment, the greater the shrinkage strain of the concrete,
and the humidity was set as 80% in the finite element model as a typical condition.
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Figure 6. Comparison of deflections obtained from the tests and FE analyses. (1) Fan et al. [27] LCB1;
(2) Fan et al. [27] LCB2; (3) Xue et al. [38] PCB1; (4) Xue et al. [38] PCB2; (5) Xue et al. [38] PCB3;
(6) Xue et al. [38] CB; (7) Al-deen et al. [39] CB1; (8) Al-deen et al. [39] CB2; (9) Al-deen et al. [39] CB3.
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(2) Simulation of URSP connecters

The effectiveness of the simulation of stud shear connectors has already been validated.
To validate the simulation of URSP connectors in the FE models, the test results presented
by Duan et al. [18] were used, in which the URSP-S connectors were applied in the hogging
moment region of the continuous girder. The specimen is shown in Figure 7. The compari-
son of the load-deflection curve and the distribution of the section strain between the FE
models and test results is shown in Figure 8. It can be seen that the FE analysis is able to
provide accurate predictions.
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Figure 7. Test specimen with URSP-S connectors in the hogging moment region [18].
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Figure 8. Comparison of the load-deflection curve and the distribution of the section strain.

3. Performance of Composite Girders with Differentiated Connectors in
Construction Stages

3.1. Concrete Stress

The envelope curves for the total stress of concrete in three major construction stages
are shown in Figure 9. The concrete stresses in the sagging moment regions were quite close
in the three schemes, while significant differences were observed in the hogging moment
regions. After prestressing the tendons, it could be observed that approximately one-third
of the total compressive prestress was transmitted to the steel girder instead of the concrete
deck slab in Scheme S. In contrast, the compressive prestress was mostly used in Schemes U
and P. The compressive stresses of the concrete in the hogging moment regions in Schemes
U and P were essentially the same. After casting the construction joints, the concrete slabs
in the hogging moments were also connected to the steel girder in Scheme P, which was
consistent with the shear connection in Scheme S. Thus, the increment of the concrete stress
in Scheme P was slightly larger than that in Scheme U. At this stage, the absolute value
of the concrete compressive stress in the traditional Scheme S was only approximately
55% of that in Scheme U. At the stage of constructing the deck pavement, as the shear
connection between the concrete slab and the steel girder was removed in Scheme U, the
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tensile stress increment of the concrete in the hogging moment region induced by the deck
pavement loads was reduced compared with those in Scheme P and Scheme S. Therefore,
the advantage of the URSP connection technique was further highlighted. As is shown in
Figure 9, the advantage of Scheme U in improving the prestress level of the concrete slab
can be clearly observed at the end of the construction phase. Due to the low effectiveness
of prestressing, the large increment of the tensile stress under dead load, and the shrinkage
and creep effects, the stress of the concrete in the hogging moment regions changed from
compressive to tensile in Scheme S. The total stresses of the critical elements in Schemes U,
S, and P were —2.31 MPa, 0.19 MPa, and —1.43 MPa, respectively.
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(c) Constructing the deck pavement
Figure 9. Envelope curves for the total stress of concrete.

To obtain further insights into the influences of the dead load, concrete creep, and
shrinkage effect in the three schemes, the stress increments of the concrete slabs in the
hogging moment regions due to these three effects were extracted from the FE analysis. The
stress increment of the critical element in each construction step is shown in Figure 10, in
which the critical element is defined as the concrete slab element with the maximum tensile
stress (or minimum compressive stress) after ten years of service. As is shown in Figure 10,
in the phase of curing the concrete in the hogging moment region, the tensile stress of the
concrete hardly changed with the development of concrete creep and shrinkage in Scheme
U and Scheme P due to the disconnection of the concrete from the steel girder. In contrast,
the shrinkage of the concrete resulted in an obvious tensile stress in the concrete in Scheme
S. After casting the construction joints, the dead loads led to identical stress increments in
Scheme P and Scheme S. However, the total stress of the concrete in the hogging moment
region was different in Scheme P and Scheme S; thus, the stress increments due to the
concrete creep were not the same. Finally, the deck pavement was constructed, and the
dead load in this phase brought about a significant increase in the tensile stress in both



Buildings 2023, 13, 1137

12 of 22

Scheme P and Scheme S. Nevertheless, the stress increment was much smaller in Scheme U
due to the application of the URSP connection technique. Regarding the stress increment
due to the concrete creep effect, the maximum increment occurred in Scheme U due to the
highest level of compressive stress of the concrete. However, the stress increment due to
the concrete shrinkage effect in Scheme U was much smaller than that in Scheme S.
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Figure 10. Stress increment of the critical element in each construction step.

3.2. Steel Girder Stress

The maximum and minimum stresses of the steel top flange in each construction step
are shown in Figures 11 and 12. The steel stresses were identical in the three schemes until
prestressing of the tendons occurred. A significant amount of compressive prestress was
transmitted to the steel girder due to the shear connections between the steel girder and the
concrete slab in Scheme S, leading to significant reductions in the tensile stresses of the top
flange and bottom flange. In the phase of casting concrete in construction joints, the shear
connection between the concrete slab and the steel girder was formed in Scheme P; thus,
the increment of the stress in the steel girder was close to that in Scheme S. The absolute
value of the total stress of the steel girder in Scheme P was larger than that in Scheme S. In
contrast, a more significant increase in the stress in the steel girder could be observed in
Scheme U due to the permission of the interfacial slips, and the total stress level of the steel
girder in Scheme U was the highest among the three schemes. Similar conclusions can be
obtained in the phase of constructing the deck pavement.
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Figure 11. Stress of the steel top flange in each step.
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Figure 12. Stress of the steel bottom flange in each step.

3.3. Deflection

The mid-span deflection of the girder in each step is shown in Figure 13. In the
prestressing tendons phase, the prestressing force was transmitted to the steel girder
through the shear connection; thus, the mid-span deflection was decreased in Scheme S.
On the other hand, almost all the prestressing forces led to the concrete slabs in Scheme U
and Scheme P; thus, the variation in the deflection in this phase was quite limited in these
two schemes. After pouring the construction joints, the structural state of the composite
girder in Scheme P was consistent with that in Scheme S. Therefore, the increment of the
deflection in the phase of constructing the deck pavement was essentially identical between
Scheme P and Scheme S. In contrast, the deflection increment in this phase was increased
by approximately 10% in Scheme U due to the permission of the interfacial slips in the
hogging moment regions.
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Figure 13. Total mid-span deflection in each step.

4. Performance of Composite Girders with Differentiated Connectors in the
Service Stage

Ten years after construction, the longitudinal distributions of the deflection, and
stresses of the steel top and bottom flanges and the concrete slab are shown in Figure 14.
As is shown in Figure 14a, the midspan deflections of the girders in Scheme S and Scheme
P were 16% and 4% smaller than those in Scheme U, respectively. The stress of the steel
bottom flange in the three schemes was essentially the same. In addition, in Scheme P and
Scheme U, an obvious increase in the tensile stress of the top flange was observed only
near the middle supports. It can be observed from Figure 14d that tensile stress occurred
in the concrete slab in most of the regions due to the concrete shrinkage and creep effect.
In Scheme S, the maximum tensile stress was 2.59 MPa, leading to a high risk of concrete
cracking. Furthermore, it can be deduced that the cracking risk will continue to increase
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with time. The concrete prestressing level was merely improved in the phase of tendon
prestressing in Scheme P, while Scheme U could also decrease the tensile stress of the
concrete generated by the dead load and the shrinkage effect after casting the construction
joints. Therefore, the comprehensive performance of Scheme U in preventing concrete
cracking was the best of the three. After ten years of service, it was observed that the area
of the concrete under tension in the hogging moment region in Scheme P was significantly
larger than that in Scheme U. The maximum stresses of the concrete in Schemes U, S, and P
were 0.31 MPa, 2.59 MPa, and 1.28 MPa, respectively.
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Figure 14. Performances of the composite girder after ten years. (a) Deflection; (b) Stress of steel top
flange; (c) Stress of steel bottom flange; (d) Maximum concrete stress.

The changes in the mid-span deflection and concrete stress in the hogging moment
region due to the concrete shrinkage and creep effect are shown in Figure 15. The change
in the deflection in Scheme U was the largest and that in Scheme S was the smallest, while
the change in the concrete stress in Scheme P was the largest and that in Scheme S was the
smallest. However, with increasing service duration, the differences between the deflection
and concrete stress in the three schemes tended to be steady. Thus, it is reasonable to
deduce that the advantage of Scheme U may be maintained in the long run.



Buildings 2023, 13, 1137

15 of 22

10

Change of stress(MPa)

L.51

[u—
T

Change of deflection(mm)
N

ot —— U
é —— S
o P
1000 2000 3000 4000 0 1000 2000 3000 4000
Time(days) Time(days)

Figure 15. Change in the mid-span deflection and concrete stress.

The maximum stress increments due to the shrinkage and creep effects, and the
total stress of the concrete in the hogging moment region in the service stage are shown
in Figure 16. Regarding the concrete creep effect, the stress increments in Scheme U and
Scheme P were larger than that in Scheme S. It can be seen from Figure 14 that most concrete
slabs in the hogging moment region were under compression in Scheme U; thus, the creep
effect induced compressive strain. However, the compressive strain was restrained by the
adjacent slabs in the sagging moment region, inducing tensile stress in the hogging moment
region. On the contrary, in Scheme S, the tensile stress in the hogging moment region
tended to generate compressive stress under the creep effect. The performance of Scheme
P fell in between that of the above two cases. On the other hand, the stress increment of
the concrete in Scheme U due to the shrinkage effect was the smallest. This may have
resulted from the release of the slip restraint between the concrete slab and the steel girder.
In total, the application of the URSP connection technique led to a significant reduction in
the concrete tensile stress in the hogging moment region, which could effectively improve
the crack resistance of the concrete slab in continuous composite girders.
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Figure 16. Concrete stress in the hogging moment regions in the service stage.

The transverse distribution of the longitudinal concrete stress in the concrete slab is
shown in Figure 17, in which the origin of the z-axis was located at the middle support,
and the origin of the x-axis was at the slab edge. It can be observed that the non-uniformity
of the transverse distribution of the concrete stress was more significant after ten years
of service. Meanwhile, the non-uniformity of the transverse distribution of the concrete
stress and the effective width of the concrete slab varied along the longitudinal direction.
At the middle support, the non-uniformity of the transverse distribution and the value of
the concrete stress in Scheme U were the lowest at the beginning of service, and thus the
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effective width of the slab in this scheme was also the largest. After 10 years of service, the
development of concrete creep and shrinkage effects triggered a reduction in the effective
width of the slab in all three schemes. At the position of z =5 m (1/12 of the middle
span length), relatively uniform distributions of the concrete stress could be observed in
all three schemes, where the value of the concrete stress in Scheme P was quite close to
that in Scheme U. Additionally, the concrete shrinkage and creep effects increased the
non-uniformity of the transverse distribution at this cross section. Atz = 8 m, the lowest
value of the concrete occurred at the mid-span of the slab in the beginning, and the stress
level in Scheme U was slightly and significantly lower than that in Scheme P and Scheme
S, respectively. Ten years after construction, the concrete shrinkage and creep effects
brought about a significant stress redistribution in all three schemes, and the lowest value
of concrete stress turns occurred at the slab-to-girder connections in Schemes U and P.
Due to the complicated distribution and variation in concrete stress in the transverse and
longitudinal directions, the elaborate FE model established in this study can provide more
accurate results considering the concrete creep and shrinkage effects, when compared with
the 1D FE model.
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Figure 17. Transverse distribution of the longitudinal concrete stress in the slab.

In addition, the performances of the composite girder under vehicle loads were
also investigated. For each lane, a uniformly distributed load (10.5 kN/m) on the entire
span and a movable concentrated load (360 kN) were applied on the composite girder.
The performances of the composite girder under vehicle loads are shown in Figure 18.
The increment of the concrete stress in the hogging moment region in Scheme U was
approximately 32% lower than those in Schemes P and S, which could further reduce the
cracking risk. Meanwhile, the mid-span deflection and the maximum steel stress increased
by approximately 15% in Scheme U due to the presence of interfacial slips.
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Figure 18. Performances of the composite girder under vehicle loads.

From the above comparisons, among the three schemes for prestressed steel-concrete
composite continuous girder bridges, Scheme U (the scheme where the URSP connection
technique was applied in the hogging moment region) is able to provide the best control
of tensile stress in the concrete slabs. With an increasing service time, the concrete shrink-
age effect will increase this advantage, while the creep effect will reduce this advantage.
However, in general the application of the URSP connectors in the hogging moment region
can lead to a significant improvement in the anti-cracking performance of the concrete slab
in continuous composite girders when considering the effects of the construction process,
concrete shrinkage and creep, dead loads, and vehicle loads. Meanwhile, the release of
the slip restraint between the concrete slab and the steel girder may bring about a certain
degree of increase in the deflection and the stress of the steel top flange near the middle
supports; thus, attention should be paid to this when the design is controlled by the girder
stiffness and the steel girder stress.

5. Parametric Analysis and Design Suggestions

Due to the complex construction process and the movable vehicle loads, it is difficult
to explicitly determine the hogging moment regions in most practical cases. Therefore, a
parametric study was conducted to investigate the effects of the arrangement length of the
URSP connectors. The influences of the URSP length ratio on the maximum concrete stress
in the hogging moment region when varying the span length ratio, the span—depth ratio,
and the prestress level are shown in Figures 19 and 20. The URSP length ratio (L, /Lm) is
defined as the ratio of the length applying the URSP connectors to the middle span length;
the span length ratio (Ls/Lnm) is defined as the side span length to the middle span length;
the span—depth ratio (Ly, /h) is the ratio of the middle span length to the girder depth; and
0p is the compressive stress of the concrete after prestressing. The results indicated that
with an increasing URSP length, the concrete stress decreased in all cases. The decrease
rates of the concrete stress were essentially identical for different values of the span length
ratio and prestress level, while the decrease was less significant when the span-depth ratio
was small. When comparing the concrete stress before and after ten years of service, it
could be deduced that the variations in the concrete stress due to the change in the span
length ratio, span—depth ratio, and prestress level were decreased to some extent. This can
be explained by the fact that when the compressive stress level is higher, the tensile stress
generated by the concrete creep effect will be more significant.
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Figure 19. Influence of the URSP length ratio on the maximum concrete stress in the hogging moment
region (at the end of construction).
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Figure 20. Influence of the URSP length ratio on the maximum concrete stress in the hogging moment
region (after ten years of service).

The influences of the URSP length ratio on the mid-span deflection and the maximum
stress of the steel top flanges are shown in Figure 21, respectively. The increase in the
URSP length ratio brought about increases in the deflection and steel stress. It can also be
observed that the effect of the URSP length ratio on the concrete stress is more significant
than those on the deflection and steel stress. Based on the results of this parametric study, a
value of 0.2 is recommended as the URSP length ratio.

Ly/Ln 140
0 0.1 0.2 0.3 = L —
0 2’:‘ 1200 Scheme S — [
Z 100
0]
fg—ZO' :: 80 1T T 1
=) [}
=1 2 oot
2 =40 g
b3y =} L
& E X
5 é 20t
—60Fr====1 | - 1 H H H | s
Scheme_S___ — =L 0
0 0.1 0.2 0.3
—80

Lo/Ln,

Figure 21. Influence of the URSP length ratio on the mid-span deflection and the maximum steel
stress (after ten years of service).

6. Conclusions

In this paper, the performances of prestressed composite continuous girders were
investigated by conducting elaborate FE analyses considering the concrete creep and
shrinkage effects in the construction and service stages. To simulate the concrete creep
and shrinkage effects, a UMAT subroutine in ABAQUS was developed, and an effective
prediction model was selected. The following conclusions have been drawn according to
the analysis results:

(1) The commonly used shrinkage and creep prediction models are in different agree-
ments with the long-term performance tests of composite beams in the literature, and
the CEP90 model was adopted in this study. In addition, the short-term behaviors
of the specimens with URSP connecters predicted by the FE models were in good
agreement with the test data, indicating that the modeling strategy was reliable.

(2) Scheme U, where the URSP connection technique is applied in the hogging moment
region can effectively increase the prestressing efficiency and decrease the tensile stress
of the concrete induced by dead loads and vehicle loads. With an increasing service
time, the concrete shrinkage effect will enhance the advantage of Scheme U, while
the creep effect will reduce this advantage. In general, it was deduced that Scheme U
was the most superior scheme from the perspective of concrete crack resistance in the
hogging moment region, among the three schemes considered in this study.

(8) The concrete shrinkage and creep effects can generate significant concrete stress redis-
tribution in the transverse direction, and non-uniformity of the transverse distribution



Buildings 2023, 13, 1137

19 of 22

of the concrete stress is more significant after ten years of service. Meanwhile, the
effective width of the concrete slab also varies along the longitudinal direction.

(4) Compared to the traditional scheme, the applications of the post-connected con-
struction method and URSP connectors in the hogging moment regions may lead to
approximately 12% and 18% increases in deflection, respectively. Therefore, attention
should be paid to this when the design is controlled by girder stiffness. The steel
girder stress was also increased in these two innovative schemes, but a significant
increase only occurred in the top flange near the middle supports, which may be
eliminated by local strengthening measures.

(5) The results of the parametric analyses indicate that with an increasing URSP length,
the concrete stress decreased under various span length ratios, span—depth ratios, and
prestress levels. The tensile stress induced by the concrete creep effect can reduce
the influence of these factors. The increase in the URSP length ratio brought about
increases in the deflection and steel stress, but the effect of the URSP length ratio on
the concrete stress was more significant. Overall, a value of 0.2 is recommended as
the URSP length ratio.
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Appendix A

Table Al. Parameters of the composite beam specimens in the literature.

. . o feu cM WM Load E. E, F, F
ST Size (mm) L (m) to (d) T (O Ry, (%) 28 d (MPa) SR (kg /m?) (kg/ms) A/C (KN/m) (GPa) (GPa) (MPa) (MPa) Remarks
LCB1 S 600 x 60 4 7 19 67 323 800/2400 288 236 1076/288 7.29 Ec (7) =276 206 303.6 - -
Fan et al. E. (28) =31.8
[27] LCB2 S 600 x 60 4 7 19 67 147 776/2400 353 212 1059/353 7.29 Ec (7) = 30.0 206 303.6 - -
E. (28) =347
PCB1 PS 600 x 100 48 - - - - 684/2416 520 188 1024/520 7.37 +5.23 - 185 3715 4444 I;ggsf\jﬁf:
Xueetal.  PCB2 PS 600 x 100 48 - - - - 684/2416 520 188 1024/520 7.37 +523 - 185 3715 4444 888 MPa
38
[38] PCB3 PS 600 x 100 48 - - - - 684/2416 260 188 1024/260 7.37 +5.23 - 185 3715 4444 798 MPa
CB-1 S 600 x 100 48 - - - - 684/2416 520 188 1024/520 12.6 - 185 3715 4444 -
No
CB1 S 2000 x 125 8 - 21 70 277 838/2318 141 175 960/141 - 255 - 317.26 517.47 Temporary
support
Al-deen No
etal. [39]  CB2 S 2000 x 125 8 29 21 70 277 838/2318 141 175 960/141 134 255 - 317.26 517.47 Temporary
support
CB3 S 2000 x 125 8 29 21 70 277 838/2318 141 175 960/141 SW+ 134 25.5 - 317.26 517.47 Temporary
=198 support

Note: ST, structure type; S, simply supported; PS, prestressed simply supported; T, the temperature; SR, sand rate; CM, cement mass (in 1 m® of concrete); WM, water mass (in 1 m® of
concrete); A/C, weight ratio of aggregate-cement ratio (by weight); E., the elastic modulus of concrete; Es and Fy, the elastic modulus and yield stress of the steel plate, respectively;
E, the ultimate strength of the stud.
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