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Abstract: Continuous steel-concrete composite girder can fully utilize material strength and possess
large spanning ability for bridge constructions. However, the weak cracking resistance at the negative
bending moment region of the girder seriously harms its durability and serviceability. This paper
investigates practical techniques to improve the cracking performance of continuous steel-concrete
composite girders subjected to hogging moment. A real continuous girder was selected as the background
bridge and introduced for numerical analysis. Modeling results show that under the serviceability limit
state, the principle stress of concrete slabs near the middle piers of the bridge was far beyond the allowable
material strength, producing a maximum tensile stress of 10.0 MPa. Approaches for strengthening
concrete decks at the negative moment region were developed and the effectiveness of each approach
was assessed by examing the tensile stress in the slabs. Results indicate that the temporary counterweight
approach decreased the maximum tensile stress in concrete slabs by 22%. Due to concrete shrinkage and
creep, more than 65% of the prestressed compressive stresses in concrete slabs were finally dispersed to
the steel beams. A thin ultra-high performance concrete (UHPC) overlay at the hogging moment region
effectively increased the cracking resistance of the slabs, and practical engineering results convicted the
applicability of the UHPC technique.

Keywords: continuous steel-concrete composite girder, hogging moment, cracking performance,
strengthening approach, ultra-high performance concrete
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1. Introduction

During the past decades, steel girder bridges, such as steel box-girder bridges, steel
truss-girder bridges, and steel-concrete composite girder bridges, have been widely used
in expressway bridge constructions [1-5]. The steel-concrete composite girder bridge,
retaining concrete slabs in the compression area and steel beam in the tension area and
integrating the two parts via shear connectors, exhibits outstanding efficiency in utilizing
the strength of the constitutive materials. Since the steel beam at the lower side of the
composite girder carries most of the permanent and traffic loads, the upper concrete deck in
compression is usually thin. It consumes few natural resources, making the composite girder
bridge more environment-friendly than traditional steel-reinforced concrete bridges. So far,
many steel-concrete composite girder bridges have been constructed worldwide [4-8].

With the intensive establishment of steel-concrete composite girder bridges, the merits
of such structures, including simple structural arrangement, easy construction and main-
tenance, and good spanning ability, have been gradually convicted [9, 10]. Noticeably, the
advantage of the composite girder relies on the upper concrete deck in compression and the
lower steel beam in tension. However, near the middle pier of the continuous steel-concrete
composite girder, the hogging moment violates this law. It subjects the upper concrete
deck slab to tension and the bottom steel beam to compression [11-13]. Under the hogging
moment, the concrete deck with low tensile strength would inevitably crack and bring poor
durability and low safety margin, making the deck slab at the region easy to deteriorate
during the bridge operation [14].

Many researchers and engineers have tried to solve the cracking problem for contin-
uous steel-concrete composite girder bridges. Various approaches have been proposed to
strengthen the concrete decks at the negative bending moment region [15-19]. However,
existing approaches mostly concentrate on the single crack-controlling technique, which
cannot completely solve the cracking problem of the continuous composite girder bridge
exposed to severe load conditions and harsh environments [20-23]. The easy cracking of
the hogging moment zone has seriously prevented the further application of continuous
steel-concrete girder bridges. Practical approaches to improving the cracking performance
of concrete decks under hogging moment are to be investigated.

This paper focuses on practical techniques to improve the cracking performance of
continuous steel-concrete composite girder bridges under hogging moment. A real contin-
uous steel-concrete composite girder bridge under construction was briefly introduced for
numerical analysis. Several approaches for strengthening the concrete decks at the negative
moment region were developed, and the effectiveness of each approach was assessed by
analyzing the performance of the decks. Based on the results from the models and engi-
neering practice, an efficient technique that uses a thin layer of UHPC on the top of normal
concrete substrates to strengthen the cracking performance of concrete decks at the negative
bending moment region of the continuous steel-concrete composite girder was proposed.
The usefulness of the UHPC overlay is examined through engineering verification. The
achievements of this study can provide a reference for future application of the proposed
approach.
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2. Porotype bridge and performance evaluation

2.1. Prototype bridge

The selected continuous steel-concrete composite girder is the Gaotai Bridge, part
of the Yunmao Expressway, under construction in the Guangdong province of China.
Figure 1 shows the configuration and arrangement of the Gaotai Bridge. As can be seen,
the prototype bridge had a span arrangement of 17 x40 m, an overall deck width of 12.5 m,
a longitudinal slope of 2.5%, and a lateral deck slope of 2.0%. The design vehicle speed
and seismic peak acceleration of the Gaotai Bridge were 100 km/h and 0.05 g, respectively.
The maximum height of the thin-walled hollow piers was 68 m.
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(a) the overall arrangement of the Gaotai Bridge
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(b) cross-section of the bridge

Fig. 1. Configuration of Gaotai Bridge (cm)

The continuous girder bridge comprises a solid deck fabricated using C55 normal
concrete, a pair of parallel [-shaped steel beams fabricated using Q345C grade steel, and
several pieces of headed steel studs connecting the concrete deck and steel beams. The
concrete deck thickness near the steel flanges and the bridge longitudinal axis was 0.4 m
and 0.26 m, respectively. Reinforcement bars in the deck slabs were made of HRB400 grade
steel (with a nominal yield strength of 400.0 MPa), which were longitudinally arranged
in two layers. The diameter and distribution intervals were 28.0 mm and 120.0 mm for
the top layer reinforcement bars, respectively. The diameter and distribution intervals were
25.0 mm and 100.0 mm for the bottom layer reinforcement bars, respectively. The [-shaped
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steel beam had an overall depth of 2.2 m, a top flange width of 0.9 m, and a bottom flange
width of 1.1 m. Steel diaphragms were welded to the parallel beams’ steel webs to ensure
the girder’s stability. All steel members were fabricated in a factory and delivered to the
construction site. After the completion of the piers, the I-shaped steel beams were assembled
through incremental launching. The concrete slabs were prefabricated in segments and then
assembled through cranes.

2.2. Finite element model

Based on the ANSYS 15.0 code, a solid nonlinear finite element (FE) model was
established for the Gaotai Bridge to assess the performance of the concrete decks at the
hogging moment region. The FE model consists of a concrete slab, a pair of I-shaped
steel beams, and prestressed strands. The constitutive model of the C55 concrete and
Q345C steel is defined based on the stress-strain relationship provided in the code [24]. All
concrete slabs are modeled using Solid 65 elements, while the steel beams and prestressed
tendons are modeled using Shell 63 and Link 8 elements, respectively. All nodes at the
interface between concrete decks and steel beams are coupled together, considering the
strong restraints of the headed steel studs in the actual girder. In order to model the influence
of concrete cracking on the stresses, the element death function was activated when the
stress or strain in the Solid 65 element reached its permitted values. The application
of prestressed tendons is realized by applying initial strains to the strands. According
to the element sensitivity analysis results, the stress obtained from the composite beam
models significantly varied with the element meshing size, and the stress became stable
after the element size of concrete and steel approached 50 mm and 25 mm, respectively.
Consequently, the concrete slab has meshed using element sizes of 50 mm. The element
sizes selected for the steel beam and prestressed tendons are 25.0 mm. The established FE
model of the Gaotai Bridge is shown in Fig. 2.

(a) geometric model (b) element mesh model

Fig. 2. Finite element model of Gaotai Bridge

As shown in Fig. 3, the vehicle load level-1, composed of a standard uniform load (gy)
and a standard concentrated load (Py), is applied to the FE models. The concentrated load
Py is indirectly applied to the composite girder to avoid stress concentrations. The Py is
applied to a referring node adjacent to the expected loading point, and the referring node
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is coupled with the concrete nodes at the region. The arrangement of the loads is based on
the principle of generating maximum negative bending moments for the girder. According
to the Chinese code [25], the g is a constant parameter of 10.5 kN/m. The value of Py is
associated with the calculated span and can be determined from Table 1. Considering the
influence of the multi-lanes on the deck, a vehicle load reduction coeflicient of /, = 1.843,
suggested by the code [25], is employed for calculation.

Traffic lane 1 Traffic lane 2

Concentrated load of vehicle

Uniformly distributed load of vehicle
PECC L L P L R , S I E—
o ~ < o o) JEEN NN
(a) distribution of standard vehicle loads (b) arrangement of standard lanes

Fig. 3. Most critical load arrangement of the girder (m)

Table 1. Determination of concentrated load (Py)

Calculation span L (m) Lo <5 5<Lyp<50 Lo > 50
Py (kN) 270 2% (Lo + 130) 360

2.3. Performance evaluation

The stresses in the concrete decks under the “standard load combination” and “short-
term load combination” are achieved using the FE models. Figure 4 presents a summary
of the results. As seen, concrete decks above middle piers are exposed to significant tensile
stresses due to negative bending moments. Under the “standard load combination”, the
tensile stress in concrete decks is mostly between 5.0 MPa and 8.0 MPa, giving a maximum
value of 10.0 MPa. On the other hand, the “short-term load combination” generates tensile
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(a) standard load combination (b) short-term load combination

Fig. 4. Stresses in concrete decks (MPa)
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stresses in concrete decks between 4.0 MPa and 7.0 MPa, showing a peak stress of 9.0 MPa.
The tensile stresses at the negative moment region are far beyond the allowable tensile
strength of the concrete. It is essential to explore effective ways to ensure durability and
serviceability at the negative bending moment region of the bridge.

3. Approaches and feasibility assessment

The purpose of strengthening concrete decks at the negative moment region is to
minimize the tensile stress and crack width. Based on the evaluation of the Gaotai Bridge,
approaches to improve the concrete decks of the bridge are introduced and verified.

3.1. Strengthening approaches

3.1.1. Optimizing concrete fabrication Sequence

For the investigated continuous steel-concrete composite girder bridge, tensile stress in
concrete slabs is primarily determined by the negative bending moments. By adjusting the
concrete slab fabrication sequence, it is practical to reduce the negative moment caused by
the permanent loads of the bridge. Compared to the one-time casting of all concrete slabs,
installing the concrete slabs in stages brings a relatively small hogging moment above
the middle piers. As shown in Fig. 5, after placing the I-shaped steel beams, fabricate
concrete slabs at the positive bending moment region of the girder first and then fabricate
the concrete slabs near the piers.

concrete slab steel beam

pier middle pier middle pier pier

positive bending moment

—— Stage I1

pier negative bending moment middle pier pier

Fig. 5. Adjustment of the slab fabrication sequence

3.1.2. Involving temporary counterweight

After completing the construction of concrete slabs at the positive bending moment re-
gion, applying a temporary counterweight at the middle point of each span may also reduce
the hogging moment from the permanent loads. As shown in Fig. 6, applying additional
temporary loads to the girder’s middle span, and then removed the counterweight after the
slabs at the hogging moment region were fabricated. Removing the temporary counter-
weight would expose concrete slabs at the hogging moment region to axial compression
due to the steel beams’ resilience at the girder’s middle span.
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counter weight

pier middle pier middle pier pier

Fig. 6. Application of temporary counterweight at positive moment region

3.1.3. Applying Prestressed Tendons

Applying prestressed tendons to concrete slabs at the negative bending moment region
is a conventional method for crack control in composite girder bridges. The steel strands
are axially embedded in concrete slabs near the middle piers, and the strands are tensioned
after the completion of the concrete slabs and steel beams. Due to the combined effects
between the steel and concrete members, part of the prestressed loads would flow into
the steel beam, resulting in significant stress loss for the concrete slabs. Moreover, the
development of concrete shrinkage and creep during bridge operation would also decrease
the compressive stress in the concrete, exposing the slab at the negative bending moment
region to a high risk of cracking [10]. Consequently, it is critical to provide sufficient steel
strands to the hogging moment region of the bridge.

3.1.4. Employing UHPC overlay

Ultra-high performance concrete (UHPC) is a new cement-based composite material
with super-high strength, high toughness, and remarkable durability [23]. The tensile
strength of UHPC is very high and reaches up to 5 to 10 times that of traditional concrete.
With such merits, the UHPC has recently been widely used in bridge construction. For
the investigated Gaotai bridge, applying UHPC at the negative bending moment zone
may improve the cracking resistance of the slabs. As shown in Fig. 7, replace the normal
concrete slab’s top layer near the middle piers with a UHPC overlay, and the normal
concrete substrate is connected with the top UHPC through interfacial shear steel rebars.
The thin UHPC layer directly resists the maximum tensile stress caused by the hogging
moment.

UHPC

Fig. 7. Employment of UHPC overlay at hogging moment region

3.2. Feasibility assessment

The feasibility of the above approaches for the investigated structure is evaluated and
discussed based on the established FE models.
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3.2.1. Evaluation of optimizing concrete fabrication Sequence

Stress obtained from the model with an optimized concrete fabrication sequence is
presented in Fig. 8. As can be seen, the maximum concrete tensile stress occurs at the top
surface of the slabs near the middle piers. Under the permanent and vehicle loadings, the
maximum tensile stress in concrete slabs is 6.23 MPa, which is 34.5% smaller than that
obtained from the model with a one-time concrete cast. Due to the unbalanced arrangement
of the vehicle loadings, it is noted that the peak stresses unsymmetrically distribute along
the deck axis. Although adjusting the concrete construction sequence reduced the concrete
stress, the large tensile stress in the slabs still exposed the girder to inevitable cracking
under the hogging moment.

T S B L Wiy

Fig. 8. Tensile stresses in concrete slabs

TUTI9ES07 230086, :195E+07  3CGEV0T :5ILES0
“627624 1092407 12808407 .4528407. 623E407)

3.2.2. Evaluation of involving temporary counterweight

A concentrated load of 900 kN is applied to the middle point of each span, and the
temporary load is removed after completing the concrete near the middle piers. A summary
of the structural responses of the girder under the loadings is presented in Table 2. As can
be seen, after completion of the slab at the positive bending moment region, introducing
a load of 900 kN to the mid-span slightly increased the girder deflection by 10.5% and the
maximum tensile stress of the steel beam by 16.0%. In comparison, the maximum concrete
tensile stress near slab edges is drastically increased from 0.18 MPa to 2.86 MPa. This is
mainly caused by the stress concentrations from the applied temporary loads. After the
bridge’s construction, the maximum concrete tensile stress at the hogging moment region
is reduced by 22.6% compared to the counterpart without the temporary load.

Table 2. Structural response of the girder with a temporary counterweight

Without With

Stage Location Item counter- | counter-
weight weight
Deflection (cm) 5.77 6.36

Completion of concrete at

positive moment zone At mid-span point | Concrete stress (MPa) 0.18 2.86

Steel stress (MPa) 130.92 151.86

Completion of the entire

bridge Over middle pier | Concrete stress (MPa) 6.23 4.82
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3.2.3. Evaluation of applying prestressed tendons

In the analytical model, the prestressed tendons installed at the hogging moment region
produced a uniform initial compressive stress of 10.0 MPa in the concrete slab. The distri-
bution of stresses at the hogging moment region is presented in Fig. 9. Due to the existence
of concrete shrinkage and creep, the residue compressive stress in concrete slabs is about
3.5 MPa after the bridge operated for ten years (~3650 days), showing a stress decrease
of 65%. In comparison, the stress in the steel beam is enlarged by 46.0 MPa due to the
shrinkage and creep effect. Apparently, using prestressed tendons to increase the cracking
resistance of the concrete slabs is a non-ideal for the bridge, in addition to the inconvenient
installation of steel strands on site.

— e e v RS T TR S T R T R T
. 613407 .437E+07  -.260E+07__ -832635 933589 = 4645+OB --339E+08 -.214E+08 -.8B6E+07
.525E407  -.348E+07  -.172B407  50476.7  .182E407 R BTGER O o AS1EOB - E0E+0T. 8938407

(a) concrete slab (b) steel beam

Fig. 9. Stress distribution of steel and concrete members

3.2.4. Evaluation of employing UHPC overlay

To examine the feasibility of using UHPC at the negative bending moment region,
models with a UHPC slab and a normal concrete slab topped by 10 cm-thick UHPC
overlay, respectively, are established. Figure 10 shows the stress in concrete slabs near the
middle piers. As can be seen, the maximum tensile stress in the UHPC slab and UHPC
overlaid normal concrete slab is very close and ranges from 7-8 MPa, which is lower than

—:— *1
= 14SE+07 465413 .238E+07 .430E+07 .62 -.146E+07 60173 - 472E+07
-428494

1E+ 266E+07 678E+07
.142E+07 .334£+07 5265*07 717E+07 .163E+07 .369E+07 .575E+07.781E+07

(a) UHPC slab (b) slab with a 10 cm-thick UHPC overlay

Fig. 10. Stress distribution in concrete slabs
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the allowable tensile strength of the material. Similar stresses indicate that even a thin layer
of UHPC topping on normal concrete can prevent cracking under the negative bending
moment. By checking the stresses obtained from the model using a normal concrete slab,
it is noted that the model with a UHPC slab produces comparatively larger stress than the
former. This can be explained by the more loads carried by the UHPC slab due to the large
elasticity modulus of the UHPC.

4. Engineering verification

To furtherly examine the usefulness of the approaches above, the Gaotai Bridge was
used for practical verification. Since the stress concentration caused by the temporary
counterweight approach and prestressed tendons harms the girder’s cracking performance,
as shown in Fig. 11, strengthening approaches, including the optimization of the concrete
slab fabrication sequence and the employment of UHPC overlay, were adopted in the
construction of the Gaotai bridge. The thickness of the UHPC layer is 10 cm, and the
diameter of shear steel bars at the UHPC overlay-to-normal concrete substrate interface is
12.0 mm. The UHPC was cast after the normal concrete substrate was cured for 7 days.
The mix proportion and mechanical properties of the UHPC material used in the prototype
bridge are presented in Table 3.

Fig. 11. UHPC overlaid concrete slab of prototype bridge

The cracking condition of the Gaotai Bridge was recorded. The results were measured
from the surfaces of the concrete slabs at the hogging moment region. After completion
of the UHPC overlay and before constructing asphalt pavement, the composite girder was
preloaded to generate a target maximum negative bending moment above the intermediate
supports, and it was shown that the UHPC strains recorded by the vibrating wire strain
gauge above the intermediate supports were small and no visible cracking was observed
at the region. The strain gauges were retained and well protected during the exploitation
of the bridge, and the monitored strains were throughout within the cracking strength of
the material. Besides, periodic detections of the flange side surfaces indicated no cracking
to the composite deck slabs even after the bridge opened for around three years. The
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Table 3. Mix proportions and mechanic properties of UHPC
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favorable practical results indicate that the strengthening approaches effectively improved
the cracking resistance of the structure. However, the referred engineering practice did
not consider the influence of different interface treatments between the UHPC overlay and
concrete substrates. As such, more tests on the composite beams with UHPC at the negative
bending moment zone are needed to examine the approach’s feasibility further.

5. Conclusions

Based on the construction of a real continuous steel-concrete composite girder bridge
in China, effective techniques to improve the cracking performance of the bridge under
hogging moment are analyzed and discussed. The main conclusions are drawn as follows:

1. Under the serviceability limit state, concrete decks at the middle piers were exposed
to a high risk of cracking due to the negative bending moment. It is critical to
adopt effective strengthening approaches to ensure the long-term durability and
serviceability of the bridge.

2. Four types of different slab strengthening approaches were introduced. The maximum
tensile stress of the bridge using the optimized fabrication sequence method is
decreased by 34.5% compared to those with the slabs cast in one-time. The maximum
concrete stress is reduced by 22.6% compared to that without the counterweight load.

3. Applying prestressed tendons at the negative moment region can effectively decrease
concrete tensile stress in the short term. However, the development of concrete creep
and shrinkage in the long term significantly decreased the applied compressive
stresses in the concrete, exposing the slab at the region to inevitably cracking.

4. Using a thin layer of UHPC on the top of a normal concrete slab can effectively
prevent the slab from cracking at the negative moment region of the bridge. The
continuous steel-concrete composite girder using an optimized concrete fabrication
sequence and a 10 cm-thick UHPC overlay at the negative bending moment zone of
the girder exhibit good cracking performance and superior durability.
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