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� The design, construction and field tests of one deck-extension bridge with a small box girder are introduced.

� The effective bridge temperature to predict the longitudinal thermal movement of the deck-extension bridges was proposed.

� The finite element model was built by using the MIDAS program, of which the accuracy was verified by the test results.

� The longitudinal thermal movement of the deck-extension bridges under historically extreme temperatures was predicted.
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A jointless bridge could fundamentally eliminate vulnerable deck joints, thereby meeting

the need for sustainable development of bridges, especially for an expressway with high-

speed traffic. In this paper, one jointless bridge (deck-extension bridge) with a small box

girder in an expressway was chosen as a case study to examine the structural design,

construction and field test. The field tests of the bridge indicated that the designed and

constructed structures can satisfy the requirement for service performance of the deck-

extension bridge. Some key technologies, such as the position of longitudinal re-

inforcements in the superstructure-approach slab connections and the arrangement of the

sliding material layers, were introduced. The longitudinal thermal movement of the su-

perstructure in the deck-extension bridge with a small box girder could be predicted

accurately by using the average temperature of the cross section of a small box girder. The

finite element model, built by using the MIDAS program, was used to analyze the tem-

perature distribution on the cross section of a small box girder, the accuracy of which could

be verified by comparing with the measured values. The maximum longitudinal thermal

movement of the superstructure in deck-extension bridges with a small box girder under

historically extreme temperature conditions was predicted.

© 2018 Periodical Offices of Chang'an University. Publishing services by Elsevier B.V. on

behalf of Owner. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The total length of the expressway in China exceeded 130

thousand meters at the end of 2016. Moreover, according to

the Ministry of Transport of the People's Republic of China, at

the end of 2016, there were 805.3 thousand bridges, of which

88.8% are bridges with short and medium spans (approxi-

mately 714.9 thousand bridges) (Ministry of Transport of the

People's Republic of China, 2017). The deck joints are usually

installed in the jointed bridges to absorb the longitudinal

movement of the superstructure due to temperature

variation and the creep and shrinkage of concrete and

provide an even pavement for high-speed traffic. According

to many statistical investigations of the defects in existing

jointed bridges, the deck joints can be considered the most

vulnerable member (Briseghella and Zordan, 2007; Xue,

2013). The deck joints can easily be damaged by the

overloaded vehicles. Conversely, the damaged deck joints

can be considered a very dangerous road hazard when the

deck joints separate from their concrete embedment and

become devices protruding out of decks towards high-speed

traffic. Once refurbishment starts, the traffic must be

interrupted or restricted, which is cost- or time-prohibitive

(Briseghella and Zordan, 2015; Chen et al., 2014; Xue et al.,

2014; Zordan and Briseghella, 2007). The concept of the

continuous beam bridge can be used to eliminate the deck

joints in the superstructure-pier connections in multi-span

bridges (Dong et al., 2015; Zordan et al., 2011a,b). The

continuous beam bridges with a small box girder are

frequently used when the span length is between 20 and

35 m. Therefore, the key problem of the jointless design

based on the continuous beam bridge is the elimination of

the deck joints in the superstructure-abutment connections.

Three types of jointless bridges can be defined based on the

types of jointless abutments: the integral abutment bridge,

the semi-integral abutment bridge and the deck-extension

bridge (Aktan et al., 2008; Editorial Department of China

Journal of Highway and Transport, 2014; Lan et al., 2017; Xue

et al., 2016). The deck-extension bridge is the jointless bridge

with a deck-extension abutment (Fuzhou University and

Fujian Provinces No. 1 Highway Engineering Company, 2017).

The movable joint is set between the superstructure and the

abutment. However, the deck joints in the superstructure-

abutment connections are eliminated by combining the

superstructure and approach slab, as illustrated in Fig. 1.

The longitudinal thermal movement of the superstructure in
Fig. 1 e Schematic diagram of deck-extension abutment.
deck-extension bridges can be transferred to the joints

between the ends of the approach slabs and the connecting

roads (Aktan et al., 2008; Chen et al., 2014).

The deck-extension bridges were used extensively in the

USA, especially when neither the integral nor the semi-inte-

gral option met the conditions of the particular structure and

for retrofitting existing structures (Weakley, 2005).

Approximately 3900 deck-extension bridges were

constructed until the end of 2004 (Maruri and Petro, 2005).

Based on the investigations of the defects in existing deck-

extension bridges, the influence of different parameters on

the mechanical performance of deck-extension abutments

were analyzed, and the standard drawings of deck-extension

abutments for Michigan Department of Transportation in

the USA were proposed (Aktan et al., 2008). The standard

drawings of deck-extension abutments were also proposed

by some researchers for New York State Department of

Transportation and Virginia Department of Transportation

in the USA, as well as the Ontario Ministry of Transportation

in Canada (Alampalli and Yannotti, 1998; Husain, 2004;

Weakley, 2005). There were 40 jointless bridges (constructed

and under construction) in China until April 2016, of which

57.5% are deck-extension bridges. However, there are only

three deck-extension bridges with small box girders. There

are no standard drawings of deck-extension abutments in

China.

The first step of designing a jointless bridge is to ascertain

the longitudinal thermal movement of the superstructure

(Munoz et al., 2016; Oesterle et al., 1999). Eq. (1) is used by

engineers to calculate the longitudinal thermal movement

(Dl) of beams.

Dl ¼ acltDt (1)

where ac is the thermal expansion coefficient of the material,

lt is the temperature calculation length, and Dt is the effective

temperature variation.

However, the measured longitudinal thermal movements

of the superstructure in jointless bridges are usually less than

the corresponding calculated values determined by using Eq.

(1). The measured longitudinal thermal movements of the

superstructure in some jointless bridges in Michigan and

Oklahoma were less than the expected values, possibly

because the method used to calculate thermal movement is

overly conservative and may not accurately reflect field

performance (Kunin and Alampalli, 2000). The effective

bridge temperature, which is referred to as the mean or

average bridge temperature, was suggested to calculate the

longitudinal thermal movement of the superstructure in

jointless bridges. Moreover, the effective bridge temperature

is influenced by many factors such as shade temperature,

solar radiation, wind speed, material properties, surface

characteristics, and section geometry (Aktan et al., 2008).

The equations based on the minimum and maximum shade

temperatures and direct solar radiation corresponding to

different girder types and bridge locations were proposed to

predict the minimum and maximum effective bridge

temperatures in the USA (Oesterle et al., 1999). The 7-year

field monitoring of four integral abutment bridges was

carried out to determine that the 7-day mean temperature
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Table 1 e Main features of the Nansanlu Bridge.

Nansanlu Bridge Feature

Cross section of girder 7 small box girders

Deck width 20.5 m

Beam height 1.6 m

Pavement 120 mm C50 concrete

deck þ waterproofing

layer þ 100 mm asphalt deck

pavement

Pier type Column piers: 3 columns with a

diameter of 1.5 m

Abutment type Column abutments: 3 columns

with a diameter of 1.5 m

Vehicular load Highway-I level defined in code

(JTG D60-2015)

Skew angle 25�

Bearing Circle sliding high damping rubber

bearing (HDR-D325-H/8) with the

design longitudinal movement

capacity of 100 mm
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(close to concrete temperature) range (�11.7 �C to 5.6 �C) is
smaller than the ambient temperature range (�22.1 �C to

15.1 �C) and the design temperature range in AASHTO LRFD

Bridge Design Specifications (�24.4 �C to 5.6 �C) (AASHTO,

2010; Kim and Laman, 2012). Moreover, the finite element

model by using the 7-day mean temperature as the basic

value for the applied numerical temperature load can

predict the measured abutment movement well (Kim and

Laman, 2010). The monitoring of several deck-extension

bridges in China shows that the measured longitudinal

movements of the superstructure in deck-extension bridges

were less than the calculated values based on the

characteristic values of effective temperature proposed by

the code JTG D60-2015 (CCCC Highway Consultants Co., Ltd.,

2015; Jin and Shao, 2009; Shao, 2014). However, there has

been no unified standard for calculation of the longitudinal

thermal movement of the superstructure in deck-extension

bridges until the present. Determination of the longitudinal

thermal movement of the superstructure in deck-extension

bridges is influenced by choosing the appropriate effective

bridge temperature.

In this paper, one deck-extension bridge with a small box

girder in the expressway was chosen as a case study to

introduce the details of design, construction and field tests.

The longitudinal thermal movements of the superstructure

and the temperature distribution on the cross section of the

small box girder in the deck-extension bridge were measured.

By comparing the calculated longitudinal movement of the

superstructure in deck-extension bridges with the measured

values, the method that can select the appropriate effective

bridge temperature to predict the longitudinal thermal

movement of the superstructure in deck-extension bridges

was proposed. The finite elementmodel was built by using the

MIDAS program, of which the accuracywas verified by the test

results. The longitudinal thermal movement of the super-

structure in deck-extension bridges with a small box girder

under historically extreme temperature conditions was

predicted.
2. Jointless design

The Nansanlu Bridge is a deck-extension bridge located in

Hebei Province as one part of the BeijingeHong KongeMacao

Expressway. The total length of the bridge is 90.3 m, arranged

on 3-spanwith single span length of 30.1m. Themain features

of the bridge are given in Table 1. The elevation layout of the

bridge and details of the typical cross section are given in

Figs. 2 and 3, respectively.

In order to resolve the durability problemof the deck joints,

the deck-extension abutments were used. The elevation and

plan layouts of the deck-extension abutment are shown in

Fig. 4.

The height of the backwalls in the existing drawing was

reduced approximately 27 cm to let the approach slabs extend

from the end of the superstructures longitudinally across the

top of the shortened backwalls. The construction joints were

set between the backwalls and the stems to prevent the cracks

that are usually produced by the lateral forces on the
backwalls due to the friction on the interfaces of the approach

slabs and backwalls.

One approach slab with a length of 3 m and one transition

slab with a length of 3 m were cast at one end of the deck-

extension bridge. Two expansion joints with a width of 20mm

were arranged in the approach slab-transition slab connection

and the transition slab-connecting road connection, respec-

tively. Therefore, the total longitudinal movement at one end

of the superstructure in the deck-extension bridge can reach

40mm. To reduce the friction on the interface of the approach

slab or the transition slab and other components, the sliding

material layers were used. The asphalt felts with a thickness

of 20 mmwere positioned at the top surfaces of the backwalls

and sleeper beams. The sand layers with a thickness of 20mm

were arranged at the top surfaces of 150mmof plain concrete.

The foam with a thickness of 50 mm was installed between

the side surfaces of the approach slabs/transition slabs and

the wing walls of abutments.

The reinforcements were positioned at the mid-depth of

the deck to connect the superstructure and the approach slab

longitudinally with a horizontal interval of 30 cm to transfer

the longitudinal movement of the superstructure to the

approach slab. The construction joints were set at the super-

structure-approach slab connections. The combination of the

longitudinal reinforcements and construction joints can be

considered the hinge joints. One softwood strip was installed

at the top of each construction joint in the superstructure-

approach slab connection to allow a small rotation. To prevent

the reflective cracks on the pavement, the reinforced plastic

geogrids were arranged at the top of the superstructure-

approach slab connections, approach slab-transition slab

connections and transition slab-connecting road connections.

The asphalt mastics with a width of 30 cm were installed at

the approach slab-transition slab connections and transition

slab-connecting road connections to prevent the crack in the

asphalt pavement when the deck-extension bridge moved

longitudinally.

The 250 mm cement-stabilized macadam, 100 mm C15

plain concrete and the sleeper beams with a thickness of

30 cm were arranged under the approach slabs and transition

https://doi.org/10.1016/j.jtte.2018.10.004
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Fig. 3 e Details of the typical cross section (unit: cm).

Fig. 4 e Schematic diagram of deck-extension abutment (unit: cm). (a) Elevation layout. (b) Plan layout.

Fig. 2 e Elevation layout of bridge (unit: cm).
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slabs to prevent the settlement. The dowel bars were installed

between the approach slabs and the transition slabs to avoid

the differential settlements. If there is a theory or calculation

in this part, the theory section should extend, not repeat, the
background to the article already dealt with in the Introduc-

tion, and lay the foundation for further work. In contrast, a

calculation section represents a practical development from a

theoretical basis.

https://doi.org/10.1016/j.jtte.2018.10.004
https://doi.org/10.1016/j.jtte.2018.10.004


J. Traffic Transp. Eng. (Engl. Ed.) 2018; 5 (6): 467e479 471
3. Construction phase

The construction of the deck-extension abutment went

through the following phases:
(1) The longitudinal reinforcements were positioned

near the end of the superstructure and at the mid-

depth of the deck before casting the concrete of the
Fig. 5 e Construction phases of deck-extension bridge. (a) Sleep

Reinforcement arrangement. (d) After concrete cast. (e) Pavemen
superstructure. The length of the reinforcements

in and out of the superstructure should meet the

anchorage requirements (Fig. 5(a)). Longitudinal rein-

forcements can be post-installed for a prefabricated

superstructure.

(2) After the compaction of backfill, the 250 mm cement-

stabilizedmacadam, 100mmC15 plain concrete and the

sleeper beams with a thickness of 30 cm were con-

structed (Fig. 5(a)).
er beam construction. (b) Sand layer arrangement. (c)

t construction. (f) Complete deck-extension bridge.

https://doi.org/10.1016/j.jtte.2018.10.004
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(3) The asphalt felts with a thickness of 20 mm were posi-

tioned at the top surfaces of the backwalls and sleeper

beams. The sand layers with a thickness of 20 mmwere

arranged at the top surfaces of the 150 mm plain con-

crete (Fig. 5(b)). The foamwith a thickness of 50mmwas

installed between the side surfaces of the approach

slabs/transition slabs and the wing walls of the

abutments (Fig. 5(d)).

(4) The reinforcements of the approach slabs and the

transition slabs were positioned (Fig. 5(c)). The

expansion joints with a width of 20 mm and the dowel

bars were installed in the approach slab-transition

slab connection, and the expansion joints with a

width of 20 mm were arranged in the transition slab-

connecting road connection (Fig. 5(c)). The softwood

strips were installed at the top of the construction

joints in the superstructure-approach slab connections

(Fig. 5(d)).

(5) The concrete of the approach slabs and the transition

slabs was cast (Fig. 5(d)).

(6) The reinforced plastic geogrids and the asphalt mastics

with a width of 30 cm were arranged (Fig. 5(e)). The

100 mm asphalt concrete pavements were constructed

(Fig. 5(e)).

A final view of the deck-extension bridge is presented in

Fig. 5(f).
4. Field test

4.1. Test plan

The overall objectives of this field test were as follows: mea-

surement of the meteorological data on site, temperature

distribution on the cross section of the small box girder, lon-

gitudinal movement at the end of the superstructure, rotation

of the superstructure and the backwall, soil pressure on the

backwall and the longitudinal strain of approach slab. The test

periods were July 24, 2014eAugust 4, 2014 and January 20,

2015eJanuary 22, 2015. The meteorological data were

measured by a movable automatic meteorological station.

Temperature, displacement, soil pressure and strain gauges

were installed on the Nansanlu Bridge, as illustrated in Fig. 6.

The temperature gauges installed in the small box girders

are shown in Fig. 6(a), including four gauges in the top plate of

the girders #1, #3, #5 and #7 (1-T, 3-T, 5-T and 7-T), twelve

gauges in the west and east web plates of girders #1, #4 and

#7 (1-W1, 1-W2, 1-E1, 1-E2, 4-W1, 4-W2, 4-E1, 4-E2, 7-W1, 7-

W2, 7-E1 and 7-E2), three gauges in the bottom plates of

girders #1, #4 and #7 (1-B, 4-B and 7-B). Four displacement

gauges were installed between the top surfaces of the stems

and the bottom surfaces of the girders #1 and #7 at both

bridge ends, which can measure the absolute longitudinal

movement of the superstructure of the deck-extension

bridge because the stems can be considered the fixed point,

as illustrated in Fig. 6(b). Four displacement gauges were

installed at the superstructure-approach slab connections at

both bridge ends to measure the relative longitudinal

movement of the superstructure and the approach slabs, as
shown in Fig. 6(b) and (c). Four inclinometers were installed

on the side surfaces of girders and backwalls at both bridge

ends to monitor their rotation angles, as illustrated in

Fig. 6(b). Two soil pressure gauges were installed on the back

surfaces of backwalls at both bridge ends to measure the

earth pressure if the backwalls can move or rotate, as

illustrated in Fig. 6(b). Nine concrete strain gauges were

embedded in the approach slab to measure the concrete

strain, as shown in Fig. 6(c).
4.2. Test results

4.2.1. Temperature results analysis
The results from temperature gauges on August 4, 2014 and

January 22, 2015 are summarized in Fig. 7, in which the hollow

point denotes themeasured temperatures of different parts of

the girders, and the solid line denotes the measured ambient

air temperature. August 4, 2014 was a sunny day with the

highest ambient air temperature and strong solar radiation,

and January 22, 2015 was a cloudy day with the lowest

ambient air temperature and weak solar radiation.

The temperature results on August 4, 2014 show that the

trends in the variation of the temperature of different parts of

the girders are similar. The highest temperatures of the top

plates are higher (0e1.6 �C) and presented 2 h later than the

ambient air temperature, as shown in Fig. 7(a). The highest

temperatures of the web plates are equal to or lower than

(0e2.7 �C) and are presented 3 h later than the ambient air

temperature, as illustrated in Fig. 7(b). The highest

temperatures of the bottom plates are lower (2.0 �Ce2.8 �C)
and presented 3e4 h later than the ambient air temperature,

as shown in Fig. 7(c).

The temperature results on January 22, 2015, as illustrated

in Fig. 7(d), show that the lowest temperatures of the top

plates are higher (4.7 �Ce6.7 �C) than and presented

approximately 5 h later than the ambient air temperature.

The lowest temperatures of the web plates are higher

(3.5 �Ce6.7 �C) than and presented approximately 2e3 h later

than the of ambient air temperature. The lowest

temperatures of the bottom plates are higher (4.2 �Ce5.3 �C)
than and presented 1e2 h later than the ambient air

temperature.

4.2.2. Movement results analysis
The small box girders of the Nansanlu Bridge were pre-

fabricated 11 months before the construction. Moreover, the

environment-dependent creep and shrinkage of concrete

contributes to the partial relief of thermal stresses. However,

this relief is relatively small and can be ignored in the design

(Oesterle et al., 1999). Therefore, the influences of the

shrinkage and creep of concrete on the longitudinal

movement were ignored in the research, and the results of

the displacement gauges can be considered the longitudinal

movement due to temperature variation. The results of the

displacement gauges installed at the south end of the bridge

from July 24, 2014 to August 4, 2014 are summarized in

Fig. 8, in which the hollow point denotes the absolute

movement of girders, and the solid point denotes the

relative movements between the girders and approach slabs,

https://doi.org/10.1016/j.jtte.2018.10.004
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Fig. 6 e Arrangement of measuring points for field test in deck-extension bridge. (a) Cross section of girder. (b) Elevation

layout of deck-extension abutment. (c) Plan layout of deck-extension abutment.
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because the movement results at both bridge ends were

nearly the same. The relative movements between the

corresponding girders and approach slabs (�0.02 to 0.32 mm)

are significantly smaller than the absolute movements of

girders #1 and #7 (�1.64 to 2.15 mm), which are negligible.

Therefore, the longitudinal reinforcements connecting the

superstructure and the approach slabs can transfer the

movements well. From August 4, 2014 to January 22, 2015,

the average absolute movement at one end of the

superstructure of the Nansanlu Bridge was approximately

15 mm.

4.2.3. Other test results
During the monitoring period, the rotation angles of girders

and backwalls measured by the inclinometers and the soil

pressure on the back surfaces of backwalls measured by the

soil pressure gauges at both bridge ends are nearly zero.

Therefore, the girders did not rotate, and the backwalls of
abutments did not move longitudinally and rotate due to

thermal variation. The circle high damping rubber bearing

(HDR-D325-H/8) was chosen as the bearings on the abutment,

therefore, the friction between the bearings and superstruc-

ture can be neglected. Moreover, the sliding materials can

effectively reduce the friction on the interface of the approach

slab or transition slab and backwalls, wingwalls, 100 mm C15

plain concrete or the sleeper beams. The concrete strain of the

approach slab measured by the embedded concrete strain

gauges is very small (�0.9 to 10.6 me), which can be neglected.

Therefore, the approach slabs can be considered a rigid body

during longitudinal movement. Moreover, during the moni-

toring period, there is no appreciable settlement on the

approach slab and the transition slab, and there is also no

crack on the pavement, especially at the locations of the su-

perstructure-approach slab connections, approach slab-tran-

sition slab connections and transition slab-connecting road

connections.

https://doi.org/10.1016/j.jtte.2018.10.004
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Fig. 7 e Temperatureetime curves of different parts of small box girders. (a) Temperature of top plates on August 4, 2014. (b)

Temperature of web plates on August 4, 2014. (c) Temperature of bottom plates on August 4, 2014. (d) Temperature of girders

on January 22, 2015.
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5. Finite element analysis

5.1. Finite element model

The 2D plane strain element in the MIDAS program that is

suitable for the steady-state or transient heat-conduction

analyses was chosen to establish the finite element model

(FEM) of the cross section of the small box girder based on the

dimensions in Fig. 3, because 2D models are widely used in

literature and considered reliable (Elbadry and Ghali, 1983;

Lee, 2012; Wang and Fang, 2009). The thermal parameters of

the concrete and asphalt used in the finite element model

are listed in Table 2 (You, 2011).
Fig. 8 e Movement-time curves from
The boundary condition of the finite element model was

considered by using the measured ambient temperature and

solar radiation obtained by the movable automatic meteoro-

logical station. The effects of the solar radiation, convective

heat transfer and radiative heat transfer at the external sur-

faces of the small box girder were considered by inputting the

surface heat transfer coefficient and the temperature of the

surrounding fluid medium as the boundary conditions in the

finite element model. The influences of the solar radiation on

different parts of the small box girder were considered by

using the following rules. The external surface of the top plate

is influenced by the beam solar radiation and diffuse solar

radiation. The underside of the flange plate and the bottom

plate are influenced by the ground reflection. The web plates
July 24, 2014 to August 4, 2014.

https://doi.org/10.1016/j.jtte.2018.10.004
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Table 2 e Thermal parameters of materials used in the finite element model.

Material Specific heat (J/(kg$�C)) Heat conductivity (W/(m$�C)) Density (kg/m3)

C50 concrete 920.0 1.740 2500.000

Asphalt 960.0 1.210 2100.000

Air (0 �C) 714.8 0.023 1.293

Air (100 �C) 716.9 0.030 0.946
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in the shadow zone are influenced by the combination of the

diffuse solar radiation and ground reflection. The web plates

that are not in the shadow zone are influenced by the com-

bination of the beam solar radiation, diffuse solar radiation

and ground reflection. There is no temperature gauge in the

inner space of the small box girder. Therefore, the boundary

condition of the internal surface of the small box girder in the

finite element model was simulated by using the 2D plane

strain element with the thermal parameters of the air (0 �C
and 100 �C), as listed in Table 2 (Zhang, 2011). The influence of

temperature on the thermal parameters of the air is small.

Therefore, the thermal parameters of the air (100 �C) were

input in the finite element models subjected to high

temperature, and the thermal parameters of the air (0 �C)
were input in the finite element models subjected to low

temperature.

The number of nodes and elements of the finite element

model are 45,632 and 44,786, respectively. The dimension of

the mesh is set as 0.02 m, and each node has one degree of

freedom of temperature, as illustrated in Fig. 9.
5.2. Verification of finite element model

The measured temperatureetime curves obtained from tem-

perature gauges and the corresponding calculated
Fig. 9 e Finite element model of cro

Fig. 10 e Comparison betweenmeasured and calculated tempera

January 22, 2015.
temperatureetime curves obtained from finite element

models on August 4, 2014 and January 22, 2015 are compared

in Fig. 10(a) and (b), respectively, in which the hollow point

denotes the measured temperatureetime curves, and the

solid line denotes the calculated temperatureetime curves.

The trends of both measured and calculated

temperatureetime curves are nearly the same, and the dif-

ferences in the ultimate temperatures of both measured and

calculated temperatureetime curves are less than 1.2 �C on

August 4, 2014 and 1.4 �C on January 22, 2015. Therefore, the

finite element model described in Section 5.1 can be used to

accurately simulate the temperature distribution on the

cross sections of the small box girders.
5.3. Average temperature analysis

Based on the verified finite element model, the average

temperature of the cross section of the small box girder are

shown in Fig. 11, in which the hollow point denotes the

average temperatures of the cross sections of the small box

girders, and the solid line denotes the measured ambient

air temperature. The average temperature can be predicted

by using the following rules: the total area of the cross

sections of the girders was divided by elements. Then, the

temperature of each element was calculated by multiplying
ss section of small box girder.

tureetime curves of small box girder. (a) August 4, 2014. (b)

https://doi.org/10.1016/j.jtte.2018.10.004
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Fig. 11 e Comparison of average temperature of small box girder and corresponding ambient air temperature. (a) August 4,

2014. (b) January 22, 2015.

J. Traffic Transp. Eng. (Engl. Ed.) 2018; 5 (6): 467e479476
its area by the corresponding temperature. Finally, the

average temperature of the girders can be obtained by

dividing the sum of the temperatures of all elements by the

total area of the cross sections of girders (Oesterle et al.,

1999; Rodriguez et al., 2014). The variation range of the

average temperature of the cross sections of the small box

girders on August 4, 2014 (4.3 �C) is smaller than the

variation range of the ambient air temperature (9.3 �C). The
highest value of the average temperature of the cross

sections of the small box girders (35.2 �C) is slightly lower

(1.4 �C) and presented 4.5 h later than the ambient air

temperature (36.6 �C), as shown in Fig. 11(a). The variation

range of the average temperature of the cross sections of

the small box girders on January 22, 2015 (2.8 �C) is also

smaller than the variation range of the ambient air

temperature (12 �C). The lowest value of the average

temperature of the cross sections of the small box girders

(2.6 �C) is significantly higher (5.5 �C) and presented 2.5 h

later than the ambient air temperature (�2.9 �C), as shown

in Fig. 11(b).

By using Eq. (1), the value of the thermal expansion

coefficient of the material (ac) was chosen as 0.00001

proposed by the code JTG D60-2015 (CCCC Highway

Consultants Co., Ltd., 2015), and the temperature

calculation length (lt) was set as 45.15 m, half of the total

length of the bridge (90.3 m). Two types of the effective

temperature variation (Dt) considered. Type 1: the variation

of the average temperatures of the cross sections of small

box girders obtained in Section 4.2.1, which is 32.6 �C (the

highest value is 35.2 �C and the lowest value is 2.6 �C). The
longitudinal thermal movement (Dl) at one end of the

superstructure can be calculated as 14.7 mm, which agrees

well with the measured movement (15 mm). Type 2: the

variation of the characteristic values of effective

temperature for the highway bridge structures proposed by

the code JTG D60-2015 (CCCC Highway Consultants Co.,

Ltd., 2015), which is 44 �C for Hebei Province (the highest

value is 34 �C and the lowest value is �10 �C). The

longitudinal thermal movement (Dl) of the superstructure

can be calculated as 19.9 mm, which is 32.7% larger than

the measured movement (15 mm). The comparison

indicates that the variation of the average temperatures of

the cross sections of girders can be used as the effective
temperature variation to predict the longitudinal thermal

movement of the superstructure in deck-extension bridges

with a small box girder.
6. Prediction of maximum longitudinal
thermal movement

To predict the maximum longitudinal thermal movement of

the Nansanlu Bridge, the extreme conditions of the

temperatureetime curves, solar radiationetime curves and

wind speed should be considered. The 100-year return period

was taken into account in this research because the design

reference period of a highway bridge is set as 100 years in the

code JTG D60-2015 (CCCC Highway Consultants Co., Ltd., 2015).

Based on the extreme temperature data of Handan, Hebei

Province (1955e2011) obtained from the National

Meteorological Information Center, China Meteorological

Administration (National Meteorological Information Center,

2018), the yearly highest temperature (43.1 �C) and lowest

temperature (�21.3 �C) of Handan, Hebei Province, for the

100-year return period can be predicted by using the normal

distribution analysis (Brooks and Carruthers, 1953). The

goodness-of-fit of the normal distribution analysis was

checked by using the Kolmogorov test (Massey, 1951). The

sinusoid model was selected to simulate the daily

temperatureetime curves. The monthly average daily temper-

ature range of Handan, Hebei Province from 1981 to 2010 can be

obtained from the meteorological data centre of the China

Meteorological Administration, both 8.9 �C in July and January.

The highest temperature of the daily temperatureetime curve

in July is the yearly highest temperature (43.1 �C), and the cor-

responding lowest temperature of the curve (34.2 �C) is calcu-

lated by subtracting the monthly average daily temperature

range in July (8.9 �C) from the yearly highest temperature.

Similarly, the lowest temperature of the daily

temperatureetime curve in January is the yearly lowest tem-

perature (�21.3 �C), and the correspondinghighest temperature

of the curve (�12.4 �C) is calculated by adding the monthly

average daily temperature range in January (8.9 �C) to the yearly

lowest temperature. The times at which the ultimate temper-

atures in thedaily temperatureetime curves in July and January

presented is set as the same as the times in the measured

https://doi.org/10.1016/j.jtte.2018.10.004
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ambient air temperature curves illustrated in Fig. 7, which

are 14:00 for the highest temperature in the daily

temperatureetime curves in July and 06:00 for the lowest

temperature in the daily temperatureetime curves in January,

respectively. From the news, the extreme temperature in Hebei

Province usually continues for approximately four days. The

extreme conditions of the temperatureetime curves in July and

January were denoted by the solid line in Fig. 12.

The extreme conditions of the hourly global solar radiation

and the corresponding hourly beam solar radiation of Handan,

Hebei Province, in July and January can be simulated by using

numerical models (Xue et al., 2018). The wind speed of

Handan, Hebei Province, from 1981 to 2010 can be obtained

from the meteorological data centre of the China

Meteorological Administration, which is 2.4 m/s in July and

2.1 m/s in January.

Based on the verified finite element model in Section 5

and the extreme conditions of the temperatureetime

curves, solar radiationetime curves and wind speed in July

and January mentioned above, the average temperature of

the cross sections of the Nansanlu Bridge can be calculated,

as denoted by the hollow point in Fig. 12. The variation range

of the average temperature of the cross sections of small box

girders in the highest temperature condition (3.7 �C) is

smaller than the variation range of the ambient air

temperature (8.9 �C). The highest value of the average

temperature of the cross sections of the small box girders

(44.5 �C) is slightly higher (1.4 �C) and presented 4 h later

than the ambient air temperature (43.1 �C), as shown in

Fig. 12(a). The variation range of the average temperature

of the cross sections of the small box girders under the

lowest temperature condition (1.7 �C) is also smaller than

the variation range of the ambient air temperature (8.9 �C).
The lowest value of the average temperature of the cross

sections of the small box girders (�17.6 �C) is higher (3.7 �C)
and presented 5 h later than the ambient air temperature

(�21.3 �C), as shown in Fig. 12(b). By using the variation of

the average temperatures of the cross sections of the small

box girders (62.1 �C), the maximum longitudinal thermal

movement (Dl) of one end of the superstructure of the

deck-extension bridge subjected to extreme conditions of

temperature, solar radiation and wind speed can be

predicted, which is 28.0 mm for Nansanlu Bridge.
Fig. 12 e Comparison of extreme average temperature of small

Highest temperature condition in July. (b) Lowest temperature c
7. Conclusions

The following conclusions can be drawn within the limita-

tions of the research presented in this paper.

(1) The design of the deck-extension abutment was intro-

duced in detail to explain the mechanism of trans-

ferring the longitudinal movement of the

superstructure to the approach slab, which can be used

for the most common typology for Chinese continuous

beam bridges with small box girders.

(2) The practicability of the jointless design was proved by

the construction. Some key technologies, such as the

position of longitudinal reinforcements in the super-

structure-approach slab connections and the arrange-

ment of the sliding material layers, were introduced.

(3) By comparing the absolute longitudinal movement of

girders and the relative longitudinal movements be-

tween the girders and approach slabs due to tempera-

ture variation, we can prove that the longitudinal

reinforcements connecting the superstructure and the

approach slabs can transfer the movements well,

because the relative longitudinal movements between

the girders and approach slabs are very small and

negligible.

(4) The girders did not rotate and the backwalls of abut-

ments did not longitudinally move and rotate due to

thermal variation, and the sliding materials can effec-

tively reduce the friction on the interfaces, because the

rotation angles of girders and backwalls and the soil

pressure on the back surfaces of backwalls are nearly

zero. The approach slabs moved as a rigid body because

the concrete strain of the approach slab is very small

and negligible. During themonitoring period, there is no

appreciable settlement on the approach slab and the

transition slab, and there is also no crack on the

pavement.

(5) By comparing the variation of the average temperatures

of the cross sections of small box girders, the calculated

longitudinal thermal movement at one end of the su-

perstructure agrees well with the measuredmovement.

However, by using the variation of the characteristic
box girder and corresponding ambient air temperature. (a)

ondition in January.
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values of effective temperature for highway bridge

structures proposed by the code JTG D60-2015, the

calculated longitudinal thermal movement of the su-

perstructure is 32.7% larger than the measured move-

ment. Therefore, the variation of the average

temperatures of the cross sections of the girders can be

used as the effective temperature variation to predict

the longitudinal thermal movement of the superstruc-

ture in deck-extension bridges with the small box

girder.

(6) The maximum longitudinal thermal movement of one

end of the superstructure of the deck-extension bridge

in Hebei Province can be predicted by using the varia-

tion of the average temperatures of the cross sections of

the small box girders subjected to extreme conditions of

temperature, solar radiation and wind speed.
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