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Abstract: In this study, we examined the thermal effects throughout the process of the placement of span-scale girder segments on
a 6x110-m continuous steel box girder in the Hong Kong-Zhuhai-Macao Bridge. Firstly, when a span-scale girder segment is
temporarily stored in the open air, temperature gradients will significantly increase the maximum reaction force on temporary
supports and cause local buckling at the bottom of the girder segment. Secondly, due to the temperature difference of the girder
segments before and after girth-welding, some residual thermal deflections will appear on the girder segments because the
boundary conditions of the structure are changed by the girth-welding. Thirdly, the thermal expansion and thermal bending of
girder segments will cause movement and rotation of bearings, which must be considered in setting bearings. We propose control
measures for these problems based on finite element method simulation with field-measured temperatures. The local buckling
during open-air storage can be avoided by reasonably determining the appropriate positions of temporary supports using analysis
of overall and local stresses. The residual thermal deflections can be overcome by performing girth-welding during a period when
the vertical temperature difference of the girder is within 1 °C, such as after 22:00. Some formulas are proposed to determine the
pre-set distances for bearings, in which the movement and rotation of the bearings due to dead loads and thermal loads are con-
sidered. Finally, the feasibility of these control measures in the placement of span-scale girder segments on a real continuous girder
was verified: no local buckling was observed during open-air storage; the residual thermal deflections after girth-welding were
controlled within 5 mm and the residual pre-set distances of bearings when the whole continuous girder reached its design state
were controlled within 20 mm.
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1 Introduction ships, hoisted by a floating crane, and finally con-

nected by girth-welding. This construction method is

In a continuous steel box girder bridge, the
girder is divided into many full-span segments, each
of which is fabricated in factories, transported by

" Project supported by the National Natural Science Foundation of
China (Nos. 51578496 and 51878603) and the Zhejiang Provincial
Natural Science Foundation of China (No. LZ16E080001)

ORCID: Jiang-tao ZHANG, https://orcid.org/0000-0001-9754-6912
© Zhejiang University and Springer-Verlag GmbH Germany, part of
Springer Nature 2020

safe and efficient. However, to successfully position
the segments and weld them together, the line shapes
and stresses of the girder segments must be strictly
controlled. Due to the low specific heat capacity and
high thermal expansion coefficient of steel, the
span-scale girder segments are affected by thermal
stresses and deformations (Wang JF et al., 2016).
Hence, it is imperative to analyze and control thermal
effects during the placement of span-scale girder
segments of a continuous steel box girder.
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Temperature distribution in the girder is the ba-
sis of the study of thermal effects, and is determined
by either code-specified temperature distribution
scenarios or field-measured temperature results.
Temperature distribution scenarios have been speci-
fied in design codes of many countries and regions,
such as the EU, the USA, and China, to guide the
design of their local bridges. However, cases arise
where the actual temperature distribution in a girder
becomes complex due to factors such as the intensity
of solar radiation, shade temperature, humidity and
flow speed of the air, and the structural style of the
bridge. In such cases it is difficult for the code-
specified temperature distribution scenarios to take
account of these factors (Lucas et al., 2003; Zhou and
Yi, 2013). Therefore, researchers are increasingly
using field-measured temperatures to predict the
temperature distribution in girders, and the results
conform well with measured data (Tong et al., 2001,
2002; Ding et al., 2012; Miao and Shi, 2013; Wang
GX et al., 2014; Kim et al., 2015; Wang JF et al.,
2016). Considering a steel box girder under con-
struction, its top plate is unpaved and directly exposed
to sun radiation, while its web and bottom plate are
primarily affected by diffuse solar radiation from the
surrounding air. Therefore, there will be an obvious
temperature difference along the depth of the girder in
the daytime. Although transversal and longitudinal
differences in temperature are usually far smaller than
the vertical differences, there are still some special
cases in which the transversal and longitudinal tem-
perature differences cannot be ignored (Zhou and Yi,
2013; Kromanis et al., 2016). Therefore, the temper-
ature distribution in a steel box girder should be
carefully determined according to field-measured
results.

Cases of non-uniformly distributed temperatures
on a steel box girder are usually considered in relation
to two types of thermal loads: uniform temperature
changes and temperature gradients (Kim et al., 2009).
Uniform temperature changes result in the thermal
expansion of a steel box girder (Ding and Li, 2011;
Lee et al., 2016), while temperature gradients, which
are usually induced by the non-uniform radiation of
sunlight, result in stresses and deformations on the
girder (Moorty and Roeder, 1992; Malik et al., 2007;
Xu et al., 2010; Wang JF et al., 2017). A temperature
difference between the top and bottom surfaces of a

girder creates different levels of thermal expansion in
the top and bottom plates. This causes “thermal
bending” of the girder (Kowalski et al., 2018). Be-
cause of the great length of a span-scale girder seg-
ment, the thermal effects can be very significant (Li et
al., 2009; Ding et al., 2012; Miao and Shi, 2013;
Wang GX et al., 2014; Kim et al., 2015; Wang JF et
al., 2016). For example, when there is a disparity
between the assumed design installation temperature
and the actual installation temperature of a bearing,
thermal expansion and thermal bending will greatly
affect the bottom plate length of the girder segment.
This will cause movement and rotation of bearings
under the girder segments, and so should be accu-
rately predicted in the design stage (Kromanis et al.,
2016). The assumed design installation temperature
of a bearing is estimated by the field measurement of
the shade temperature of air (Emerson, 1979). To
ensure a bearing returns exactly to its undeformed
shape after such a disparity occurs, the lower plate of
the bearing should be longitudinally offset from its
undeformed position by a certain pre-set distance.
This is usually determined by simulation based on the
distribution of temperature measured in the field.
Similarly, based on those measurements, the thermal
effects on the span-scale girder segments during other
stages of the placement process should also be con-
sidered and studied by simulation.

The continuous steel box girders in the Hong
Kong-Zhuhai-Macao Bridge (HZMB) were con-
structed by the span-scale girder segment placement
technique. Unlike most other steel box girder bridges
that used this technique, the span-scale girder seg-
ments of the HZMB are connected with both bolts and
welds to prevent the fatigue cracking of the bridge
deck. However, due to the limited adjustable distances
of bolt holes, the requirement for accuracy in the
construction of the HZMB is even higher than usual,
and consequently the thermal effects during the whole
placement process of the span-scale girder segments
must be accurately predicted and well controlled.
Using the placement of a 6x110-m continuous steel
box girder in the HZMB as a case study, we investi-
gated the thermal effects on the span-scale girder
segments throughout the placement process, including
during open-air storage, girth-welding, and the setting
of bearings. We proposed some control measures to
handle thermal effects during these construction
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stages. The feasibility of these measures has been
verified by their field application in the HZMB.

2 Project background

There are 24 pieces of 6x110-m continuous steel
box girders in the non-navigable waters of the HZMB
with a total length of 16 km. A 6x110-m continuous
girder composed of six segments (Fig. 1) was selected
to study the thermal effects during span-scale girder
segment placement: the first segment was the longest
(133 m) and the sixth segment the shortest (87 m).
The other segments were each 110 m long. The con-
tinuous girder is a steel structure with a single box and
double cells. It is 33.1 m wide and 4.5 m high (Fig. 2).

The HZMB is located in a subtropical zone with
high temperatures all year round, and the placement
of the sample continuous girder was performed in
summer. The temperature distribution on the cross-
section of the girder was measured by thermocouples
located as shown in Fig. 2. The vertical temperature
distribution of the field-measured temperatures dur-
ing a summer day is shown in Fig. 3a. Compared to
the vertical temperature difference, the transversal
temperature difference was small and could be ig-
nored (Wang JF et al., 2016). Because there were only
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four thermocouples along the depth of the girder,
Wang JF et al. (2016) studied the vertical temperature
distribution in detail based on a simulation using a
finite element analysis (FEA) model of the girder and
the temperatures measured by the thermocouples.
They found that the vertical temperature distribution
could be simplified as a two-segment polyline along
the depth of the girder (Fig. 3b). The temperature
difference (7,—7>) between the top and bottom plates
of the girder varied significantly with time. The av-
erage temperature difference in the daytime was
10 °C, and the maximum was 20 °C. At night, the
average temperature difference fell to 1 °C between
22:00 and 7:00 the next day. Thus, when analyzing
the thermal effects on the girder segments, the
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Fig. 3 Vertical temperature distribution of the cross-
section: (a) results from field measurements on an ex-
treme summer day; (b) a simplified scenario
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Fig. 1 Elevation of the girder segments (unit: m). The symbols ‘Seg. i’, ‘Bi’, and ‘Pi’ indicate the ith segment, the ith

bearing, and the ith pier, respectively (i=1, 2, ..., 7)
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Fig. 2 Typical cross-section of a steel box girder (unit: m). The symbol ‘Te’ indicates temperature measurement point
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temperature difference should be determined in rela-
tion to specific periods of the day.

Before placement starts, span-scale girder seg-
ments are temporarily placed in open-air yards wait-
ing for shipment. During the waiting period, a certain
number of piers should be arranged under the girder
segment for temporary support. Considering a 110-m
girder segment as an example, the longitudinal and
transversal positions of the piers can be initially de-
termined as shown in Figs. 1 and 2. In the initial plan
(plan A), the piers are uniformly arranged along the
length of the girder segment under the diaphragms or
transverse ribs, at the stiffest places along the length
of the girder. The area of contact of a pier with the
girder segment is 400 mmx250 mm. However, the
vertical temperature difference due to solar radiation
will cause a thermal bending effect (Fig. 4a) (Kow-
alski et al., 2018). This effect results in a non-uniform
distribution of reaction forces on piers along the length
of the girder and significantly increases the maximum
reaction force (Fig. 4b). Consequently, the buckling
safety of the bottom plate should be checked accord-
ing to the maximum observed temperature difference
along the depth of the girder, i.e. where 77=65 °C and
T,=45 °C. If the maximum reaction force of piers in
plan A exceeds its permissible value, a new feasible
plan (plan B) should be proposed instead.

After they are shipped to the construction site,
the girder segments are hoisted and placed on tem-
porary bearings by a floating crane. Fig. 5a indicates
that, before girth-welding, two neighboring segments
are connected by the corbel, as if they were “hinged”
together (Fig. 5b). After girth-welding, the boundary
conditions of the girder segments are changed from
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two hinged beams to a continuous beam (Figs. 5S¢ and
5d). Consider a typical case where two neighboring
segments are girth-welded under a certain tempera-
ture gradient in the daytime, and at night the temper-
ature gradient disappears. Because the “hinge” con-
necting the two segments has been eliminated by the
girth-welding, the thermal deflections created during
the day do not simply recover. Therefore, the residual
temperature-induced deformations and stresses on the
segment should be carefully checked by simulation to
guarantee the performance of the girder, and some
appropriate control measures should be adopted.

After the girth-welding of two girder segments,
the installation of permanent bearings begins on the
earlier placed segment. The span-scale girder seg-
ment placement for a 6x110-m continuous steel box
girder is divided into 16 procedures (Table 1). Pre-set
distances for permanent bearings should be deter-
mined to ensure the aseismic performance of the
bearings. The HZMB demands that the residual
pre-set distance when the continuous girder reaches
its design state should be less than 20 mm, which
means the thermal effects of girder segments in de-
termining the pre-set distances of permanent bearings
must be accurately predicted.

Hinge

(b)

(a)

() (d)

Fig. 5 Boundary condition change due to girth-welding of
two girder segments: (a) sketch map before girth-welding;
(b) boundary condition before girth-welding; (c) sketch
map after girth-welding; (d) boundary condition after
girth-welding
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Fig. 4 Thermal effects on an open-air stored span-scale girder segment: (a) thermal bending; (b) distribution of reaction

forces on piers considering thermal bending
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Table 1 Span-scale girder segment placement procedures for a 6x110-m continuous girder

Order Description Illustration for boundary conditions of continuous girder
1 Hoisting Seg. 1 (#g% A Temporary sliding bearing
2 Hoisting Seg. 2 ity & Peumone sidingsenic.
3 Girth-welding Seg. 2and insalling BI £ B2 g——g——0 _ ot chmped beine
4 Hoisting Seg. 3 ¢ x S
5 Girth-welding Seg. 3 and installing B3 ¢ 7y A o)

6 Hoisting Seg. 4 & vy s no o

7 Girth-welding Seg. 4 and installing B4 & y'y ® K o]

8 Transforming B4 into a fixed bearing & z ® x o]

9 Transforming B2 into a sliding bearing & B‘z ® 7y -

10 Hoisting Seg. 5 & s s 7y R

11 Girth-welding Seg. 5 and installing B5 ¢ ® ® 7y L2 ) s

12 Hoisting Seg. 6 & s s 7y s PR
13 Girth-welding Seg. 6 and installing B6 ¢ J ] 7'y L k2 o]
14 Installing B7 & J g 7y J g 3
15 Applying secondary dead loads & J ® Y J g L
16 Design state of the girder & & & T & & *

3 Thermal effects on an open-air stored
span-scale girder segment

To check the buckling safety of the bottom plate
on a span-scale girder segment during open-air storage,
an FEA model of the 110-m girder segment was cre-
ated using the software ABAQUS with shell elements
S8R, and used to determine the permissible reaction
force for a single pier (Fig. 6). The reaction force for
each pier was considered to consist of uniformly dis-
tributed loads in the contact regions (400 mmx
250 mm) under the diaphragms and transverse ribs.
According to the Chinese steel structure design code
GB50017 (MOHURD, 2003), the permissible stress
of the girder is 310 MPa (Q345 steel). When the re-
action force loaded in the model was increased to
783.5 kN, the maximum stress under the diaphragms
reached 310 MPa, but was still within the permissible
range under the transverse ribs. Hence, the permissi-
ble reaction force for a single pier is 783.5 kN.

Considering the symmetry of the transversal
distribution of the supporting piers, the reaction
forces are equal along the width of the girder segment,
but the maximum reaction force on the piers should
be checked along the length of the girder. To calculate
the actual maximum reaction forces (Fig. 7) for piers

Diaphragm

Fig. 6 Determining the permissible reaction force for a
single pier

— .

Fig. 7 FEA model of a 110-m girder segment (plan A)

in plan A, another model of the 110-m segment was
established using the FEA software Midas Civil with
spatial beam elements.

The longitudinal distribution of the reaction
forces for a single pier in plan A is shown in Fig. 8.
When the temperature gradient is ignored, the max-
imum reaction force for a single pier is 664 kN at the
end of the girder segment on the corbel side. That is
less than the permissible value 783.5 kN, which
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indicates that plan A is safe when the temperature
gradient is ignored. However, when the temperature
gradient is considered, the maximum reaction force
for a single pier builds up to 1507.5 kN, which far
exceeds the permissible value. These results indicate
that the temperature gradient will cause local buck-
ling on the bottom plate of the girder segments in plan
A, and thus a new feasible plan for arrangement of the
supporting piers should be proposed.

The new plan can be determined based on plan A
by setting additional piers along the length of the
girder segment to reduce the maximum reaction force
on a single pier until the value is less than 783.5 kN.
Compared with plan A, the area of the contact region
between a single pier and the girder segment is un-
changed, and the new added piers are also set under
the transverse ribs of the girder segment. In particular,
considering the greatest reaction forces are located at
the two ends along the length of the girder segment,
one more pier can be added in these positions under
the center of the bottom plate along its width to fur-
ther reduce the maximum reaction force. According
to these principles, plan B is proposed (Fig. 9). The
longitudinal row number of the arranged piers is in-
creased from 22 to 33, as some additional rows of
piers are added under the transverse ribs every 10 m
along the length of the girder segment. The transver-
sal numbers of arranged piers in each of the 1st, 2nd,
32nd, and 33rd rows are increased from 2 to 3. The
longitudinal distribution of the reaction forces acting
on a single pier in plan B was compared with that of
plan A (Fig. 10). Considering the thermal effects, the
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maximum reaction force for a single pier still appears
at the end of the girder segment on the corbel side, but
is reduced to 711.3 kN in plan B, which is within the
permissible range. Consequently, plan B is proved to
be theoretically safe even in extremely hot weather
conditions. Furthermore, plan B was applied in the
field to the open-air storage of the span-scale girder
segments of the HZMB. No local buckling defor-
mations were observed on the open-air stored girder
segments, therefore the safety of plan B was proved in
practice.

4 Thermal effects during the boundary con-
dition change due to girth-welding

To observe thermal effects during the boundary
condition change due to girth-welding, a FEA model
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Fig. 8 Longitudinal distribution of reaction forces for
each pier (plan A)
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Fig. 9 Plan B for the arrangement of supporting piers: (a) longitudinal; (b) transversal (unit: m)
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for the first two span-scale girder segments (segments
1 and 2) was established in the FEA software Midas
Civil with spatial beam elements (Fig. 11). Consid-
ering the most general situation of daytime in summer,
40 °C and 30 °C were respectively adopted as 77 and
T, of the temperature scenario along the depth of the
girder in the model.

Fig. 12 depicts the longitudinal distribution of
thermal deflections when two neighboring girder
segments are girth-welded under a vertical tempera-
ture difference of 10 °C and the temperature differ-
ence disappears when the weld is done. Because the
temperatures of the top plate are much higher than
those of the bottom plate, the deflections between the
two bearings B1 and B2 are upward due to thermal
bending. Since point B is a free end of segment 1, the
deflections from point B, to point B are downward.
Segment 2 is “hinged” on segment 1 at point B
(Fig. 5b). When the girder segment between points B
and B; moves upward due to thermal bending, a sharp
change appears in the deflection curve of the two
segments at point B. After the “hinge” at point B is
eliminated by girth-welding, the thermal deflections
cannot recover with the disappearance of thermal
loads. The maximum residual thermal deflection,
—41 mm, is downward at the girth-welded joint (point
B). The maximum upward residual thermal deflections

1500 @ T T
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X Plan B
1000
= ° . !
3 Permissible reaction force °
3 x for a single pier
5 x
w X
500t X o X
e®®%%e
X o® o oxoxu®ee®
°
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20X XKxx
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Fig. 10 Longitudinal distribution of reaction forces on
each pier in the two plans
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Fig. 11 FEA model of segments 1 and 2

of the two segments, 30 mm and 3 mm, appear at the
positions of 65 m and 192.5 m from bearing Bl
(points 4 and C), respectively.

Selecting points 4, B, and C as three typical
points, their residual thermal deflections after
girth-welding with different vertical temperature
differences on the girder were studied (Fig. 13). The
residual thermal deflections of the three points ap-
proximately exhibit a linear relationship with the
vertical temperature difference in girth-welding. The
residual thermal deflections are not obvious when the

40 —— T r r
, S — - Before girth-welding

\ — After girth-welding

Deflection (mm)

-60

0 50 100 150 200 243
Distance to By (m)

Fig. 12 Thermal deflections of two girder segments when
girth-welded under a vertical temperature difference of
10 °C and thermal loads disappear after completion of the
weld
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== Point C -
20 +

Residual thermal deformation (mm)
o

-40 £ L L L 7 " L L L L S|
0 1 2 3 4 5 6 7 8 9 10
Temperature difference (°C)

Fig. 13 Residual thermal deflections of three typical
points after girth-welding with different vertical temper-
ature differences on the girder
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vertical temperature difference is small. Thus, the
requirement of the HZMB can be met by controlling
the vertical temperature difference within a 1 °C
range during girth-welding, which can be realized at
night from 22:00 to 7:00 the next day. Therefore, this
period was chosen to perform the girth-welding of the
real girder segments in the HZMB, and the thermal
deflections were observed to have been effectively
controlled in the field application.

5 Thermal effects in pre-setting distances for
sliding bearings

Based on beam theory, though the neutral layer
of the girder segment will not be lengthened or
shortened by a dead load, the upper plates of the
sliding bearings, which are fixed on the bottom plate
of the girder segments, will be moved longitudinally
with the progress of girder placement. When segment
2 is hung on segment 1 through its corbel, the dead
load of segment 2 will cause a movement 6 (the su-
perscript “g” indicates “gravity”) and a rotation 6,—6,
of the upper bearing plate of the sliding bearing B1
(Fig. 14). Thermal expansion and thermal bending
due to a uniform temperature change and a tempera-
ture gradient, respectively, will cause similar effects.
Thus, to ensure a sliding bearing returns exactly to its
undeformed shape when the whole continuous girder
reaches its design state, a pre-set distance 4” should
be determined for the bearing (Fig. 15). This requires
accurate prediction of the effects of dead load and
thermal loads on the girder after installation of the
bearings. Another distance called the overall offset,
A°, should also be pre-set for positioning the girder
segment, since the upper bearing plate is moved by
dead loads and thermal loads before installation of the
bearing.

The pre-set distance is determined by the varia-
tion in the length of the bottom plate of the girder
segment between the centerlines of the considered
sliding bearing and its nearest fixed bearing, which is
affected by dead loads and thermal loads. Taking the
forward direction of construction as the positive di-
rection of displacement, if the placement for a steel
continuous box girder takes n procedures to reach its
design state, and its jth bearing is installed in the mth

.61
i

[/Dead load of Seg. 2

N xs
Temporary fixed bearing B2 |

Temporary sliding bearing B1

Q’;ii‘—

i Corbel
1162

Seg.1 Seg.2

Fig. 14 Movement and rotation of a sliding bearing of
segment 1 under the dead load of segment 2

1 AP (pre-set distance)
[ $teel box girder ] 1 l ]

Upper bearing plate
Lower bearing plate

A (final position of the
lower bearing plate)

P A° (overall offset)
(a) (b)

Fig. 15 Pre-setting distances for a sliding bearing: (a)
design state of bearing; (b) pre-setting distance for
bearing

procedure, the pre-set distance for the bearing, Af,

can be expressed as

) n o'l“
A =— al (T'-TH- > ¢l = (1)

ity >
i=m+1 E

where ¢;; is the state parameters of the jth bearing in
the ith procedure: ¢;=0 for fixed bearings, ¢;=1 for
sliding bearings in the forward direction of construc-
tion, and ¢;=—1 for sliding bearings in the backward
direction of construction; « is the thermal expansion
coefficient of steel; L,; is the cantilever length of the
bottom girder plate from the jth bearing to the fixed
bearing in the design state of the girder; 7° is the
design assumed installation temperature of the con-

sidered bearing; 77 is the actual installation temper-

ature of the jth bearing; I, =[L; --- [; - V],

i Ly i
where l; is the length of the kth element on the bot-

tom plate of girder from the jth bearing to its nearest
fixed bearing in the FEA model of the ith procedure,
and s;; is the total number of beam elements on the
bottom plate from the jth bearing to its nearest fixed
bearing in the FEA model of the ith procedure;

k Sj

= 1 DY cee 4 T k 1 1 -
o, =[o; o, o,/ ], where o) is the varia

tion in the stress of the bottom edge of the kth element
on the bottom girder plate from the jth bearing to its
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nearest fixed bearing in the FEA model of the ith
procedure due to the dead load and temperature gra-
dient; £ is the elastic modulus of steel.

Similarly, the “overall offset” for positioning the
girder segments and the upper plate of the jth bearing,

A7, can be expressed as

0 a d N T oy
& =c,al, (T} =T+ 3, Ej @

i=1

The final position for the lower plate of the jth

bearing, Af, is expressed as
f o
A =4+ A (3)

As shown in Table 1, the parameters in Egs. (1)-
(3) for the erection of the considered continuous
girder can be determined as follows:

-1 0 0 0 0 0 O]
-1 0 1 0000
-1 0 1 0000
-1 0 1 100 0
-1 0 1 100 0
-1 0 1 1100
-1 0 1 1100
C=—10 001005 @
-1 -1 -1 01 00
-1 -1 -1 01 10
-1 -1 -1 01 10
-1 -1 -1 0 1 1 1
-1 -1 -1 0 1 1 1
-1 -1 -1 0 1 1 1
-1 -1 -1 0 1 1 1
-1 -1 -1 0 1 1 1]
[328.5]
220
110
b= o) )
110
220
1328.5 |

where C={c;;}16x7 s the state parameter matrix of the
bearings; L={L,;}7~i is the cantilever length vector
of the bearings; a=1.2x10" °C™" for steel; T°=
22.7 °C for all springs.

According to the field-measured temperatures,

on a spring, summer, autumn, or winter night, T;‘

should be 12 °C, 27 °C, 24 °C, and 7 °C, while the
temperature difference between the top and bottom
plates of the girder should be 1 °C, 2 °C, 2 °C, and
0 °C, respectively. Taking the bearings of the sample
continuous girder as an example, if they are installed
at night in different seasons, the overall offset, pre-set
distance, and final position of each bearing should be
set as shown in Tables 2 and 3 (p.265). The results
show that the pre-set distances vary significantly with
seasonal temperature changes.

However, the bearings are usually installed in
the daytime. Therefore, if we consider the bearings of
the same continuous girder are installed at noon in
summer, then the pre-set distance, overall offset, and
final position for each bearing are determined accord-
ing to the measured temperatures shown in Table 4
(p-266) (T1=40 °C, T>=30 °C). Finally, the bearings of
the real continuous girder were set and installed in
summer at noon based on these results. Taking bear-
ing Bl as an example, the field-measured residual
pre-set distance when the girder reached its design
state was 12 mm (Fig. 16). The results for other
bearings were all less than the maximum permissible
distance of 20 mm (Table 5) (p.266). This indicates
that the thermal effects before and after installation of
the sliding bearings of the HZMB were successfully
predicted and well controlled by pre-setting distances
based on the field-measured temperatures.

Axis of the upp

Fig. 16 Field-measured residual pre-set distance for
bearing B1
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Table 2 Pre-set distances and final positions for bearings at night in spring and summer

Spring Summer
Bearing 4 £ 4" Illustration £ - 4 I1lustration
(mm) (mm) (mm) (mm) (mm) (mm)
BI 6420 5465 118.85 508 —468 040 El
B2 2825 3054 5879 ~1135 -923 —20.58 [47 ]
B3 1159 1328  24.87 Iz -824 —661 —14.85 [4% ]
B4 000 000  0.00 000 000  0.00
L ] L ]
BS 408 2029 -2437 1578 058 1520
7
[ ]
B6 ~11.65 -28.17 -39.81 28.00 1128  39.28 ‘
B7 229 -4632 —4861 56.85 12.62  69.47 o'
4

6 Conclusions

In this study, we investigated the thermal effects
on the placement of span-scale girder segments of a
continuous steel box girder during open-air storage,
girth-welding, and setting bearings. Based on the
results, some control measures were proposed. In the
open-air storage of a span-scale girder segment, the
temperature gradient along the depth of the girder
segment will greatly increase the maximum reaction
force on temporary piers and cause local buckling of

the bottom plate under the girder segment. Based on a
simulation with field-measured temperatures, an im-
proved arrangement plan involving additional support
piers was proposed to reduce the maximum reaction
force. In the field application of the improved ar-
rangement plan during open-air storage, no local
buckling was observed. During girth-welding of two
girder segments, the temperature difference before
and after girth-welding caused some residual thermal
deflections on the girder due to a change in the
boundary conditions of the structure. The vertical
temperature difference in girth-welding should be
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Table 3 Pre-set distances and final positions for bearings at night in autumn and winter

Autumn Winter
Bearing  4° 4 a Tlustrati 4 4 4 Tlustrati
(mm) (mm) (mm) ustration (mm) (mm) (mm) ustration
Bl 1691  7.15  24.05 83.91 7455  158.46
B2 343 -131 -474 4145 4391 8536
B3 428 265 —6.93 1823 1997  38.19
B4 0.00  0.00  0.00 0.00 0.00 0.00
B5 1182 —454 728 -10.73  —26.80 —37.53
B6 2008 336 23.44 2489 -4121 —66.10
B7 45.02 079  45.82 2202  —65.84 —87.85

controlled within 1 °C to reduce the maximum re-
sidual thermal deflection. This can be realized by
performing girth-welding in a specific period at
night, such as after 22:00. In the field application of
this control measure during girth-welding, the re-
sidual thermal deflections were controlled within
5 mm.

The pre-set distance of bearings should include
the variation in the length of the bottom girder plate
due to three factors: dead load, temperature gradient,
and uniform temperature change. Here, we proposed
formulas for the pre-set distance, overall offset, and

final position for sliding bearings, in which the pa-
rameters were determined based on the field-measured
temperature data. In the field application of these
formulas during bearing installation, the residual
pre-set distances for bearings were controlled within
20 mm after the structural temperature was changed
to their assumed design installation temperature. The
proposed control measures have successfully con-
trolled the thermal effects in the span-scale girder
segment placement of a continuous steel box girder in
the HZMB, and thus they are also applicable to other
continuous steel box girder bridges.
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Table 4 Pre-set distances and final positions for the
bearings in summer at noon

Bearin, 4 4 4 Illustration
& (mm) (mm) (mm)
Bl -92.52 -73.81
B2 -32.47 -37.40
B3 -11.24 -14.72

B4 0.00 0.00 0.00

BS 36.22 4.09 40.31
B6 65.59 32.95 98.54
B7 128.20  40.59 168.80

Table 5 Residual pre-set distances for the bearings in-
stalled in summer at noon

Bearing Residual pre-set distance (mm)
Bl -12.0
B2 -4.8
B3 =3.7
B4 4.1
B5 3.1
B6 43
B7 7.4
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