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Abstract: The high temperature anti-rutting performance,
water stability and low temperature bending property of epoxy
asphalt mixture with 0%, 15%, 25%, 40%, and 70%
granulated and circular lightweight aggregates by weight are
tested, respectively. The dynamic responses under the vehicle
load and in the opening process are analyzed to obtain the
mechanical responses of pavements by using the finite element
method. The complicated structure including a steel deck and
a waterproof adhesive layer is made to verify the bond strength
of the 2451-type epoxy asphalt binder. Research results show
that the epoxy asphalt mixtures with lightweight aggregate
replacement percentages from 0% to 70% all satisfy the
requirements for steel bridge pavements. The epoxy asphalt
mixture with a 70% circular lightweight aggregate replacement
percentage is recommended because of its smaller density
when compared with other epoxy asphalt mixtures. The shear
stress increases with the increase in the opening angle and
achieves its maximum at the maximum opening angle of 85°.
Test results show that the Tianjin Bascule Bridge can be used
for first opening after a 3 d pavement conditioning.
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lightweight ( sintered) aggregate may be a kind of

ideal material for steel deck paving engineering be-
cause of the multiplicity of its raw materials and the bene-
fit of converting wastes into useful materials.

Lightweight asphalt concrete was first studied in the
1950s in the USA"™', and the first lightweight asphalt
concrete design guide was established for highway pave-
ment in 1998"'. Mallick et al. "' studied the influences of
the mass ratio of fly ash and lightweight aggregates in
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HMA on the bulk density, theoretical maximum density,
elastic modulus and indirect tensile strength. Yu et al. "
studied the bonding strength and stability of asphalt mix-
tures with diatomite lightweight aggregates. High strength
expanded shale is used in asphalt concrete instead of gran-
ite, and the asphalt concrete is paved in the test road
which has been studied by Liu et al'”. To the best of our
knowledge, the use of epoxy asphalt concrete with a
lightweight aggregate on a steel deck has not been repor-
ted until now.

In this paper, the granulated lightweight aggregate
(GLWA) and the circular lightweight aggregate (CLWA)
are chosen to replace some fine aggregate in epoxy as-
phalt concrete. The key mechanical properties of the
pavement material are analyzed by laboratory tests. The
finite element analysis of the pavement on the Tianjin
Bascule Bridge is carried out to prove the applicability of
epoxy asphalt pavement with lightweight aggregate. Fi-
nally, the lab experiments of interface shear strength be-
tween pavement and steel deck are carried out to verify
the applicability of epoxy asphalt concrete with light-
weight aggregate on the steel deck.

1 Mechanical Tests

GLWA and CLWA from the Baozhu Lightweight Ag-
gregate Development Co., Ltd of Yichang in China are
chosen for laboratory tests. According to the test methods
of aggregates for highway engineering of China and the
service conditions of steel deck pavements in China, the
key technical indices of the lightweight aggregate are lis-
ted in Tab. 1.

The GLWA and the CLWA are used to replace 70% ,

Tab.1 Key technical indices of lightweight aggregate used on
steel deck

o Test results Technical
Technical indices R E—— K
GLWA CLWA requirements

Los Angeles abrasion loss/% 30.8  21.2 <40
Cylinder compressive strength/MPa 7.6 7.3 =6.5
Flakiness particle content/ % 16.8 1.2 <18
Clay content ( washing method) /% 0.9 0.7 <1.0
Crushing value/% 20 15 <28

Water absorption (24 h)/% 4.3 4.1 <5
Sturdiness/ % 15 12 <18
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40% , 25% , 15% and 0% (by mass) of the original fine
aggregates in the epoxy asphalt mixture, which can be
coded as GLEAC-70, GLEAC-40, GLEAC-25, GLEAC-
15, GLEAC-0 and CLEAC-70, CLEAC-40, CLEAC-25,
CLEAC-15, CLEAC-0. The maximum theoretical rela-
tive densities of the GLEAC and the CLEAC decrease
with the increase in the lightweight aggregate content.

1.1 High temperature rutting test

The wheel rolling method is used to fabricate rutting
test specimens, and it is fully cured under 120°. The test
temperature is 60°, and the applied wheel pressure is 0.7
MPa. The dynamic stability as shown in Fig. 1 obviously
satisfies the technical requirements in Tab. 1. Laboratory
results show that the lightweight aggregate slightly increa-
ses the dynamic stability of the mixture.

-1

£20r b oLEAC N
E8F mCLEAC —— [
I LN S ]

E 14t

B 120

Tlofb

2l

E 6l

1

Q

g 5l

£ 0

a 0 15 25 40 70

Alternative percentage/ %

Fig.1 Rutting test results of GLEAC and CLEAC
1.2 Water stability

The freeze thaw split test is carried out to evaluate the
water stability of the mixture. As can be seen from Fig.
2, compared with the GLEAC-0 or CLEAC-0, the water
stability of the epoxy asphalt mixture with lightweight ag-
gregate is significantly improved, but it meets the water
stability requirements for steel bridge deck pavements.
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Fig.2 TSR of GLEAC and CLEAC
1.3 Low temperature bending property

The rolling molding method is used to fabricate speci-
mens with a dimension of 320 mm x 320 mm x 150
mm. The test is carried out on the universal test machine
with a loading speed of 50 mm/min at — 15°. The test
results of the GLEAC and the CLEAC are shown in
Tabs. 2 and 3.

Tab.2 Bending property of GLEAC
Material Fracture strength/MPa ~ Maximum strain
GLEAC-0 28.5 1.245 x1072
GLEAC-15 31.7 3.624 x1073
GLEAC-25 29.2 6.678 x10 73
GLEAC-40 23.8 6.871 x10 3
GLEAC-70 15.8 7.228 x10~°
Tab.3 Bending property of CLEAC
Material Fracture strength/MPa ~ Maximum strain
CLEAC-0 28.5 1.245 x 10 72
CLEAC-15 23.9 6.195 x10 3
CLEAC-25 22.4 8.259 x10 73
CLEAC40 19.3 7.991 x10 3
CLEAC-70 18.3 6.105 x10 3

With the increase in the lightweight aggregate content,
the fracture strength of the GLEAC increases first and
then decreases. The value of the fracture strength of the
GLEAC is higher than that of the CLEAC with the same
content of lightweight aggregate. The GLEAC and the
CLEAC both have excellent low temperature properties
and deformation properties.

The epoxy asphalt mixture with a 70% circular light-
weight aggregate replacement percentage is recommended
because of its smaller density when compared with other
epoxy asphalt mixtures.

2 FE Modeling

2.1 Project overview

Tianjin Bascule Bridge is located in the Binhai business
area in Tianjin, China. The girders of the steel box struc-
ture are symmetric. According to design requirements,
the largest opening angle is 85°, and the opening process
of the bridge should be completed within 5 min. The
cross-section of the box girder structure is shown in
Fig.3, and the vertical elevation of the half girder is
shown in Fig. 4.

Based on the requirements of light weight and test
results of the GLEAC and the CLEAC, CLEAC-70 is
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Fig.3 Half cross-section of girder and lateral load positions
(unit: mm)
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Fig.4 Vertical view of half girder (unit: m)

chosen as the pavement material.
2.2 Calculation parameters and FE model

The 3-D solid element is chosen to establish the FE
model of the pavement on the orthotropic steel deck by
using ADINA. The steel bridge deck, longitudinal ribs
and steel box are simulated by shell elements. The rigid
links are used to make the pavement and steel deck de-
form together. The selection of pavement material param-
eters is based on the study of a lightweight aggregate ep-
oxy asphalt mixture made by the research group at South-
east University in China''. Q345-D steel is applied to
bridge decks, diaphragms and trapezoidal stiffeners. The
calculation parameters are shown in Tab.4. The pavement
thickness is 30 mm. The number of FE models of the pa-
vement system as shown in Fig. 5 is 21 546. A sensitivity
analysis of stress is then conducted to determine the FE
mesh size by reducing the element size gradually until the

Tab.4 Calculation parameters of pavement system

Calculation parameters Value
Thickness of bridge deck/mm 20
Spacing of diaphragms/mm 3200
Thickness of diaphragm/mm 16
Thickness of U-rib/mm 6
Opening width of U-rib/mm 294
Closed width of U-rib/mm 171
Spacing of U-ribs/mm 500
Height of U-rib/mm 251
Density of steel/(kg - m ™) 7 850
Density of pavement/ (kg + m %) 1 500
Poisson ratio of steel plate 0.3
Poisson ratio of pavement 0.25
Elastic modulus of steel plate/GPa 210
Elastic modulus of asphalt pavement/MPa 1 000
Pavement
Steel deck
U-rib
___Diaphragms
Steel box

Fig.5 FE model of bascule bridge

calculated stresses are stable'*.

When the bridge is open to traffic, the ends of the
model along the longitudinal direction of the bridge are
fixed. When the bridge is in the opening process, the ro-
tation of the shaft in the vertical direction should be free.

The highway I-level two-wheeled rear axle model is
adopted to simulate the traffic loading for the bascule
bridge according to the General Code for Design of High-
way Bridges and Culverts (JTG D60—2004) """, and the
loading pressure is uniformly distributed in the entire tire
contact area on the surface of the pavement, as shown in
Fig. 6. The contact areas of the dual tires are simulated
by two rectangles with a space of 10 cm between the two
tires, and each rectangle has a dimension of 25 cm x 20
em'"'. The four transversal vehicle load positions are
chosen in order to determine the most unfavorable loading
position, as shown in Fig. 3. The centre of load position
1 is located above the vertical web. The centre of load
position 2 is located above a side of the stiffening rib.
The centre of load position 3 is located above a side of the
stiffening rib near the centre of the steel box. The centre
of load position 4 is located above the centre of the steel
box.
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Fig.6 Uniform load area of single rear axle (unit; mm)

2.3 Dynamic response of pavement
2.3.1 Dpynamic response under vehicle load

According to the design documents of the bascule
bridge, the vehicle speed is set as 60 km/h. The load is
supposed to move from one transversal diaphragm to an-
other. As shown in Fig. 7, the maximum tensile stress in-
creases, and its increase rate drops continuously. The
peak value of the dynamic maximum tensile stress is
0.803 MPa, which is 7.21% higher than the static value.
2.3.2 Dynamic response in opening process

The dynamic response, especially the shear stress, is
calculated. The results show that, as the opening angle is
10°, the peak value of shear stress appears at the pave-
ment exactly above the steel box whose height changes,
as shown in Fig.8(a). The peak value of shear stress at
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° —se Static vehicle load Tab.5 Technical requirements of epoxy asphalt binder
'% & —+— 60 km/h Specifications Technical requirement Test method
= e Tensile strength (20 C)/MPa =5.0 ASTM D 638
£8 Elongation (20 °C)/% =190 ASTM D 638
é i 0 1 | | | | 1 ‘ Thermosetting (300 C) Not melt
0 0.25 0.50 0.75 1.00 1.25 1.50 1.75 Water absorption (7 d,20 C)/% <0.3 ASTM D 570
Distance from one transversal diaphragm to another/m
Fig.7 Maximum longitudinal tensile stress under static and rust-proofing. The test specimen is made according to the

moving load

the pavement above the shaft appears when the opening
angle reaches 25°, as shown in Fig.8(b). When the o-
pening angle is at 85°, the maximum shear stress appears
at the cantilever end of the girder with a value of 0. 192
MPa, as shown in Fig.8(c).

Maximum shear stress

Maximum shear stress

Maximum shear stress %

(e)

Fig.8 Peak shear stress in the opening process. (a) Shear stress
with an opening angle of 10°; (b) Shear stress with an opening angle of
25°; (c) Shear stress with an opening angle of 85°

3 Experiments of Synergistic Effect of Pavement
3.1 Material selection for waterproof adhesive layer

With consideration of serious overload conditions,
2451-type epoxy asphalt is chosen for the waterproof ad-
hesive layer with reference to the Nanjing Yangtze River
Bridge, the Runyang Yangtze River Bridge, and the Wu-
han Yangluo Yangtze River Bridge. The technical stand-
ards are shown in Tab. 5.

3.2 Pull-off adhesion test

The CLEAC-70 epoxy asphalt mixture is paved on-
to the surface of the steel deck after sand-blasting and

pavement structure of practical engineering. The pull-off
adhesion test is conducted to determine the interface pull-
off strength, as depicted in Figs.9 and 10. The test sam-
ples include a CLEAC-70 cylinder with a diameter of 50
mm. The CLEAC-70 cylinder and steel slab are bonded
with 2451-type epoxy asphalt as an interlay. Tab. 6 shows
that the bond strength of the 2451-type epoxy asphalt
binder can satisfy the calculated tensile stress with a peak
value of 0. 803 MPa.

Slider

CLEAC-70

Waterproof
“adhesive layer

Steel deck

Fig.9 Drawing test

Fig. 10 Specimen after drawing

Tab.6 Drawing test results of epoxy asphalt binder

Average value

Temperature/ Damage Bond
T o tension/kN  strength/MPa of bond
strength/MPa

1 9.1 4.62

02 2 8.5 4.32 4.61
3 9.6 4.88
1 5.81 2.96

23 2 2 6.2 3.15 3.04
3 5.94 3.02
1 4.01 2.04

60 +2 2 3.83 1.95 1.98
3 3.85 1.96

3.3 Skew-shear adhesion test

The skew-shear adhesion test is conducted to determine
the interface shear strength, as depicted in Fig. 11. The
calculated maximum shear stress between the pavement
and the steel deck can reach a value of 0. 192 MPa in the
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opening process. Based on the code for the design of con-
crete structures >, the safety factor of the shear strength
can be defined as 2.48. This means that the value of the
shear strength of the waterproof adhesive layer should
reach 0.484 MPa before the first opening of the bascule
bridge.

Fig.11 Skew-shear adhesion test

As can be seen from Tab. 7, the shear strength of the
waterproof adhesive layer cannot reach 0. 51 MPa until
the waterproof adhesive layer has been preserved under
normal temperature for 3 d so as to meet the reqirements

1=

Steel deck

Adhesive layer

of the shear strength of the waterproof adhesive layer. In
other words, Tianjin Bascule Bridge can be used for
opening after 3 d conditioning. In order to verify the
shear strength test results, the specimen including the
steel deck, the waterproof adhesive layer and the pave-
ment are made to simulate the opening process as shown
in Fig. 12, and the results show that there is no slip be-
tween the pavement and the steel deck.

Tab.7 Shearing test results of epoxy asphalt binder

Average value

Conditioning Failure Shear

time/d load/kN  strength/MPa of shear
strength/MPa

1 0.86 0.13

1 2 1.12 0.18 0.17
3 1.00 0.19
1 1.91 0.38

2 2 1.88 0.34 0.36
3 1.98 0.37
1 2.79 0.51

3 2 2.67 0.48 0.51
3 2.77 0.53

CLEAC-70 Open state(85°)

Fig.12 Test to simulate opening process

4 Conclusions

1) The test results show that the lightweight aggregate
slightly increases the dynamic stability of the mixture.
The water stability of the epoxy asphalt mixture with the
lightweight aggregate is not significantly improved. With
the increase in the lightweight aggregate content, the frac-
ture strength of the GLEAC increases first and then de-
creases. However, the mechanical properties of the GLE-
AC and the CLEAC both satisfy the technical require-
ments of pavement on the steel bridge deck.

2) The 3D finite element model of Tianjin Bascule
Bridge in China is established with the CLEAC-70 for the
material of pavement on the steel deck. The dynamic re-
sponses under the vehicle load and in the opening process
are analyzed. The calculated results show that the peak
value (0.803 MPa) of maximum tensile stress under a
moving vehicle load is 7.21% higher than that under a
static load. In the opening process of the bridge, the
shear stress increases with the increase in the opening an-
gle, and the peak value appears when the angle reaches
85°. The maximum shear stress appears at the cantilever
end of the girder with a value of 0. 192 MPa.

3) The complicated structure including the steel deck,
the waterproof adhesive layer and the CLEAC-70 is made

to verify the bond strength of the 2451-type epoxy asphalt
binder. The bond strength of the 2451-type epoxy asphalt
binder can satisfy the calculated tensile stress with a peak
value of 0. 803 MPa. The value of the shear strength of
the waterproof adhesive layer cannot reach 0.51 MPa un-
til the waterproof adhesive layer has been conditioned un-
der normal temperature for 3 d so as to meet the require-
ments of the shear strength of the waterproof adhesive
layer.
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