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Abstract: In order to study the influence of longitudinal slope
on the mechanical response of steel deck pavement, a method
of slope-modulus transformation was proposed for the
mechanical analysis of the steel deck pavement based on the
time-temperature equivalence principle. Considering the
mechanical action on a slope, a finite element model of the
deck pavement was established to determine the critical load
position of tensile and shear stress of the steel deck pavement.
Additionally,

mechanical response of the deck pavement under the conditions

the influence of longitudinal slope on the

of uniform speed and emergency braking was analyzed. The
results indicate that the maximum transverse tensile stress at
the pavement surface and the maximum transverse shear stress
at the pavement bottom are always greater than their
counterparts speed.  Under
emergency braking, however, the critical slope gradient of the

longitudinal under uniform
maximum transverse and longitudinal tensile stress at the
pavement surface is 6% . The maximum longitudinal shear
stress at the pavement bottom is always greater than the
maximum transverse shear stress. This study is helpful in the
structural design of large longitudinal steel deck
pavements.
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slope

time-temperature equivalence; finite

teel bridges are widely used in bridge construction
based on their large span, easy transportation and
distress such as

. . . 1
convenient installation!. However,

cracking, potholes, debonding and rutting often occur in
the deck pavement during their use"”™ .
clarify the cause and the type of distress occurring, a
large number of analyses have been carried out on steel
deck pavement distress”™ . To prevent distress, the finite
element numerical simulation method is often used to

solve the mechanical response of the steel deck pavement

In an attempt to
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and to determine the design index of tensile stress and
shear stress. However, while distress tends to be more se-
rious on sections with a large longitudinal slope, only a
few studies have been done on the large longitudinal slope
steel deck pavement and there are currently no design re-
quirements in China. Therefore, analyzing the influence
of the longitudinal slope on the mechanical response of
the pavement is necessary to guarantee the endurance of
the steel deck pavement.

In this study, a method of slope-modulus transforma-
tion was proposed for the mechanical analysis of the steel
deck pavement based on the time-temperature equivalence
principle” . Next,
element model was established considering the mechanical

a three-dimensional solid-shell finite

action on the slope. The model was then verified as relia-
ble by comparing the results to the current state-of-the-art
methods. Thirdly, the critical load position of tensile
stress and shear stress of the steel deck pavement was de-
termined by measuring different load positions in the
model. Finally, the influence of the longitudinal slope on
the mechanical response of the steel deck pavement under
uniform speed and emergency braking was analyzed to
provide a reference for the design of large longitudinal
slope steel deck pavements.

1 Time-Temperature Equivalence Conversion

1.1 Basic principles

The time-temperature equivalency principle demon-
strates the equivalence of rising temperatures and exten-
ding action time on the viscoelastic behavior of poly-
mers™ . Asphalt is a viscoelastic material; thus, it has an
equivalency in its time and temperature effect. As a vehi-
cle drives up a slope, the speed of the vehicle will be re-
duced and the load period will be improved accordingly.
Furthermore, based on the time-temperature equivalency
principle, the increase in load period can also be regarded
as the increase in the material temperature.

1.2 Slope-modulus transformation

1.2.1 Slope-speed of vehicle
As a vehicle drives along an increasing longitudinal
slope, the vehicle’s horizontal force component increases
gradually, whereas the driver’s longitudinal sight decrea-
ses gradually. Thus, the speed of the vehicle should be
! Furthermore,

reduced to ensure driving safety'"” . at a
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longitudinal slope of 3% or more, the speed of the vehi-
cle should be decreased directly with the increasing longi-
tudinal slope. According to the national standard of Chi-
na, the maximum longitudinal slope for safe driving is
9% """, Taking into account the work done by Zhou'"”
and Yan"? on the influence of longitudinal slope on the
speed of vehicle and considering the driving characteris-
tics of the steel deck pavement, the maximum safe driv-
ing speed of vehicle v corresponding to an increasing lon-
gitudinal slope is shown in Tab. 1"'“"*'. Here, 60 km/h is
used as a reference speed.

Tab.1 Maximum safe driving vehicle speed corresponding to
longitudinal slope

Longitudinal slope/% 0 1 2 3 4
Speed of vehicle v/(km - h~') 60.0 59.0 57.7 56.9 50.8
Longitudinal slope/% 5 6 7 8 9

Speed of vehicle v/(km - h~!) 43.6 35.6 25.9 13.8 8.3

1.2.2 Slope-oad period
The load period of repeated loads ¢ can be calculated

[13
as'™

_ L _0.36NP

t =
v  n,pBv

(1)
where L is the running distance, m; N is the action times
of loading; P is the axle load of vehicle, kN; n_ is the
number of wheels on an axle; p is the tire pressure,
MPa; and B is the contact width between the wheel and
pavement, cm.

Taking N as 5 x 10, P as 140 kN, p as 0.7 MPa, n,
as4,B as 20 cm, and v as specified in Tab. 1, the load
period corresponding to the longitudinal slope is shown in
Tab.2'".

Tab.2 Load period of 5 x 10’ times corresponding to longitu-
dinal slope
Longitudinal slope/% 0 1 2 3 4
Load period #/s 7500 7621 7802 7910 8855
Longitudinal slope/% 5 6 7 8 9
10 321 12 655 17 388 32 727 54 087

Load period /s

1.2.3 Slope-equivalent temperature

According to the Williams-Landel-Ferry equation
(WLF) , assuming that the temperature at zero longitudi-
nal slope is 23 °C, the time-temperature conversion for-

mula of asphalt can be simplified as "™’

o 44.5(T-23)
8 =639 4 (T-23)

(2)

where «, is the shift factor, «, =¢,/t, and ¢, is the load
period of 0 longitudinal slope, s; and T is the temperature
at time ¢.

Thus, the temperature corresponding to the increasing
longitudinal slope based on the time-temperature equiva-
lency principle is shown in Tab. 3.

Tab.3 Equivalent temperature corresponding to longitudinal

slope
Longitudinal slope/% 0 1 2 3 4
Equivalent temperature 7/ °C 23 23 23.1 23.1 23.4
Longitudinal slope/% 5 6 7 8 9
Equivalent temperature 7/°C ~ 23.8 24.3 25.1 26.7 28.0

1.2.4 Slope-equivalent modulus
The modulus-temperature correction formula of asphalt
based on FWD is'"*’

Ey
K= FT =¢c
where K is the modulus-temperature correction factor; E,
and E; are modulus at 7, and T, MPa; and T is the refer-
ence temperature, 23 C.

An asphalt deck pavement is composed of an upper lay-
er of stone mastic asphalt( SMA) and a lower layer of ep-
oxy asphalt( EA). When the longitudinal slope is zero,
the SMA modulus is 1 400 MPa and the EA modulus is
2 600 MPa. Research has shown that the time-tempera-
ture transformation of SMA, EA and dense-graded as-
phalt concrete ( AC ) is similar between 20 and
40 "™ Thus, Eqs. (2) and (3) based on AC ex-
perimental data are suitable for SMA and EA. The equiv-
alent modulus of the two deck component layers corre-

-0.028 8(T,-T) (3)

sponding to the longitudinal slope is shown in Tab. 4.

Tab.4 Equivalent modulus corresponding to longitudinal slope

Longitudinal slope/% 0 1 2 3 4
E\pper/ MPa 1400 1398 139 1394 1383
E\ower” MPa 2600 2597 2592 2590 2568

Longitudinal slope/% 5 6 7 8 9
E\pper/ MPa 1367 1346 1315 1253 1206
E, e/ MPa 2539 2501 2442 2327 2239

2 Mechanical Action on Slope

When a vehicle is driving along a high longitudinal
slope, the deck pavement is subjected to a vertical load
due to the pressure from the vehicle weight, as well as a
horizontal load comprised of the driving force and the
driving resistance counterforce. This is depicted in Fig. 1.
Here, the vertical load P,, the horizontal load under uni-
form speed F,, and the horizontal load under emergency
braking F_ can be calculated as

P, =G, = Geosa
F, =fP, + Gsina (4)
F, =P, + Gsina

where G is the vehicle gravity, kN; G, is the vertical
force of vehicle gravity, kN; « is the gradient of the lon-
gitudinal slope; f is the coefficient of rolling friction,
0. 02 for asphalt; and ¢ is the coefficient of the sliding
friction, 0.5 for asphalt. Values of P, F,, and F, corre-
sponding to the increasing longitudinal slope are shown in
Tab. 5.
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Fig.1 Mechanical action on longitudinal slope

Tab.5 Mechanical action corresponding to longitudinal slope

Longitudinal slope/% P,/kN F./kN F./kN
0 140 11 81
1 140 17 87
2 140 22 92
3 140 28 98
4 140 33 103
5 140 39 109
6 140 44 114
7 140 49 119
8 140 55 125
9 140 60 130

3 Mechanical Model of Deck Pavement
3.1 Basic assumptions

1) The orthotropic steel deck pavement system is an
integrated system of homogeneous, continuous and iso-
tropic elastic materials.

2) The pavement and steel deck are completely contin-
uous. The bonding layer is not considered separately.

3) The shift and deformation of the orthotropic steel
deck are small in comparison to the steel deck thickness
and thus can be omitted from the calculations here.

3.2 Load of vehicle

To simulate the mechanical response of a steel deck
pavement under a heavy load, a 140 kN single-axle doub-
le-wheel load is used in this study, which is consistent
with the national standard of China'”'. Each set of doub-
le-wheels is assumed to weigh 70 kN. The vehicle load is
uniformly distributed on the surface of the deck pavement
with a rectangular contact area of 25 cm in length and 50
cm in width overall, as shown in Fig. 2",
the longitudinal slope is 6% , the contact area sustains a
vertical load of 0.7 MPa and a horizontal load of 0. 22
MPa through Eq. (4).

Thus, when

25

20 10 20

Fig.2 Load area in finite element model (unit; cm)
3.3 Model parameters and boundary condition

The modeled steel deck and pavement were 4.2 m in
transverse direction and 6. 0 m in longitudinal direction and
contained four diaphragms and seven U-ribs ( trapezoidal
stiffeners) . The diaphragms were 4. 2 m in transverse direc-
tion and 0. 012 m in longitudinal direction. The longitudi-
nal slope was defined as 6% . Remaining structural param-
eters used in the model are defined in Tab. 6 and Tab 7.
Vertical displacement on the deck and pavement was al-
lowed, whereas horizontal displacement was prohibited.
The bottom of the diaphragm was fully consolidated ™.

Tab.6 Geometric size of the finite element model mm
Thickness of ~ Thickness of EA  Thickness of Opening width of Height of Thickness of Spacing of Spacing of
SMA layer h, layer h, bridge deck £, U-rib b U-rib H U-rib A, U-rib L diaphragm [
40 30 16 300 260 8 600 2 000

Tab.7 Material parameters of the finite element model

Poisson ratio of
SMA layer

Elastic modulus of

SMA layer/MPa EA layer/MPa

Elastic modulus of

Elastic modulus Poisson ratio

of steel plate/GPa

Poisson ratio

of EA layer of steel plate

1 400 0.25 2 600

0.25 210 0.3

3.4 Unit selection and mesh generation

Asphalt pavement was meshed into 8-node linear hexa-
hedron reduced integral units, C3D8R. The steel box
grinders were meshed into 4-node membrane strain reduc-
tion integral units, S4R. The generated mesh finite ele-
ment model is shown in Fig. 3.

3.5 Load position

Considering the effects of the diaphragms and ribs, the
load position in transverse direction was divided into three
cases as shown in Fig.4(a). Position 1 indicates that the

double-wheel load was on the center of a U-rib, Position
2 indicates that the double-wheel load was on the top of a
U-rib, and Position 3 indicates that the double-wheel load
was located centrally between two U-ribs. The distance
between the load and the diaphragm was divided into five
cases: The top of the diaphragm (0 m), 1/8 span
(0.25 m), 1/4 span (0.5 m), 3/4 span (0.75 m),
and 1/2 span (1 m), as shown in Fig.4(b).

3.6 Model verification

The maximum transverse tensile strain of the steel deck
pavement is defined as"™"
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(b)
Fig.3  Mesh generation of asphalt pavement and steel box
girder. (a) Asphalt pavement; (b) Steel box girder
[TT) Position 1
MM [T Position 2
[TTT] Position 3

(Tl
/Y

(a)
T Diaphragm
E E Diaphragm
2 | Load direction
= Midspan
(o]
Diaphragm
= Diaphragm
. 600x7 . phra
(b)

Fig.4 Load position in transverse and longitudinal direction.
(a) In transverse direction; (b) In longitudinal direction( unit; mm)

(&) max = kikoksk ks ko (5)

where ¢, is the maximum transverse tensile strain at the
critical transverse load position of the steel deck pave-
ment, taking a value of 6.4 x 10 “4o] ;k, is the correction
factor of longitudinal load position and is equal to 1. 54;
k, is the correction factor of the bridge deck depth, k, =
0.001 8 h, "***/& ; k, is the correction factor of dia-
phragm spacing, k, = (37.0761° =334 +1 326.6)/e,;

k, is the correction factor of U-rib opening width, k, =
(-5533.80> +8 180.3b -1 316)/e,; k, is the correc-
tion factor of pavement modulus, k, =151 619 E™*™%/
£,, where E is the pavement modulus; k is the correction

h—145693

factor of pavement depth, k, =5.338 6 /&, Where
h is the pavement depth in m; and k, is the correction fac-
tor of axle load, k, =P,/P,, where P, is the designed axle
load in kN and P, is the reference axle load of 130 kN.
The finite element simulation was then performed with
the critical load position of transverse tensile strain>'".
Comparing the results of the formula with the developed
finite element model, it can be seen in Fig. 5 that the
maximum transverse tensile strains calculated are compa-
rable under increasing load. Thus, the developed finite

element model is deemed reliable.

4r -
—&— Finite element model

—»— Formula

w
T

Maximum transverse tensile
strain of pavement/10~*
[\
T

1 1 1 1 1 ]
100 120 140 160 180 200
Load/kN

Fig.5 Comparison of the developed finite element model to
the accepted formula of the maximum transverse tensile strain

4 Stress Analysis of Deck Pavement
4.1 The critical load position

The maximum pavement stress at different load posi-
tions is shown in Fig. 6 and Fig. 7.

—a—Transverse tensile stress in Position 1
0.6 - —&— Transverse tensile stress in Position 2
—s«—Transverse tensile stress in Position 3
0.5 - —e—Longitudinal tensile stress in Position 1
—a—Longitudinal tensile stress in Position 2
0.4 - —=—Longitudinal tensile stress in Position 3

0.31‘/_‘\__/-—A———A

Maximum tensile stress at
surface/MPa

0 0.25 0.50 0.75 1.00
Load position in longitudinal direction/m

Fig. 6 The relationship between maximum tensile stress and
load position

As shown in Fig. 6, the critical load position of trans-
verse and longitudinal tensile stress at the pavement surface
occurs at Position 2 and 1/8 span. The maximum trans-
verse tensile stress at the pavement surface occurs directly
underneath the double-wheel load area, as shown in Fig. 8.

The critical load position of transverse shear stress be-
tween the pavement and the deck occurs at Position 2 and
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0.7 - —®— Transverse shear stress in Position 1
—a&— Transverse shear stress in Position 2
0.6 | —>— Transverse shear stress in Position 3

’ —e— Longitudinal shear stress in Position 1
—a— Longitudinal shear stress in Position 2
0.5 - —=— Longitudinal shear stress in Position 3

A
A

Maximum shear stress at
bottom/MPa
(=]
=
>
3

15 0.25 050 075 1.00

Load position in longitudinal direction/m

Fig. 7 The relationship between maximum shear stress and
load position
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Fig.8 Maximum transverse tensile stress at surface
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(b)
Maximum shear stress at bottom. (a) Transverse shear
stress; (b) Longitudinal shear stress

Fig. 9

1/2 span, whereas the critical load position of longitudi-
nal shear stress occurs at Position 2 and 1/8 span, as
shown in Fig. 7. The position of maximum transverse
shear stress at the pavement bottom occurs at the outer
edge of the double-wheeled load, as shown in Fig.9(a).
The position of maximum longitudinal shear stress at the

pavement bottom occurs on the backedge of the double-
wheeled load, as shown in Fig.9(b).

4.2 Under uniform speed

The longitudinal slope range used in this study ranged
from 0% to 9% while the other parameters remained un-
changed in the simulation. Time-temperature equivalence
and the influence of longitudinal slope on horizontal force
of the steel deck pavement were considered. The results
from this trial are shown in Tab. 8.

Tab.8 Mechanical response under uniform speed

Maximum Maximum Maximum Maximum
L transverse longitudinal transverse  longitudinal
Longitudinal . X

lope/% tensile stress at tensile stress shear stress at shear stress
siop surface/ at surface/ bottom/ at bottom/

MPa MPa MPa MPa

0 0. 342 0.204 0. 457 0. 325

1 0.342 0.202 0. 457 0. 336

2 0. 342 0. 200 0. 456 0. 346

3 0. 342 0. 198 0. 455 0.357

4 0. 341 0. 195 0. 454 0.367

5 0. 340 0.192 0.452 0.377

6 0.338 0. 188 0. 448 0. 386

7 0. 335 0.183 0. 444 0.394

8 0.329 0.174 0.434 0.398

9 0.324 0. 167 0.429 0. 405

From the results presented in Tab. 8, the following
conclusions regarding the effect of longitudinal slope un-
der uniform speed can be drawn:

1) Increased longitudinal slope has no significant effect
on the maximum transverse tensile stress at the pavement
surface. However, increased longitudinal slope does have
some effects on the maximum longitudinal tensile stress.
The maximum transverse tensile stress at the pavement
surface is always greater than the maximum longitudinal
tensile stress.

2) Increased longitudinal slope also has no significant
effect on the maximum transverse shear stress at the pave-
ment bottom. However, the longitudinal slope does have
a significant effect on the maximum longitudinal shear
stress. The maximum transverse shear stress at the pave-
ment bottom is always greater than the maximum longitu-
dinal shear stress.

4.3 Under emergency braking

The mechanical response of the deck pavement under
emergency braking is shown in Tab. 9.

From the results presented in Tab. 9, the following
conclusions regarding the effect of the longitudinal slope
under emergency braking can be drawn:

1) Increased longitudinal slope has no significant effect
on the maximum transverse tensile stress at the pavement
surface. However, increased longitudinal slope has a sig-
nificant effect on the maximum longitudinal tensile stress.
The maximum longitudinal tensile stress at the pavement
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Tab.9 Mechanical responseunder emergency braking

Maximum Maximum Maximum Maximum
L transverse longitudinal transverse  longitudinal
Longitudinal i .

slope/ % tensile stress tensile stress at shear stress  shear stress
s at surface/ surface/ at bottom/  at bottom/

MPa MPa MPa MPa

0 0. 348 0. 184 0. 469 0.470

1 0. 348 0. 197 0.471 0. 483

2 0. 348 0.217 0.474 0. 496

3 0. 348 0.244 0. 475 0.509

4 0. 347 0.274 0.476 0.523

5 0. 346 0. 305 0.476 0.534

6 0. 344 0. 346 0.476 0. 546

7 0. 341 0. 368 0. 473 0.557

8 0.334 0. 400 0. 466 0. 566

9 0.329 0. 433 0.461 0.576

surface increases rapidly with the increase of longitudinal
slope. The maximum longitudinal tensile stress at the
pavement surface is greater than the maximum transverse
tensile stress when the slope is equal to the critical slope
gradient of maximum transverse and longitudinal tensile
stress of 6% .

2) Increased longitudinal slope also has no significant
effect on the maximum transverse shear stress at the pave-
ment bottom. However, increased longitudinal slope has
a significant effect on the maximum longitudinal shear
The maximum longitudinal shear stress at the
pavement bottom increases gradually with the increase of

stress.
longitudinal slope. The maximum longitudinal shear
stress at the pavement bottom is always greater than the
maximum transverse shear stress. Thus, the maximum
longitudinal shear stress should be taken as the design in-
dex of shear stress during the shear resistance design.

4.4 Comparison of two situations

A comparison of stress analysis performed under uni-
form speed and emergency braking is shown in Fig. 10.

From Fig. 10, it can be seen that the maximum trans-
verse tensile stress at the pavement surface and the maxi-
mum transverse shear stress at the pavement bottom under
uniform speed are nearly equal to those of the emergency
braking. However, under emergency braking, the maxi-
mum longitudinal tensile stress at the pavement surface
and the maximum longitudinal shear stress at the pave-
ment bottom cause great change with the increase of lon-
gitudinal slope, which should be focused on in design.

5 Conclusions

1) The influence of the longitudinal slope should be
considered in the design of large longitudinal slope steel
deck pavements.

2) The critical load positions of the transverse and lon-
gitudinal tensile stress of the steel deck pavement at the
surface are located at the top of each U-rib in the trans-
verse direction and 1/8 span in the longitudinal direction.

3) The critical load position of transverse shear stress on
the steel deck pavement between the deck and the pavement

o
o

[ —m— Transverse tensile stress under uniform speed
—&— [ongitudinal tensile stress under uniform speed

I —»— Transverse tensile stress under emergency braking
—o6— Longitudinal tensile stress under emergency braking

o
W

<
~

o
w

o
o

X

Maximum tensile stress at surface/MPa

(=]
—

0 1 2 3 4 5 6 7 8 9
Longitudinal slope/%

(a)

—— Transverse shear stress under uniform speed

—&— Longitudinal shear stress under uniform speed
—>— Transverse shear stress under emergency braking
—6— Longitudinal shear stress under emergency braking

0.7

o
=N

0.4

Maximum shear stress at
bottom/MPa
(=)
i

55 3 4 5 6 7 3§ 9

Longitudinal slope/%
(b)
Fig.10  Comparisons of maximum tensile stress at surface and

maximum shear stress at bottom. (a) Maximum tensile stress at

surface; (b) Maximum shear stress at bottom

is located at the top of each U-rib in the transverse direc-
tion and 1/2 span in the longitudinal direction. The criti-
cal load position of longitudinal shear stress is located at
the top of each U-rib in the transverse direction and 1/8
span in the longitudinal direction.

4) Transverse tensile stress and transverse shear stress
should be taken as the design indices under uniform speed in
the design of large longitudinal slope steel deck pavements.

5) Under emergency braking, the critical slope gradient
of the maximum transverse and longitudinal tensile stress
at the pavement surface is 6% . The longitudinal tensile
stress should be taken as the design index when the longi-
tudinal slope is more than 6% . Longitudinal shear stress
should be taken as the shear resistance design index.

6) The maximum transverse and longitudinal tensile
stress at the pavement surface and the maximum longitu-
dinal shear stress at the pavement bottom under emergen-
cy braking should be a main focus in the design of large
longitudinal slope steel deck pavements to ensure the safe-
ty of the structure.
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