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Numerical simulation of dynamic pore pressure
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Abstract: For studying the driving role of dynamic pressure in
water-induced damage of asphalt pavement, based on the fast
Lagrangian finite difference method and Biot dynamic
consolidation theory, fluid-solid coupling analysis of the
pavement is conducted considering asphalt mixtures as porous
media. Results reveal that the development and dissipation of the
dynamic pore pressure are coinstantaneous and this makes both
the positive and negative dynamic pore pressure and seepage
force alternate with time. Repetitive hydrodynamic pumping and
sucking during moisture damage is proved. The dynamic pore
pressure increases with vehicle velocity. Effective stress and
deflection of pavement decrease due to the dynamic pore water
pressure. However, the emulsification and replacement of the
asphalt membrane by water are accelerated. The maximum
dynamic pore pressure occurs at the bottom of the surface course.
So it is suggested that a drain course should be set up to change
the draining condition from single-sided drain to a two-sided
drain, and thus moisture damage can be effectively limited.
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any investigations have indicated that much damage
Msuch as stripping, pot holes, pumping and cracking oc-
cur in asphalt pavement surface only one or two years after
opening to traffic, and consequently the inner structure is se-
riously damaged' ™. All the above kinds of damage are
called moisture damage. It is important to study moisture
damage when considering the design, construction and main-
tenance of asphalt pavement.

Asphalt membrane is sensitive to being emulsified and re-
placed by water. At the same time, positive and negative
pore water pressure are generated due to repetitive traffic
loads, and then water is pumped out and sucked into the as-
phalt pavement surface course. Under the scouring force of
high pressure water, the asphalt membrane is stripped from
the aggregate surface. This is the gradually accepted mecha-
nism of moisture damage to asphalt pavement. Dynamic wa-
ter pressure plays an important role during moisture dam-
age. However, the data in situ regarding dynamic water pres-
sure is scarce. Although Liu et al. ' attempted to measure
it, the peak value of dynamic pore pressure and its total
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process of development and dissipation were not obtained
because the sampling frequency used was too low. Mu-
hammed™ and Al-Omari et al. "' used X-ray CT techniques
to obtain three-dimensional real pore structures of asphalt
concrete specimens, and then numerous steady and unsteady
fluid flow simulations were conducted on different asphalt
specimens to study the moisture transport characteristics.
Kettil et al. " used an FEM program to simulate the dynam-
ic pore pressure in pavement structure; however, three-di-
mensional computation was found to be unstable.

In this regard, employing Biot dynamic consolidation the-
ory and the three-dimensional finite difference method, the
dynamic fluid-solid coupling numerical analysis of saturated
asphalt pavement is conducted in this paper. Dynamic de-
flection, dynamic pore pressure and seepage force under sin-
gle vehicle loads are calculated and the mechanism of the
acceleration of moisture damage to dynamic pore pressure is
analyzed.

1 Dynamic Fluid-Solid Coupling Theory

In general, when the voidage of asphalt mixture ranges
from 8% to 15% , moisture damage is the most serious be-
cause it is easy for water to flow into the pavement surface
course and difficult to be drained out. In this case, the as-
phalt mixture can be considered as a porous medium. Ac-
cording to Biot consolidation theory, the dynamic equilibri-
um equation of the three-dimensional saturated elastic por-
ous medium is
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where u and v, are the displacement and the velocity vectors
of the solid medium, respectively; v, is the velocity vector of
fluid; G, v, n and p_ are the shear modulus, the Poisson ratio,
the voidage and the density of the solid medium, respective-
ly; p; is the density of fluid; p, is the pore pressure.

The continuous seepage differential equation is
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where k is the coefficient of permeability; 8, is the compres-
sion coefficient of fluid; vy, is the bulk density of fluid.

The flowing of fluid causes a scouring force on solid skel-
etons and this force is referred to as seepage force in contin-
uous porous medium mechanics. Seepage force is a kind of
bulk force and on stream line can be expressed as j = vy,i,
where i is the hydraulic gradient that is water head loss per

unit seepage length.
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2 Material Models and Mechanics Parameters

In China, semi-rigid pavements are widely used. In this
paper, a typical semi-rigid pavement is analyzed by the fast
Lagrangian finite difference method. We use the elastic con-
stitutive model for the surface course and the base course

and the Mohr-Coulomb elastic-plasticity model for embank-
ment soil. The mechanics parameters of all courses of sub-
grade are shown in Tab. 1. The voidage of the asphalt mix-
ture is 8% . Surface courses are saturated and penetrable by
water, but the base course is assumed to be not penetrable.

Tab.1 Mechanics parameters of all courses of subgrade

. . Young’s Permeability coefficient/
Course name Materials Thickness/cm c¢/kPa &/ (°)
modulus/MPa (pm-s™")
Upper surface course( USC) AK-16A asphalt concrete 4 1 148 2.13
Middle surface course( MSC) AC-25 | asphalt concrete 6 984 1.07
Lower surface course( LSC) AC-25 | asphalt concrete 8 820 1.07
Base course( BC) Cement-stabilized macadam 32 1 500
Sub-base course( SBC) Flyash-lime-soil 18 750
Road bed(RB) Silty clay 80 42.0 32 20
Upper embankment( UE) Silty clay 70 41.4 26 16
Lower embankment( LE) Silty clay 100 41.0 23 14

In analysis, damping is calculated by the Rayleigh linear
combination method: C = aM + BK, where o and 3 are the
constants related to the natural frequency w and the damp-
ing ratio ¢ of structure, « = éw, B =&/ w. According to mod-
el analysis, w =12 Hz. £ is taken as 0. 01.

3  Wheel Load Model and Boundary Conditions

Wheel loads are simplified as uniform pressure on two
circles. The equivalent circle radius § is 10. 65 cm, as shown
in Fig. 1. The time history curve of a single wheel load p is
shown in Fig.2 and it can be expressed as'”

{pmax Sinz ( 1t)
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0
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where p_  is the peak value of the load, p_ . =0.7 MPa; T
is the action time of a single wheel load which has an in-
verse relationship with the vehicle speed. When the vehicle
speed is 80 km/h, T is about 0. 045 s.
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Fig.1 Wheel load model
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Fig.2 Time history curve of wheel load
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In numerical dynamic calculation, the main error is from
the fact that the infinity region is replaced with the finite re-

gion. Setting manual boundary is an effective method to de-
crease this error. The viscous boundary method introduced
by Lysmer and Kuhlemeyer'” was employed on infinite
boundaries to absorb the energy of stress waves and prevent
stress waves from reflecting.

The interface of the surface course and the base course is
impervious, so herein the hydraulic gradient along the verti-
cal direction is zero; i.e. dp,/9z=0. On the road face, p,
is zero.

4 Results and Discussion

The finite difference program FLAC ( Fast Lagrangian
Analysis of Continua)is employed to compute the dynamic
deflection, the dynamic pore pressure and the seepage force
in asphalt pavement under vehicle loads. The multi-physical
field-coupled analysis function of FLAC is powerful, and it
has been widely used in civil engineering.

4.1 Dynamic deflection

Defining that the upward deflection of the pavement is
positive, time history curves of the deflection under wheel
gaps are shown in Fig. 3. It can be seen that the deflection
is downward initially and then upward. Because of inertia, it
is not 7/2 when the negative peak value appears, but be-
tween 7/2 and T. The positive peak appears when ¢ = 2T
approximately.
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Fig.3 Time history curves of deflection(7 =0.05 s)

In order to make a comparison with the case that the sur-
face course is undrained, the permeability coefficient of as-
phalt concrete is set very small to simulate the undrained
case. Fig. 4 shows the influence of draining conditions on
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road surface deflection. We can see that the absolute peak
value of road surface deflection decreases when asphalt con-
crete is undrained. The reason is that undraining makes the
dynamic water pressure increase and consequently the effec-
tive stress in the surface course decreases according to the
Terzaghi effective stress principle in porous medium me-
chanics.
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Fig.4 Effect of draining condition on deflection(7 =0. 05 s)

4.2 Dynamic pore pressure

Fig. 5 shows the development and dissipation curves of
dynamic pore water pressure under wheel gap. We can see
that dynamic water pressure first increases to the positive
peak value, then decreases gradually to the negative peak
value and at last is turned into hydrostatic pressure. The
negative water pressure is also referred to as suction. This
calculation result proves the process that water is pumped
out and sucked into the pavement surface course repetitively
under traffic loads.
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Fig.5 Time history curves of dynamic pore pressure(7 =0.05 s)

Attenuation curves of water pressure peak values under
wheel gap versus depth are shown in Fig. 6 when 7 =0. 03,
0.04,0. 05, 0.06, 0.07s, respectively. It can be seen that
the smaller T is, the larger the absolute value of dynamic
water pressure is. This is because the higher the vehicle
speed is, the more the development speed of dynamic pore
pressure is than the dissipation speed. Dynamic pore pres-
sure increases with depth and the maximum absolute value
appears at the bottom of the surface course. So if a draining
course is set at the bottom of the surface course to make
single-sided draining conditions turn to double-sided drai-
ning conditions, the moisture damage can be limited.

The dissipation of dynamic pore pressure is simultaneous
with its development. In order to prove this process, partly
drained and totally undrained cases are analyzed numerical-
ly, respectively, as shown in Fig. 7. For a totally undrained
condition, the shape of the time history curve of dynamic
pore pressure is similar to that of the wheel load shown in
Fig. 2 and there is no suction. Moreover, the maximum pore
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Fig.6 Vertical attenuation of peak value of dynamic pore
pressure. (a) Positive peak value; (b) Negative peak value
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Fig.7 Effect of drain condition on pore pressure( 7 =0.05 s)

pressure is larger than that from a partly drained condition.
This implies that developing and dissipating processes are
simultaneous. Otherwise, it cannot be obtained that positive
and negative pore pressures appear alternately. The simulta-
neity means that the positive peak value not appear when ¢
=T/2, but appears before this time.

Curves of vertical total stress, effective stress and dynam-
ic pressure versus time are shown in Fig. 8. In the initial pe-
riod of loading, it is difficult for water to flow out. This
means that the total stress is mostly borne by water, and,
consequently, effective stress is approximately zero. Com-
pared with total stress, the peak value of effective stress de-
creases and lags due to positive dynamic pressure, and its
period is protracted due to negative dynamic pressure.

0.20

— Total stress

0.15

g ~ Effective stress
;3 < 0.10 - - - Dynamic pore pressure
& o0.05 ~—..
I7DN 0 e
3 T A N
58 -0.05 -
i
~%_0.10

-0.15

0 0.02 0.04 006 0.08 0.10
t/s

Fig.8 Time history curves of effective stress and total stress
(T=0.05s)



82

Cui Xinzhuang, Jin Qing, Shang Qingsen, and Zhai Jiguang

4.3 Seepage force

Time history curves of the seepage force on asphalt mix-
tures are shown in Fig. 9. Note that the upward seepage
force is positive. Positive and negative seepage forces are
also alternating and the maximum absolute value of a seep-
age force appears in the middle surface course.
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Fig.9 Variation of seepage force with time

Though dynamic pressure decreases effective stress, the
emulsification and replacement of the asphalt membrane by
water are accelerated under high pressure water and scou-
ring forces. The asphalt membrane is damaged and scoured
out of the pavement surface gradually and at last the aggre-
gates without cohesion are taken away by high speed
wheels. This is the total generation process of moisture
damage.

5 Conclusions

Dynamic pore pressure plays a significant role in mois-
ture damage of asphalt pavement. However, the generation
process of dynamic pressure and its mechanism of accelera-
ting the moisture damage are not very clear. The fast La-
grangian finite difference method and the Biot dynamic
consolidation theory are used to analyze the dynamic re-
sponse of semi-rigid pavement. The analysis reveals the fol-
lowing conclusions:

1) The dissipation of dynamic pore pressure is simultane-
ous with its development and this is the reason that positive
and negative pore pressures appear alternately.

2) Due to dynamic pressure, repetitive seepage force is
generated and it scours the damaged asphalt membranes out
of the pavement surface. This is the dynamic mechanism of
moisture damage.

3) The maximum dynamic pressure and the maximum
seepage forces appear at the bottom and the middle of the
surface course, respectively.

4) Compared with total stress, the effective stress in the
surface course decreases due to dynamic pressure.
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