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Abstract. This paper introduces a three-dimensional model for the steady-state response of a
pavement-subgrade-soft ground system subjected to moving traffic load. A semi-analytical wave
propagation model is introduced which is subjected to four rectangular moving loads and based
on a calculation method of the dynamic stiffness matrix of the ground. In order to model a
complete road system, the effect of a simple road model is taken into account including pavement,
subgrade and soft subsoil. The pavement and the subgrade are regarded as two elastic layers
resting on a poroelastic half-space soil medium. The priority has been given to a simple
formulation based on the principle of spatial Fourier transforms compatible with good numerical
efficiency and yet providing quick solutions. The frequency wave-number domain solution of the
road system is obtained by the compatibility condition at the interface of the structural layers. By
introducing FFT (Fast Fourier Transform) algorithm, the numerical results are derived and the
influences of the observation coordinates, the load speed and excitation frequency, the
permeability of the soft subsoil, and the rigidity of the subgrade on the response of the
pavement-subgrade-soft ground system are investigated. The numerical results show that the
influences of these parameters on the dynamic response of the road system are significant.

Keywords: FFT algorithm, moving load, pavement, soft subsoil, dynamic stiffness matrix,
dynamic response.

1. Introduction

A growing attention on highway development has raised many questions about the comfort of
transportation and the economic maintenance of systems, which consist of vehicles, road
construction proper and sub-soil. Rational design and maintenance procedures for road structures,
such as pavement and subgrade, require elaborate predictive methods to assess the dynamic
performance induced by moving traffic loads. On the other hand, with the rapid development of
mechanical technology, vehicles on the highway can reach speeds of over 200 km/h. It is known
that the Rayleigh wave velocity is slow in soft soils; thus, vehicles can reach or exceed the
Rayleigh wave velocity. The subject of the dynamic response of road systems to moving loads is
of great importance in the field of geotechnical and transportation-related engineering.

A multi-layered soil model is usually employed to simulate the road system. There are many
kinds of analytical and numerical methods that can be used to calculate the dynamic responses of
the layered road structure. For example, Kausel and Roesset [1] and Kausel and Peek [2] presented
a simple technique based on layer stiffnesses to determine the displacements and stresses due to
any dynamic loads on or within the layered elastic media. Chow etal. [3] applied the
aforementioned methodology to predict the response of a layered elastic medium to a stationary
strip footing subjected to a vertical or horizontal harmonic load. To consider a load in actual
motion, De Barros and Luco [4, 5] developed a semi-analytical model for a point load moving on
a viscoelastic multi-layered half-space by determining the stiffness matrices and combining the
stiffness matrices of each layer. This model was based on a double Fourier transform and showed
the presence of Mach cones in the first layer at super-Rayleigh speeds. This method was then used
by Gunaratine and Sanders in analysing a road [6] and by Auersh [7], Picoux et al. [8], Picoux and
Houedec [9] in analysing track excitation. It has also been used by Jones and Petyt for rectangular
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loads or strip loads with different ground conditions: half space [10], elastic layers on a half space
[11] or on arigid foundation [12]. In order to assess the effect of road unevenness on the pavement
responses, the lateral and vertical vibrations of moving vehicles were investigated by Skvireckas
[13] and Lu [14].

All the studies mentioned above treated the soil medium as a single-phase elastic or
visco-elastic solid, but ground water may exist in the soil medium and affect wave propagation
during the passage of the car. Therefore, a fully saturated poroelastic soil model is superior to
linear elastic or visco-elastic models for analyzing the dynamic response of pavement systems.
Biot [15, 16] pioneered the development of an elastodynamic theory for a fluid-filled elastic
porous medium. This theory, termed Biot’s theory, has wide applications in the geotechnical
profession for analyzing wave propagation characteristics under dynamic loads. By applying
Biot’s theory, Theodorakopoulos [17, 18] obtained the steady-state displacements and stresses of
the poroelastic soil subjected to a line load under plane strain conditions with the relative motion
between the solid and fluid phases. Jin [19] studied the dynamic response of a poroelastic
half-space generated by a high-speed point load under plane strain conditions using a model of an
infinite Euler beam resting on a poroelastic half-space. Zeng and Rajapakse [20], Jin [21],
Senjuntichai etal. [22] and Cai etal. [23] examined the dynamic response of a plate on a
poroelastic half-space to a vertical harmonic point load and rectangular load. More recently,
Lefeuve-Mesgouez and Mesgouez [24, 25] developed a number of semi-analytical tools to study
ground vibrations induced by dynamic loads on multilayered poroviscoelastic media. Though
these previous works have made great contributions to the development of the elastodynamic
theory for a fluid-filled elastic porous medium, they did not study the problems of a complete road
system including pavement, subgrade and soft ground subjected to moving traffic load.

A review of the literature shows that few studies have investigated the dynamic response of a
pavement-subgrade-soft ground system subjected to moving traffic loads, using both a
single-phase elastic soil model and a saturated poroelastic soil model. Due to its importance to
engineering practice, further investigation of the dynamic response of pavement systems subjected
to moving traffic loads is needed.

In this paper, a semi-analytical approach is used to investigate the dynamic response of a
pavement-subgrade-soft ground system subjected to moving traffic load. The traffic loads are
simulated by four rectangular load pressures, and the pavement and the subgrade are regarded as
two elastic layers resting on a poroelastic half-space soil medium. The exact analytical solutions
of the displacements, stresses, and accelerations of the road structures are obtained in the form of
integral based on a calculation method of the dynamic stiffness matrix of the ground. The
governing equations are solved by Fourier transform techniques, and, to calculate the inverse
Fourier transform, the fast Fourier transform procedure is used. The numerical results show that a
moving load with a high speed will generate a larger response in soft subsoil than a lower speed
load, and the load excitation frequency, the permeability of the soft subsoil, and the rigidity of the
subgrade affect the dynamic response significantly.

2. Mathematical model

Two dimensional models are not able to reproduce mechanisms of wave propagation in the
ground correctly since the loading zone represents a reduced area compared to infinite ground
surface, thus excluding the hypothesis of plane deformation. This limitation has motivated
researchers to obtain solutions using 3D models (see Fig. 1).

2.1. Description of the model

The calculation method uses the Fourier transform formalism for a semi-analytical solution in
the wave number domain. The dynamic stiffness matrix for pavement-subgrade-soft ground
system is written and accompanied by a fitted phase argument in Helmoltz functions. This
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provides us a fast numerical approach to the problem. Equations are written in the wave number
domain as well as for steady state solutions. In this paper, the steady-state response means all the
components of response are assumed to be time-harmonic form, which is consistent with dynamic
loading. An inverse numerical Fourier transform is then applied when the matrix equation of the
whole system (pavement-subgrade-soft ground system) has been solved.
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Fig. 1. 3D model of pavement-subgrade-soft ground system and the tandem-axle loads
2.2. Analytical solution of single-phase elastic soil
For an elastic, homogeneous and isotropic layer, the equation of motion is:

Geuf,jj + (Ae + Ge)uﬁji = peﬁie; (]_)

where u® is the vector of displacements for elastic soil, p, is the mass density of the solid and G,
A, are the Lame’s constants, and for the behaviour law:

Tiej = /IeHeSij + ZGeSiej, (2)

where t°, €° are the vector of stresses and strains for elastic soil, &;; is the Kronecker delta, and
6, is the volumetric strain of the soil. To define elastic body waves (P — and S — waves),
Helmholtz’s potentials ¢ and i are usually used, so that:

u® =V + VA ®3)

In this paper, the Fourier transforms with respect to x and y coordinate are defined as:

fB,Azt) = foo foof(x, y,z,t)e {EHYY) dxdy. ()

The inverse relationship is given by the following form:

1 ® o .
eyt = f f F(B, 4,2, 0eiBx+7) dpdy, 5)

where S, y are the wave number in the x and y direction, f is a variable in space domain, and f
is the corresponding variable in the transformed domain.

By using the Fourier transforms given in Eq. (4), Egs. (1)-(3) and the solid strain equation are
transformed from partial differential equations to ordinary differential equations. The typical
vehicle excitation is composed of a set of vertical components that symbolize the effect of each
wheel on the pavement. Each of these forces is taken as harmonic. The “fitted phase angle” is
defined by Helmholtz’s potentials [7], so that:
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¢ = A e 4 A e=%27, 6
P = Aze@@h 4 4,077 ©

where a; = /B2 +y2 —k?,i=1,2; k; = (Qo — Bc)/ci, i =1,2; ¢; = /(e + 2G,)/p. and
¢, =+/G,/p, are the compression (P-waves) and shear wave (S-waves) speed of single-phase
elastic soil, respectively; Q, is the excitation frequency, c is the vehicle speed and h is the
thickness of the soil layer. Because of numerical difficulties due to exponential terms in the rigidity
matrix, layers must be divided into several sub-layers increasing the number of iterations. In fact,
the role of the fitted phase translation is to solve this problem by excluding exponential terms
(growing exponential) in the dynamic stiffness matrix thus providing good condition.

A change of variables (translation in the mobile reference linked to the load) and functions
(evaluation of the steady state solution) as well as the use of spatial Fourier transform lead to the
calculation of displacements and stresses in the wave humber domain, as in Lu [26]:

—iBe%*1(z-h) —iBe—"z
g = P k2 AL+ 'Bkz Ay + e M4, 4 e~ @)
1 1
—iye¥1(z=h) —iye—®z
== o T ykz Az + A5 + €7 A, 8)
1 1
—q, %1z Q. e~z —i i _
us = 1 . A+ 1 . A, + _'Beaz(z—h)A3 + ﬁe—azzA4 + —yeaZ(z_h)As
N “ “ “ @ (©)
_ye_aZZAG
a
[—2iBa 2ifa a2 + B2
7%z = Ge % al(z_h)Al + —BZ L e %4, + —( 20( B )eozz(z—h)A3
1 ’ (10)
(0»’2 + ,8 ) e~%Z4, 4 'B_yeafz(z—h)A5 _ 'B_ye—azzA
a, a,
[—2iya 2iya
‘L_';‘;Z =G, %e“l(z‘hml + %e—aﬂAz + i_yeaz(Z—h)A3 — ?e—azzA‘L
1 1 2 2
24 .2 2 2 (11)
n Meaz(z—h)AS (a3 +vy )e_,xzer
a a,
—(2af + k3 203 + k2
fzez = Ge % ag (z—h)A1 % —a1ze—ale2 _ ZiﬁeaZ(z_h)A3

) 12)
—2ife %74, — 2iye®2Z M4 — 2iye‘“22A6],

where (uz, iy, iy) is the transformed displacement vector and (75, 75,, T,) is the stress vector;
A, ~Ag are arbitrary constants.

2.3. Analytical solution of poroelastic half-space

The soft subsoil medium is modeled as a uniform poroelastic half-space, fully saturated by the
viscous fluid. The fluid is free to flow throughout the upper surface of the soil. The governing
equations of a fully fluid-saturated poroelastic soil, based on the assumption of incompressible
solid grains and neglecting the apparent mass density, are given by Biot [16]:

Gsu
aMu

P+ (As +a?*M + Gyu “l+aMW”l piiy + ppwf, (13)
”L+MW pfu + W + (14)
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The constitutive relationships of the saturated soil medium are given as follows:

Tfj = ASGSSU + ZGSS;‘]- - Sijap, (15)

where u7 and w; are the displacements of the solid skeleton and the infiltration displacement of
the pore fluid, respectively, in the x, y and z directions; G, and A, are Lame constants; « and M
denote of the compressibility of the soil and fluid (under the assumption of incompressible solid
grains, a =1, M = K¢ /n); and K is the bulk modulus of the fully saturated fluid. The parameters
Nws kg represent the fluid viscosity and the intrinsic permeability of the soil medium, respectively;
p =nps + (1 —n)ps, where pr and p are the mass densities of the fluid and solid and n is the
porosity. 7j; is the total stress components of the bulk material, and p is the pore water pressure.

By applying the Fourier transforms given in Eq. (4), Egs. (13)-(16) and the solid strain
equation are transformed from partial differential equations to ordinary differential equations. By
resolving the ordinary differential equations, one can obtain the responses of the displacements
and the stresses of the poroelastic half-space, as given by Lu [26]:

ﬂx,S = iﬁe_a32A7 + iﬁe_a4zA8 + ase_aszAlo,
Uy, = lye”?A; +iye " Ag — ase™ %A,

U, = —aze” %A, — ae %% Ag — iye %% Ay + ife” %% Aqy, (17
Wys = —Qz&3e” Y%A, — a g6 P Ag — iyese ™57 Ag + ifese 5% Ay,

Tazs = Gs[—2iBaze™ " A, — 2ifa,e” %% Ag + 2Bye 5% Ag — (ai + B*)e 5% Ay,

Tygs = Gs[—2iyaze™*3?A; — 2iya,e™ "% Ag + (a2 +y?e %Ay — 2Bye %Ay, (18)

Ty = Gs[mze™*3%A, + mye™ "% Ag + 2iyase %Ay — 2ifase” %57 Ay,],
Ds = Gs[nze™"37A; + nye”"*Ag],

where A,~A,, are arbitrary constants determined by boundary conditions, other symbols in
Eqgs. (17) and (18) are detailed as follows:

aiy=p?+y?—vi, and af = B2 +y? -3, (19)
Mmz4 = 20»’32,,4 - (As+ a’M + "-’M53,4)Y§,4/Gs and N34 = (a + 53,4)MV32,4/GS' (20)
A + a?M + 2G)y3, +
ey = — [ Vs pal . U 21
PwX1 +aMys, my, + by,
2
L L ki - R SR S (22)
' 2L, [Gs(m)(1 + b)(z)]
L, = M(A, + 2G,),
Ly = 2aMpyy, — (As + a®M + 2G5)(myy + bxz) — px:M,
Ly = px1(myy + bx,) — pf 23, (23)
Xl = _a)zl
X2 = lw.

It should be noted that, as z — oo, the dynamic responses become zero; therefore, the real part
of a3, a, and as must be positive.

2.4. Dynamic stiffness matrix of pavement-subgrade-soft ground system

In this part, the previous model (Fig. 1) is used with two single-phase elastic layers on a
poroelastic half-space. For the pavement with thickness h,, the displacements at the surface and
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bottom of the layer are written in terms of the constants A,, A,, A3, A,, As and A, according to
Egs. (7)-(9):

0= (09 o2 @® 2 2P @D = [DPHA, A, A5 A, As AT, (24)
where the superscripts ‘(0)” and ‘(1)” denote the surface and bottom of the layer, respectively.
[DP] is displacement matrix for pavement.

Similarly, for the same layer, stresses can be expressed in terms of the previous constants:

-(0 0 0 1 -(1 -(1
{ZP} {_ J(CZ)p 3(Iz)p =i gz)p :(cz)p Tg(/z?p L’[gz)p (25)

=[SPI{A, A, A; A, As A},

where [SP] is stress matrix for pavement.
According to Egs. (24) and (25), a relation between displacements and stresses can be written
into a matrix formulation:

{Zp} = [SPIIDP]7{Up} = [KP1{Up}, (26)

where [K?] = [SP][DP]™! is dynamic stiffness matrix for pavement.
Similarly, for the second layer of elastic medium, a relation between displacements and
stresses can be written into a matrix formulation:

{Ze} = [S°1[D°1H{Ue} = [K°){Ue}, (27)

whereis [K¢] = [S¢][D¢]~* dynamic stiffness matrix for subgrade.
For the poroelastic half-space, the displacements and stresses at the surface of the half-space
are written in terms of the constants A,, Ag, Ag and A;, according to Eqgs. (17)-(18):

T
{U}_{u(Z) _3(/25) “1225) V_Vz(zs) =[DI{A; Ag Ay Ay}, (28)

Soy = (=12 -, —itl, —p2r=1[S°1{4A; As As Ayl (29)

where the superscript ‘(2)’ denotes the surface of the half-space. [D®], [S®] are displacement
matrix and stress matrix for the poroelastic half-space.

From Egs. (28) and (29), the following relation between displacements and stresses can be
derived:

{5} = [S°1[D°]7"{Us} = [K°1{Us}, (30)

where [K$] = [SS][D*]™! is dynamic stiffness matrix for poroelastic half-space.

Assuming that the contact conditions among the layers are smooth, the displacements and the
stresses are continuous at the interfaces. Thus, the following continuity conditions hold at each
interface:

_(1 -(1 (1 (1) -1 -1 1 -(1 _(1 (1) - -7

(O, 2 0 i W =R W R W W ),
) -(2) -(2) -(2) -@) - (2) @ = (2) - (2) - (2) — (2) - (2)

{sze Tyze Tzze Uxe Uye - {szs Tyzs Tzzs Uxs Uys Uzsy - (32)

As the contact surface between the subgrade and the poroelastic half-space is assumed to be
fully permeable, the following expression can be derived:

p2=0. (33)

N
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From Eqgs. (26)-(27) and Egs. (30)-(33), the 3D stiffness matrix is the combination of the
stiffness matrices of each layer, the following relationship is given in a matrix form as:

=(0)

Uy

_.L-J({Oz)p _K1p1 K1pz K1ps K1p4 Klps Klpé 0 0 0 0 ﬂ;?,

_;© K Ky, K K2, K2 K3, 0 0 0 0 in®

el lkh KN K, KL, KL KL 0 0 o of|"

_lgzz'p Ky K, Ki Kp+K& K +K, K + K K, Kfs Kis 0 ufﬁ
0 —|K& KP, KE KI 4+K$ Kb 4K Kb +K% K%, K Kgs 0 “y(,f) . (34)

0 K? K, Kb, KP +K& Kb +K& KE+KE K%, K55 K5, 0 |[Wzp

0 0 0 0 K3 K3, Kis K+ K Kis+ K5 Kis+K5 K, ﬁ,(fe)

0 0 0 0 K$, K¢S, K&y K&+ K3y KSs+ K, K+ K3 Ko, a®

0 0 0 0 K¢, K¢, K& Kéo+ K31 Kés +K3; Kio+ K53 K3, ,_y(';)

0 0 0 0 0 0 0 K K Kis Kiyl | tMze

W(Z)

Zz,S

Consequently, the displacement vector at the interface of each layer is given by:

{03} = [BI{Z} = [K]{&}, (35)

where [B] is the inverse stiffness matrix whose size is 10x10 of pavement-subgrade-soft ground
system.

2.5. Description of the traffic load

The shape of the tire-pavement contact area is assumed to be square, as shown in Fig. 1, and
any change in the shape during load variation is neglected. The variations of the load amplitude
resulting from the pavement surface roughness and the mechanical system of the vehicle are
neglected. The traffic load is modeled as four rectangular load pressures expressed as in Eq. (36):
qoeiﬂot
flxy,y,t) = it 36

v LQ:; L.’ _(da + Ll) < xy —ct < _(da - Ll) and (dw - LZ) < IYII < (dw + LZ); ( )

142

0, otherwise,

v (dg—h) <x—ct < (dg+1)and (dy — 1) < |y1] < (dy + 1),

where g, and Q, are the magnitude of the load pressure for the front and the rear wheel,
respectively. 21;, 21, are the loaded lengths of a tire print in the x, and y, directions, respectively,
for the front wheel, and 2L,, 2L, are the loaded lengths of a tire print in the x; and y; directions,
respectively, for the rear wheel. 2d,, is the distance between the front and rear wheels, and 2d,, is
the distance between the left and right wheels.

A change of variables (translation in the mobile reference linked to the load) and functions
(evaluation of the steady state solution) as well as the use of spatial Fourier transform lead to the
expression of traffic load in the wave number domain:

fB.y,0) = f(B,y) - et
_ [40sin(Bly)sin(yl,) e~ida 4 Qosin(BLy)sin(yLy) iBda
B Bylil, ByL.L,

37)

(e—iydw + eiydw) . eiﬂot.

As no lateral and longitudinal stress is considered in the present problem, the following
boundary conditions, omitting the common time factor, e’®o¢, can be obtained at the surface of
pavement:
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10 =20 =0, ©2 = —FB,y). (38)

Substituting Egs. (37) and (38) into Eq. (35), the displacements in the transformed domain can
be obtained as follows:

{03 =[BI{Z}=[BI[0 0 if(By) 0 0O 0 0 0 0 0] (39)

After the displacements at the interface of layers are determined, it is rather straightforward to
obtain all the stresses at an arbitrary interface. Furthermore, the constants of each layer can be
determined, and the stresses and displacements in an arbitrary depth of the road structures can also
be derived.

Once the transformed stress and displacement components are determined, the actual medium
response can be established by means of the Fourier inversion theorem from Eq. (5). It should be
noted that all the exponential functions involved in the present formulation contain only
non-positive exponents, which are critical for numerical stability. Taking the surface of half-space
for example, the displacements in the time domain can be expressed as follows:

(u2)
o B73
i ye} ) BS3 if (B,y) - e/Bx1) . giflotqpdy. (40)
() —0 V-0

2.6. Comparison with existing work

To compute the inverse transform accurately with a discrete transform, the mesh of the
calculated functions must be fine enough to accurately represent the details of the functions, and
the integrals must be truncated at values high enough to avoid distorting the results. To satisfy the
above requirements, a FFT algorithm is employed with a grid of 2048x2048 points with ranges of
6mi<p <16mtland 16 m? <y <16 m?isadopted.

Table 1. Parameters for fully water-saturated poroelastic soil medium [27]

Lame constant A / X107 Pa 1.0
Lame constant G, / x10” Pa 3.0
Solid density ps / (g/cm?) 2.5
Compress-wave velocity cgs / (m/s) 140
Shear-wave velocity csy / (m/s) 121
Porosity n 0.3
Compressibility parameter a 0.95
Compressibility parameter M / x 10° Pa 5.0
Ratio between fluid viscosity and the permeability b / (10" mls ) | 1.0
Water density p,, / (g/cm?®) 1.0

To verify the accuracy of this work, Fig. 2 compares the vertical stresses and displacements
obtained from our model with that given by Lu etal. [27]. Their work studied the
three-dimensional steady-state response of a poroelastic half-space soil medium subjected to a
moving point load. By selecting the parameters of pavement and subgrade (E, = E, =0,
h, = h, = 0) and the same parameters of the soil medium (as shown in Table. 1) and load as those
in Lu etal. [27], one can calculate the stresses and displacements. Then, the stresses and
displacements are non-dimensionalized as a;, = 0,,a%/T and u; = (u;Gg - ag)/T (i = x, y, z),
respectively, and the coordinates are non-dimensionalized as x* = x/ag, y* = y/ag, z* = z/ag,
where ap =1 m, is the reference length; Gr = 3.0x10° Pa, is the reference shear modulus; cgy is
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the shear-wave velocity which is defined as c¢sy = +/Gs/p, and T is the load pressure. The
dynamic responses of the observation with coordinates y = z = 1.0 are calculated in Fig. 2. The
agreement between the two solutions, as far as the vertical stress and displacement is concerned,
is excellent.

02 r 09 r .
® c=0.1csy (Lu [25]) —— c=0.1csn (This work)
- e 4 -
ot il ".' :-. it 1] 08 A ¢c=0.5Csy (Lu [25]) - ¢=0.5csH (This work)
0.7 | mc=0.9csy (Lu [25]) - ¢=0.9csy (This work)

-02 f : .

.'. :
& 04| . _ =
06 [ s
® c=0.1csy (Lu [25]) —— ¢=0.1csn (This work)
-0.8 [ v ¢=0.5csy (Lu [25]) ----- ¢=0.5¢Csn (This work)
m c=0.9Csp (Lu [25]) = ¢=0.9csH (This work)
10 : A . . . X . . . . . . . . . )
-20 -15 -10 -05 O 05 10 15 20 -20 -15 -10 -05 0O 05 1.0 15 20
X X
(a) Vertical stress (b) Vertical displacement

Fig. 2. Comparison between present work and Lu et al.’s [27] work
3. Numerical results and discussion

In order to investigate the response characteristics of the pavement-subgrade-soft ground
system, Saga airport road [28] is selected and analyzed by the proposed method. Saga airport road
was constructed from 1990 to 1992 with a total length of 9 km. At the site, there is about
20-m-thick highly compressible and highly sensitive Ariake clay. The typical cross section of Saga
airport road is composed of three layers: asphalt surface layer, subgrade with decomposed granite
and soft subsoil with Ariake clay. The physical and mechanical properties of the road structure
layers are given in Table 2, and they correspond to those given in Chai [28], and the parameters
of the tandem-axle loads are given in Table 3, corresponding to the heavy truck adopted by Chai
[28]. The main physical quantities of interest in this investigation are the vertical displacements,
stresses, and accelerations of the soft subsoil. The variations of these quantities with respect to the
coordinates, the load velocity and frequency, the thickness and the modulus of the sugrade, and
the permeability coefficient of the soft subsoil are studied.

In Fig. 3, the vertical stresses of the points with coordinates —-15m<x < 15m,z=1.1m
and y = 0.0 m, 1.0 m, 2.0 m, respectively, are calculated for two kinds of load velocities,
¢ = 0.1¢y, and ¢ = 0.9¢,,, Where ¢, is the shear wave velocity of the saturated poroelastic
half-space. It can be seen from Fig. 3(a) that, when ¢ = 0.1c,,, two stress peaks appear at the
points where the load is applied. The values of the peaks for rear wheel are larger than that for
front wheel, and this is because the rear-axle weight of the heavy trucks is larger than front-axle
weight. In terms of different points y = 0.0 m, 1.0 m, 2.0 m, the stress for y = 1.0 m is the
largest, and the stress for y = 0.0 m is larger than that for y = 2.0 m, which indicates that the
maximum response occurs beneath the point where the load is applied. When ¢ = 0.9¢, as shown
in Fig. 3(b), the magnitude of the stresses is much larger than that in Fig. 3(a), and significant
ground vibration is observed, which is obviously due to the fact that velocity 0.9¢ is very close
to the Rayleigh wave velocity of the porous medium. The vertical stresses for different points
y=0.0 m, 1.0 m, 2.0 m, are also presented in Fig. 3(b). The stress for y = 1.0 m is the largest,
which is the same of the low-load-velocity condition. In order to observe the response more clearly,
the vertical stresses for two kinds of load velocities, ¢ = 0.1¢ss and ¢ = 0.9¢, are calculated in
plane -10m < x < 10 m, -10 m < y < 10 m, as shown in Fig. 4. It is clear in Fig. 4 that four
peaks can be observed in the plane, which corresponds to four wheels of the vehicle. The
magnitude of the stresses for the high velocity of ¢ = 0.9¢, is much larger than that for the low
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velocity of ¢ = 0.1c,, and the stresses apparently vibrate to a wide extent.

204

Vertical stress (kPa)

Vertical stress (KPa)
=

Table 2. Physical and mechanical properties of each layer (Saga Airport Road)

Layers Asphalt concrete | Subgrade | Soft subsoil
Thickness / m 0.1 1.0 -
Elastic modulus E / MPa 1000 35 10
Poisson’s ratio v 0.3 0.35 0.4
Solid density py / kg m™ - - 1700
Water density pr / kg m? - - 1000
Soil density p / kg m? 2200 2000 1490
Porosity n - - 0.3
Compressibility parameter a - - 0.95
Compressibility parameter M / MPa - - 5.0x10°
Fluid viscosity n — — 0.1
Intrinsic permeability k / (m®s/kg) - - 1.0x101

Table 3. Parameters of tandem axle loads for heavy truck

Weight of front wheel g, (KN) 30
Weight of rear wheel Q4 (KN) 70
Loaded length of front wheel 21; (m) 0.32
Loaded width of front wheel 21, (m) 0.32
Loaded length of rear wheel 2L; (m) 0.44
Loaded width of rear wheel 2L, (m) 0.44
Distance between front and rear wheels 2d; (m) 6
Distance between right and left wheels 2d,, (m) 2
25 50 T
f
i —y=0.0,z=1.1 —y=0.0,2=1.1
201 b §:1.o, ;1-1 o §=1.0, z=11
Vo T y=2.0,z=1.1 g Y] R | y=2.0,z=1.1 |
?g’f 20 i
g o
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5 : : . -20 : : : . .
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(@) c = 0.1cg (b) ¢ = 0.9¢,,

Fig. 3. Distribution of the vertical stresses for different observation points
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Fig. 4. Distribution of the vertical stresses in (x, y) plane
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Fig. 5 shows the vertical displacements for different load excitation frequency, where
f=0Hz, f =2Hz, f = 4Hz and f = 8 Hz are considered. For the sake of comparison, the
displacements are presented for z = 1.1 m. In Fig. 5(a), for ¢ = 0.1¢,,, the displacements
responses decrease as load excitation frequency increases. Two peaks appear where the load is
applied when f =0 Hzand f = 2 Hz, but, as load excitation frequency increases to 4 Hz or more,
a negative peak is observed near the center of the tandem axle. As the load velocity is close to the
Rayleigh wave speed, as shown in Fig. 5(b), the magnitude of the displacements is much larger
than that in Fig. 5(a), and the displacements response decreases rapidly with increasing load
frequency. The displacements fluctuate before the load reaches the observation point.

4

Vertical displacement (mm)
Vertical displacement (m)

30 20 -10 0 10 20 30 30 -20 -10 0 10 20 30

x(m) x (m)
(@) ¢ = 0.1¢g, (b) ¢ = 0.9¢y

Fig. 5. Distribution of the vertical displacements for different excitation frequency

The variations of the vertical accelerations with distance y for the road system atz =1.1m
are investigated in Fig. 6, where f =0 Hz, f =4 Hz and f = 8 Hz are considered. It is obvious
that the vertical accelerations increase rapidly with increasing load frequency. For a low load
velocity of ¢ = 0.1c¢,,, the acceleration has two peaks at the point where the load is applied when
f=0Hz and f =4 Hz. As load excitation frequency increases to f = 8 Hz, a negative peak
stress is caused near the center of the tandem axle. In Fig. 6(b), the vertical accelerations for high
load velocity ¢ = 0.9¢, is presented. The vertical accelerations of the soft subsoil fluctuate
significantly in front of the load, and the magnitude of the vertical accelerations increases with
increasing load frequency. A closer inspection of Fig. 6(b) reveals that the frequency of the
acceleration fluctuations in front of the loads becomes larger as load frequency increases. Fig. 7
shows the vertical accelerations in plane —10m<x <10m, —10m <y < 10 m for load
excitation frequency f =4 Hz. When ¢ = 0.1cg, as shown in Fig. 7(a), the peak value of the
vertical acceleration occurs where the load is applied, and no positive acceleration is caused. For
the high load-velocity condition, the magnitude of the vertical acceleration is significantly larger
than that for ¢ = 0.1c,,. The positive peak stresses occur near the center of the tandem axle, and
the vertical acceleration fluctuates in the area in front of the load.

Fig. 8 presents the variations of the vertical accelerations with distance x for different
permeable coefficients when f = 4 Hz, where k, = 10 m/s, ky = 10% m/s and k; = 10™° m/s
are considered. From Fig. 8(a), it can be seen that the acceleration has two peaks at the point where
the load is applied. The permeability of the subsoil has little effect on soil acceleration. When the
load velocity is close to the Rayleigh wave speed, as shown in Fig. 8(b), the accelerations
apparently vibrate to a wide extent, the positive acceleration peak appears near the center of the
tandem axle and the magnitude of the accelerations is much larger than that for the low
load-velocity condition. The permeability affects the acceleration response slightly when the
velocity is close to the critical speed. It also can be seen from Fig. 8 that the effect of the
permeability of the soft subsoil on the magnitude of the vertical accelerations at the half-space
surface is not pronounced.
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Fig. 6. Distribution of the vertical accelerations for different excitation frequency
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Fig. 8. Distribution of the vertical accelerations for different permeable coefficients

The effects of the properties of the road structure layers on its mechanical response are
important in the design and maintenance of the road infrastructure. Therefore, further investigation
of the dynamic response of road systems with different material properties is needed. In this
section, the vertical stresses of different subgrade heights and Young’s modulus, which represent
subgrade rigidity, are discussed. The observation point is located at the surface of the soft subsoil
with coordinate —15m < x < 15mand y =1 m, as shown in Fig. 1. In this section, the load
velocity is 0.1¢c, and frequency is 4 Hz.

In Fig. 9, the calculation parameters of the road structure layers are fixed and shown in Table 2,
where the height and modulus of the subgrade varied from 1.0 to 3.0 m, and from 15 to 60 MPa,
respectively. It can be seen from Fig. 9(a) that the magnitude of the vertical stresses increased
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sharply at the wheel action point and then gradually decreased to zero far from the wheel action
point. As the subgrade height increases, the vertical stress clearly decreases, and the variations of
the maximum vertical stress at different subgrade height are extremely important near the loading
area but less so far from this zone. The effect of subgrade modulus on the vertical stress is
presented in Fig. 9(b). The magnitude of the vertical stress decreases apparently when subgrade
modulus increases from 15 to 30 MPa, but, as subgrade modulus reaches 45 MPa or more, the
effect of subgrade modulus on the vertical stress is not pronounced.

25

30

——Ee=15Mpa |
----- Ee=30 Mpa
e Ee=45 Mpa

Vertical stress (KPa)
= = N
o o o

a
Vertical stress (KPa)

‘15 10 5 0 5 10 15 s 10 5 0 5 10 15
x (m) x (m)
(a) Effect of the subgrade height on the stress (b) Effect of the subgrade modulus on the stress

Fig. 9. Effect of the subgrade rigidity on the vertical stress (¢ = 0.1cgy)

The influence of the subgrade height and Young’s modulus on the vertical stress and
acceleration is further investigated, as shown in Fig. 10. In this figure the vertical stress ratio and
the vertical acceleration ratio are presented as follows:

Vertical stresses ratio (%) =
Vertical stresses for different subgrade heights and modulus (41)

Vertical stresses for fixed subgrade height and modulus (h, = 1.0 m, E, = 10 MPa)’
Vertical accelerations ratio (%) =
Vertical accelerations for different subgrade heights and modulus (42)

Vertical accelerations for fixed subgrade height and modulus (h, = 1.0 m,E, = 10 MPa)'

1 « 1 -
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Fig. 10. Effect of the subgrade rigidity on the response components (¢ = 0.1cg;)

Ratio
Ratio

Fig. 10(a) shows that for a fixed subgrade modulus of 10 MPa and for the subgrade height
varying from 1.0 to 3.0 m, the dynamic responses are sensitive to the variation in subgrade height.
As the subgrade height increases, the vertical stress ratio and acceleration ratio decrease at small
subgrade heights and gradually become constant at larger subgrade heights. This result explains
why this factor is so important in the design of subgrade. It suggests disastrous effects on the
subgrade in the case of an under-estimated height and predicts inefficiency in the case of an
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over-estimated height. Finally, in Fig. 10(b), the height of the subgrade is fixed at 1.0 m and its
Young’s modulus varies from 10 to 80 MPa. For low subgrade modulus, the vertical stress ratio
decreases until the trend become constant as a larger modulus, and the vertical acceleration ratio
trends become linear with the increasing subgrade modulus. This result implies that a reasonable
subgrade modulus should be chosen in the design of road.

4, Conclusions

In this paper, the steady-state response of a pavement-subgrade-soft ground system subjected
to moving traffic load is studied using a semi-analytical approach. The pavement and the subgrade
are regarded as two elastic layers resting on a poroelastic half-space soil medium. Four rectangular
loads with a constant magnitude are used to represent the traffic load. Elastic dynamic theory for
the single-phase elastic soil and Biot’s fully dynamic poroelastic theory for the saturated
half-space are used to account for the model of three-layer road structure. Using the double Fourier
transform, the governing equations of motion in the frequency wave-number domain are
analytically solved. The fitted phase angle is employed to exclude the growing exponential terms
in the dynamic stiffness matrix, which are critical for numerical stability. The expressions of the
vertical stress, displacement, and acceleration in the time domain are evaluated by the inverse fast
Fourier transform. The main conclusions of this study can be summarized as follows:

1. The responses in the condition of high velocity shows obvious difference from those of low
velocity case, which proves that the influence of moving speed on the dynamic responses of the
road system is significant.

2. The distributions of the stress, displacement, and acceleration of the soft subsoil are different
for various values of loading frequency. For small values of frequency, the maximum responses
occur at the point where the load is applied. As frequency increases, the positive response peaks
appear and the maximum responses occur near the center of the tandem axle.

3. The acceleration has two peaks at the point where the load is applied, and the permeability
of the subsoil has little effect on soil acceleration when the velocity is low. When the load velocity
is close to the Rayleigh wave speed, the acceleration is much larger than that for the low
load-velocity condition and apparently vibrates to a wide extent. Generally speaking, the effect of
the permeability of the soft subsoil on the magnitude of the vertical accelerations at the half-space
surface is not pronounced.

4. The dynamic responses of the road structure layers are sensitive to the variations in the
subgrade height and Young’s modulus. The numerical calculations shows that these two
parameters are extremely important in the design of subgrade and suggests potentially disastrous
effects on the subgrade in the case of an under-estimated height and suggests inefficiency in the
case of an over-estimated height.
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