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Abstract

This paper presents a thorough study of the behavior of inclined micropiles under seismic loading. Analysis is carried out using a full three-
dimensional finite element modeling. The soil media is assumed to be elastic with Rayleigh damping, while micropiles are modeled as 3D
elastic beam elements. The structure is described by a single degree of freedom system composed of a concentrated mass and a column. The
paper is composed of four parts. The first part includes a literature survey on the behavior of inclined micropiles. The second part presents the
numerical model used in this study. The third part concerns analysis related to the influence of micropiles inclination on the seismic behavior
of a group of micropiles embedded in a homogeneous soil with a uniform stiffness. The last part deals with the seismic behavior of inclined
micropiles embedded in a soil layer with a depth-based increasing stiffness. The results of this study provide valuable information about the
influence of micropiles inclination on dynamic amplification and on the seismic-induced internal forces in micropiles.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The use of micropiles in seismic retrofitting or in new
construction in seismic zones requires a thorough analysis
of the seismic-induced response for groups of micropiles
with inclined elements. As a matter of fact, as the stiffness
and resistance of vertical micropiles to lateral loading is
generally small, the use of inclined micropiles presents a
potential alternative to withstand inertial forces and to
ensure stability of the foundations system under seismic
loading.

Use of micropiles in seismic area suffers from code
restrictions issued on piles. The seismic role of inclined
piles has been considered detrimental based on several
research-based arguments such as: (i) inclined piles may
induce large forces to the pile cap, or (ii) if inclination is not
symmetric, permanent rotation may develop due to the
varying stiffness of the pile group in each direction.
According to the French recommendation (AFPS [1]),
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the use of inclined piles in seismic zone is prohibited
whereas soil reinforcement could contain inclined elements.
The seismic Eurocode EC8 indicates that inclined piles
should not be used for transmitting lateral loads to the soil,
but in any case, if such piles are used they must be designed
to safely carry axial as well as bending loading (Eurocode
EC 8 [2]).

As reported by Gazetas and Mylonakis [3], in recent
years evidence has been accumulating that inclined piles
may, in certain case, be beneficial rather than detrimental
both for the structure they support and the piles themselves.
One supporting evidence to this issue was noted during the
Kobe earthquake. It was noted that one of the few quay-
walls that survived the disaster in Kobe harbor was a
composite wall relying on inclined piles, conversely, the
near wall, supported on vertical piles, was completely
devastated. Furthermore, centrifuge tests and pseudo-static
analysis carried out by Juran et al. [4] showed that pile
inclination contributes to: (i) a decrease in both the pile cap
displacement and bending moment at the pile-cap connec-
tions and (ii) an increase in the axial force.

This paper attempts to analyze the influence of micro-
piles inclination on their response to seismic loading.
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Nomenclature

ap = wD,/V

dimensionless frequency

Qeap acceleration at the cap level

ag amplitude of the seismic loading

Qg acceleration at the superstructure mass level
f natural frequency of the soil layer
Sioad frequency of the seismic loading

fut natural frequency of the superstructure
Mg mass of the superstructure

Ap micropile section

D, micropile diameter

Epl,  bending stiffness of micropiles

E, Young’s modulus of soil

He,yp horizontal loading applied at the cap
H, thickness of the soil layer

Hg height of the superstructure

L, micropile length

N axial force

Npead  axial force at the head of micropiles
M bending moment

Heqp overturning moment applied at the cap

Mye.qa  bending moment at the head of micropiles

S micropiles spacing

T shearing force

Theaa  shearing force at the head of micropiles

Vi shear wave velocity

o micropiles inclination with regard to the vertical
axis

v, Poisson ratio of the soil

1) pulsation

& damping ratio of the micropile

& damping ratio of the soil

Analysis is conducted using a full three-dimensional finite
element analysis (FEM) with PECPLAS finite element
program [5,6]. The results obtained in this study provide
interesting information about the influence of micropiles
inclination on seismic response of the soil—micropile—
structure system. The first part of the paper presents the
numerical model used in this study. The second part
presents analysis of the seismic behavior of micropiles
embedded in a homogeneous soil with a uniform stiffness,
while the last part presents similar analysis for micropiles
embedded in a soil with a depth-based increasing stiffness.

2. Numerical model

Numerical simulations were carried out using the finite
element program PECPLAS [5,6]. A global three-dimen-
sional approach is used for analysis of the micropiles—soil—
structure interaction. The superstructure is modeled as a
single degree of freedom system composed of a concen-
trated mass and a column, while 3D beam elements are used
to model micropiles. The behavior of the soil and structure
materials is assumed to be elastic with Rayleigh damping.
The damping matrix [C] results from a combination of the
mass and stiffness matrices

[C] = am[M] + ak[K] (D

where ay; and ag depend on the material damping. For the
ith mode, the damping ratio § is related to the natural
frequency w; by the following relation:

am ag w;

20)[ 2

&= 2

The seismic loading is applied at the base of the soil mass
as a harmonic acceleration. Lateral boundaries are placed at

a large distance from the micropiles in order to minimize
boundary effect as discussed in Ref. [6]. Periodic displace-
ment conditions are imposed at lateral boundaries of the soil
mass. Analysis is performed in the time domain using the
implicit Newmark time integration scheme.

This numerical model used in this study was checked on
a pile test conducted in a shaking table at Saitama
University [7]. The pile supports a superstructure with a
natural frequency f;; = 7 Hz. Fig. 1 shows the experimental
model and summarizes its geometrical and mechanical
properties. The soil behavior is assumed to be elastic with
Rayleigh damping. Analysis was performed with two values
of the damping factor £ =10 and 12%. The damping
Rayleigh parameters ax and ay; were determined from
Eq. (2) for the loading frequency (w = wyy,q) assuming an
equivalent contribution of the stiffness and mass matrices
for damping. Fig. 1b presents a comparison of recorded and
computed accelerations of the pile at depth z = 0.275 for
different values of the dimensionless frequency a, =
oD, /V; (o, D, and V, denote the loading frequency, the
pile diameter and the velocity of the shear wave,
respectively). Fig. 1c compares measured and computed
amplitudes of strains along the pile for the dimensionless
frequency ag = 0.03. It can be observed that the finite
element program reproduces correctly the pile test.

3. Micropiles in a homogeneous soil (case 1)
3.1. Presentation

Analysis is first performed on a group of four micropiles
embedded in a homogeneous soil layer underlined by rigid
bedrock (Fig. 2). The thickness of the soil layer is equal to
H, = 15 m. An elastic constitutive relation with Rayleigh
damping is assumed for the soil-micropiles—structure
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Fig. 1. Verification of the numerical model on a pile test conducted using a shaking table (After Makris et al. [7]).
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Fig. 2. Problem under consideration.

system. Analysis was carried out with the following
characteristics for the soil material: Young’s modulus of
the soil E, = 8 MPa, Poisson’s Ratio v, = 0.45, damping
factor & = 5%. The fundamental frequency of the soil layer
isequal to fj = 0.67 Hz (4V/H, where V is the shear wave
velocity, H, is the thickness of the soil layer).

Micropiles spacing ratio is equal to S/D,, = 5, D,, denotes
the micropile diameter. The micropile length is L, = 10 m,
its axial and flexural rigidities are, respectively,
E,A, = 1100 MN and E,I, = 0.85 MN m”. The structure
is modeled as a single degree of freedom system composed
of a concentrated mass mgy = 40 ton, and a column with a
height H;, = 1 m. Its fixed base fundamental frequency is
equal to f;; = 1.36 Hz. Micropiles are connected to a cap
which is free of contact with the soil. The thickness of the
cap is equal to 0.3 m. The mechanical properties of the soil
and micropiles are summarized in Table 1.

The finite element mesh used in the numerical simu-
lations for inclined micropiles is shown in Fig. 3. It includes
21,576 8-node elements and 34 3D-beam elements. Lateral

Table la
Properties of the soil material

Case Mass Young’s modulus Poisson’s Damping
density ratio ratio
(kg/m3)

Case 1: constant ps = 1700 8 MPa v, =045 & =5%
stiffness
Case 2: depth-

increasing stiffness

0.5
po= 1700 E ()= Eso(P(Z)) v, =045 & =5%
P

a

_ 42Ky

p(2) 3

if z < z0, p(2) = p(z0)
Ey, = 10 MPa;
p. = 100 kPa

Table 1b
Properties of micropiles

Bending stiffness Axial stiffness Damping ratio Length
(MN m?) (MN) (m)
E I, =0.85 E,A, = 1100 & =2% L,=10

boundaries are placed at a distance R} = 60 m (240 D,)
from the central axis of the micropile-group in order to
minimize any boundary effect as discussed in Ref. [6].

The seismic loading is applied at the base of the soil mass
as a harmonic acceleration. The amplitude of the load is
a, = 0.2 g, while its frequency (fjoaq) is assumed to be equal
to the fundamental frequency of the soil layer
(fi = 0.67 Hz).

3.2. Group of vertical micropiles

Fig. 4 depicts the maximum horizontal acceleration and
internal forces induced in the group of vertical micropiles
due to seismic loading. The amplification of the lateral
acceleration at the micropiles cap ac,p/a, is equal to 13.7.
At the superstructure mass level, the amplification of the
acceleration ay/a, attains a value of 17.88. This value is
about 30% higher than (a,p/a,) ratio. This value clearly
emphasis the necessity to take into account the
dynamic amplification in the structure for any pseudo-
static analysis. In this case the maximum inertial
force induced by the seismic loading is Fj, = 1430 kN
(Mgay). At the micropiles cap level, it induces a
horizontal force (H.,) = 1430kN and a moment
(Mcyp) = 1430 kKN m. Note that M, = Fi,Hy, where Hg
is the structure height.

The profiles of the maximum bending moment and
shearing force clearly show the presence of a high inertial
effect, which emerges in high values of internal forces in the
vicinity of the micropiles head. The profile of the bending
moment depicts two peaks. The first one is induced at the
micropiles head (Mj.,q = 149 kN m), while the second
appears in the central part of the micropile
(Menwal = 12 kN 'm). The ratio between the maximum
bending moments M, and M .pea 1S €qual to 12.5. The
profile of the axial force indicates a regular decrease with
depth. At the micropile head the axial force is equal to
Npeag = 943 kN. It is due to both the shearing force (H,p)
and the moment (M.,,) induced by the inertial force. Since
M., induces at the head of each micropile an axial force
(NMcap) = 572 KN m (M,,,/(25)), the shearing force (H,p)
causes a significant axial force which is equal to 371 kN m.
This value presents about 40% of the maximum axial force
at the micropile head.

Fig. 4c shows the profile of the shearing force 7. It
indicates high values of T in the vicinity of the cap, followed
by a sharp decrease with depth. The maximum shearing
force is induced at the head of the micropile
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Fig. 3. 3D mesh used in the analysis of the soil-micropile—structure system (21,576 8-node elements).

(Thead) = 355 kN. It is equal to 25% of the inertial shearing
force (Heyp)-

The ratio of the maximum axial stress due to the axial
force (NVyeaa/Ap, Where A, is the area of the micropile cross-
section) to that induced by the bending moment
(Mo Dp/(2L), 1, is the inertial moment of the micropiles
section) is equal to 0.1. This ratio clearly indicates that
seismic loading causes severe bending at the micropiles
head, which may lead to failure at the cap-micropile
connection.

3.3. Group of inclined micropiles

Fig. 5 shows results obtained for a group of micropiles
with an inclination angle (&) = 20° with respect to the
vertical axis. It can be observed that seismic-induced lateral
acceleration is smaller than that induced in the vertical
micropile case. The amplification in the lateral acceleration
at the structure mass level is (ay/ag) 13.7, which is about
20% smaller than the one induced in the structure supported
by vertical micropiles.

Fig. 5b—d displays the maximum associated internal
forces in the micropiles. It can be observed that the
inclination of micropiles induces an important decrease in
the maximum bending moment at the head of micropiles.
Indeed the maximum bending moment is reduced to the
half compared to that obtained with vertical micropiles.
This decrease is due to both the inclination and the
reduction of lateral acceleration at the top of super-
structure, which induces lower moment M., at the cap
level. On the other hand, inclination of micropiles induces
an important reduction in the shearing force and an
increase in the axial force at the micropile head. The
maximum shearing force is equal to 44 kN which is about
12.5% of that induced in vertical micropiles. The
maximum axial force at the micropile head is
(Npead) = 860 kN, which is close to that obtained with
the vertical micropile. The variation of the maximum axial

force for inclined micropiles presents trends, which are
different from that observed using vertical micropiles.
Indeed, the later indicates a regular decrease of N,,,, with
depth, while the former shows first an increase with depth
up to a peak value, that followed by a decrease. The
increase in the axial force is due to the lateral displacement
of the soil, which induces an axial component in the
micropiles. The peak of the axial force is equal to (Npeax)
1590 kN, which is 69% higher than that induced at the
micropile head. It is worth noting that the increase in the
axial force with depth is expected to be overestimated
because of the elastic constitutive relation used in this
study and the hypothesis of perfect cohesion between the
micropile and the soil.

The influence of micropiles inclination on their natural
frequencies was investigated using the procedure proposed
by Gohl [8] and Tufenkjian and Vucetic [9]. The
acceleration response spectrum was determined using the
Fourier analysis of the free response of the group of
micropiles (Fig. 6a). Fig. 6b and c shows the spectra
obtained at the mass and cap levels. It can be noted that
these spectra present three peaks. The first peak for both the
superstructure mass and cap accelerations is equal to the
fundamental frequency of the soil layer, which means that
the micropiles inclination does not affect the natural
frequency of the soil—micropile—structure system. Calcu-
lations performed with inclined micropiles for the loading
frequencies fi,,q = 0.65 and 0.68 Hz confirm this result
(Table 2). They show that amplifications corresponding to
these frequencies are lower than that obtained at the natural
frequency of the soil layer (fi,,a = f1)- The second peak for
the acceleration of the superstructure mass is equal to
1.28 Hz for both vertical and inclined micropiles, it
corresponds to the fundamental frequency of the flexible-
base-structure which is about 6% lower than that of the
fixed-base-structure (f,, = 1.36 Hz). This result indicates
that micropiles inclination affects slightly the natural
frequency of the superstructure. Fig. 6¢ shows that
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x/H

st

x/D

M. Sadek, S. Isam / Soil Dynamics and Earthquake Engineering 24 (2004) 473-485

1 T T
08 [ .
06 .
0.4 -
02 .

I (a)

0 | 1
1 12 13 14 15

Uu /U
str g

m =40 tons
st

T

Amplification of the lateral acceleration

in the superstructure

|

24 % =1
32 o
| (c) 4
40 1 ‘ 1 I 1 I 1
0 25 50 75 100
Tmax (kN)

Maximum shearing force
in micropiles

m =40 tons
st

i

x/D

0 T T T
sl i
16 [~ .
24 3
32 7
L (b) N
I |
40
0 500 1000 1500 2000
N (kN)
max
Maximum axial forces in
micropiles

(d)y 1

1 |

40

50

75

100

M

m

. (kN.m)

Maximum bending moment
in micropiles

Fig. 5. Response of a group of inclined micropiles (a = 20°) (case 1).

479



480 M. Sadek, S. Isam / Soil Dynamics and Earthquake Engineering 24 (2004) 473—485

16— ———71 T T T T
Fourrier Analysis

TETEERy T T T T

v b e b b by s Loy

o
N
BN
(o))
[o]
-
o
-
N

(a) Loading time history

20 T T T T T

181 1

. r=====-=-=- ! -
16 Vertical

upiles

14}
1 S A it .
10}

Inclined

Fourrier Amplitude Spectra

8
6
4
2
0

0 05 1 15 2 25 3

Frequency (Hz)

(b) Spectra of the acceleration at the Mass level
6 ; : - :

Vertical

1

1

1 .
5r /: upiles

1

Fourrier Amplitude Spectra

Inclined
upiles

Frequency (Hz)
(c) Spectra of the acceleration at the Cap level

Fig. 6. Influence of micropiles inclination on the natural frequencies of the
soil—micropile system.

the second peak of the acceleration of the affected by
micropiles inclination. It increases from 1.08 to 1.28 when
micropiles inclination augments from 0 to 20°. This result
agrees with results of centrifuge tests reported by Juran et al.

Table 2
Dynamic amplification in the vicinity of the fundamental frequency of the
soil layer

Frequency At the structure level At the cap level
(asl/ag) (acap/ag)

fioud = 0.65Hz 12.1 10.2

Jfioad = 0.68 Hz 13.4 11.2

[4], which indicate that the inclination of micropiles leads to
an increase in their lateral stiffness and consequently to an
increase in the natural frequency of the micropile-soil
system.

Fig. 7a—c and Table 3 summarize results of the
numerical simulations obtained for four values of
micropiles inclination namely a« =0, 7, 13 and 20°. For
convenience, internal forces will be presented in term of the
following dimensionless quantities:

e Axial force: (2N cos(@)S,)/(mgaqHy).
o Shearing force: (T/Npeaq)-
e Bending moment: (4M)/(mgayHy).

Table 3 indicates that the increase in micropile
inclination from 0 to 20° induces a regular decrease in the
amplification of the lateral acceleration (a/a,), which attains
16 and 23% at the cap and the superstructure mass,
respectively.

By further examination of Fig. 7a—c, it can be
observed that an increase in the micropiles inclination
causes a regular variation in the internal forces. In this
case, inclination induces an augmentation in the axial
force at the micropiles head as well as the formation of a
peak for inclined micropiles in their central part. The
influence of the inclination is particularly significant on
the distribution of the normalized shearing force in the
vicinity of micropiles head. It leads to a significant
decrease with increasing the inclination of micropiles. The
influence of micropiles inclination on the normalized
bending moment is observed in the upper part of
micropiles. The increase in « from 0 to 20° induces a
decrease of about 35% in the bending moment at the
micropiles head.

4. Soil with depth based-increasing stiffness (case 2)
4.1. Presentation

Since soil stiffness increases with depth, this section
presents FEM analysis related the behavior of inclined
micropiles embedded in a soil layer having a depth based-
increasing stiffness. The Young’s modulus of the soil is
assumed to increase with depth according to the following
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Table 3
Influence of the inclination on the seismic response of micropiles (case 1;
E; = constant)

Inclination (a) 0° 7° 13° 20°
Cap: degply 13.73 12.83 12.19 11.50

s: agla 17.88 16.09 14.86 13.70
2Nieaq Cs 'S, 1.65 1.83 1.96 1.84

myagHy
Thead 0.38 0.23 0.15 0.03
Nhead
Mo 0.42 039 0.38 027
myagHg
relation
0.5
p(2)
£ = Ea 2 3)
a

where p denotes the mean stress due to the soil self-weight
which is expressed as

_ (1 4+2Ky)yz

p(2) 3

if z <z, p(z) = p(z0) 4)
where z denotes depth, p, is a reference pressure
(100 kPa), E,, designates the Young’s modulus for p =
Pa; Ky 1s the coefficient of lateral earth pressure at rest, zq
designates the thickness of the soil layer that is closest to
the surface, which is assumed to have a constant Young’s
modulus. Numerical simulations were performed with
Ey, = 10 MPa, K, = 0.5, zo = 1 m. The variation of the
Young’s modulus with depth is shown in Fig. 8. It can be
observed that the soil stiffness of the soil layer is smaller
(for z <39D,) than the value assumed for the constant
soil-stiffness case. The natural frequency of the soil layer
was calculated according to the procedure used by Gohl
[8] and Tufenkjian and Vucetic [9]. It is equal to
f1 = 0.43 Hz. It is worth noting that this value is smaller
than that obtained for the soil layer with uniform soil
stiffness (case 1, fj = 0.67 Hz).

The seismic loading is applied at the base of the soil mass
as a harmonic acceleration whose amplitude and frequency
are equal to a; = 0.2 g and fipaq = 0.43 Hz (f). The fixed
base fundamental frequency of the superstructure is
maintained to f;, = 1.36 Hz.

4.2. Groups of vertical micropiles

Fig. 9 shows the influence of the soil stiffness variation in
the soil layer on the overall response for the group of
vertical micropiles. It can be noted that the amplification of
the acceleration in the superstructure for case 2 (ay/Gcy, =
1.14) is smaller than that obtained in case 1 (ay/dc,, = 1.3).
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Fig. 8. Profile of the Young’s modulus for cases 1 and 2.

This result is due to the fact that the natural frequency of the
soil in case 1 (fi/fi =2) is closer to the superstructure
natural frequency than that in case 2 (f/fi = 3.1). This
observation agrees well with those obtained by Shahrour
et al. [6].

Referring to Fig. 9, it can also be observed that the
distribution of the soil stiffness affects the axial force and
the bending moment profiles. Indeed, the maximum bending
moment in case 2 exceeds by about 172% the peak bending
moment predicted for case 1. The influence of the variation
in E on the axial force is more moderate; N,,, in case 2 is
about 14% higher than that obtained in case 1. The increase
in the bending moment is due to the reduction of the soil
stiffness near the soil surface, which leads to an augmenta-
tion of the lateral soil deformation and consequently causes
higher bending moment in comparison with that obtained in
case 1. On the other hand, it can be noted that the influence
of this variation on the shearing force distribution is
moderate. Its maximum values occurred at the head is
governed by the acceleration at the mass level (7% variation
between cases 1 and 2).

4.3. Group with inclined micropiles

Fig. 10 and Table 4 illustrate the influence of inclination
on the seismic response of micropiles. Compared with the
homogeneous soil case, same trends are observed. The
lateral acceleration in the superstructure decreases with the
increase in the micropiles inclination. The augmentation of
the micropiles inclination from 0 to 20° leads to a decrease
in (ay/a,) from 16.67 to 9.88 and to a decrease in (ac,p/ag)
from 14.61 to 10.14.
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Fig. 9. Influence of the soil stiffness profile on the response of a group of vertical micropiles to the seismic loading.
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Fig. 10. Influence of inclination on the seismic response of the group of micropiles (case 2).

Fig. 10a—c clearly shows that the increase in micro-
piles inclination strongly affects the distribution of
internal forces in micropiles. While the increase in the
micropiles inclination does not strongly affect the
maximum normalized bending moment M,, it causes an
increase in the normalized axial force from 2.01 to 4.44
(an increase of 220%) when the inclination increases from

0 to 20°. The normalized shearing force (Fig. 10b) shows
a different trend profiles. The maximum normalized
shearing at the head of micropiles decreases from 0.312
for vertical micropiles to 0.201 for o = 7°, and reaches a
value of 0.08 for o = 20°. For this inclination, the
maximum shearing force reaches a peak value of about
0.082 at depth z =T7D,,.
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Table 4
Influence of the inclination on the seismic response of micropiles (case 2;
Es = E:(:))

Inclination (a) 0° 7° 13° 20°

Aeaplalg 14.61 12.56 11.33 10.14
, 16.67 13.42 11.55 9.88

g
M 2.02 226 2.48 243
mgagHg

Theaa 0.31 0.20 0.07 0.06

Nhead

Mo 0.77 0.84 0.90 0.80

mgagHg

5. Conclusion

This paper utilizes a three-dimensional finite element
modeling to analyze the influence of micropiles inclination
on their response to seismic loading. The study was
conducted for two cases, which concern micropiles
embedded in a homogeneous soil layer with a constant
stiffness and a soil layer with a depth based-increasing
stiffness.

Numerical simulations presented herein, show that
inclination of micropile improves micropile’s perform-
ance with respect to seismic loading. The inclination
allows a better mobilization of the axial stiffness of
micropiles and consequently leads to a decrease in both

shearing forces and bending moment induced by seismic
loading.
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