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Characteristics oflateral ground force acting on piles in laterally spreading soil 

Les caracteristiques de la force laterale agissant sur des pieux dans une repartition laterale du sol 

Y. Suzuki & N. Adachi 

Kajima Technical Research Institute, Kajima Corporation, Tokyo, Japan 

ABSTRACT 

Two series of shaking table tests, one with a quay wall and the other without, were conducted to clarify the lateral ground force acting on 

piles in liquefied and laterally spreading soils. It is shown that (1) the lateral ground force acting on a pile in laterally spreading soil as well 

as that in liquefied soil has the characteristics of solid ground due to decrease in excess power water pressure and recovery of effective 

nonnal stress after liquefaction, and (2) the lateral ground force acting on a pile near a quay wall becomes nine times larger than the 

maximum inertial force at a pile head in laterally spreading soil. 

RESUME 

Deux essais a la table vibrante; tout en sachant que I 'un est dote d'un mur de quai, sont conduits pour detenniner la force laterale agissant 

sur des pieux, dans une repartition laterale du sol et un solliquefie. Nous demontrons ainsi que: (I) la force laterale agissant sur un pieu dans 

une repartition laterale du sol pareil que dans Ie solliquefie a d ' ailleurs Ie meme caractere que la sol fenne, ce qui est dil a la diminution de 

I' exces de puissance de la pression de I' eau. Ceci entraine aussi un retablissement de la contrainte effective apres la liquefaction. (2) La force 

laterale agissant sur un pieu pres du mur de quai , devient neuffois plus grande que la force d'inertie maximale a la tete de pieu dans une 

repartition laterale du sol. 

1 INTRODUCTION 

Widespread liquefaction and lateral spreading occurred in re

claimed land in Kobe during the 1995 Hyogoken-Nambu earth

quake, causing serious damage to pile foundations . It is important 

to clarify the complex interactions among liquefied soil , pile foun

dations, quay walls, and lateral ground forces acting on piles in 

liquefied and laterally spreading soils. 

Some researchers have assumed that liquefied soil is solid and 

the lateral ground force is related to relative displacement between 

pile and soil (e.g. , Suzuki & Adachi, 200 I), while others have 

assumed that laterally spreading soil is fluid and that lateral 

ground force is related to relative velocity (e .g ., Hamada & 

Wakamatsu, 1998). Still other researchers have suggested that the 

force in liquefied soil is related to both relative displacement and 

relative velocity (e.g. , Adachi, et. aI. , 2000). 

The objective of this paper is to describe the close mechanism 

of lateral ground force acting on piles in laterally spreading soil 

based on shaking table tests, and to examine factors affecting the 

force . 

2 SHAKING TABLE TESTS 

Two series of shaking table tests as shown in Fig. I and Table I , 

one with a quay waJl (model M-2) and the other without (model 

M -1), were conducted to clarify the lateral ground force acting on 

piles in liquefied and laterally spreading soils. The ground model 

was composed of two layers. The upper layer was a liquefiable 

deposit of saturated sand with a relative density of 65 % and the 

lower was a non-liquefiable and elastic deposit of silicone rubber. 

A pile foundation-structure model made of nine acrylic tubes with 

a steel superstructure was instaJled in this soil model. A particular 

model with water in place of the upper saturated sand of model 

M-I (model M-O) was conducted to clarify the characteristics of 

the liquefied sand. A design earthquake motion that used in Japan, 

RINKAI '92, was used as the input motion with maximum accel

eration levels from 150 to 500 cm/s2
• 

In these tests , acceleration and displacement of a structure and 

a quay wall , pile bending moment, and acceleration and pore water 

120 

Figure I. Shaking table test model and measuring instrument for 
model M-2 . 

Table I. List of shaking table tests. 

Model Quay wall Case 
Relative density Input acceleration 

of sand, Dr (%) level, a ""X (cm/s2) 

M-O M-0-500 Water 500 

No 
M-I-150 150 

M-I M-I-300 300 

M-I-500 
65 

500 

M-2-150 150 

M-2 Yes M-2-300 300 

M-2-500 500 
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pressure in soils between these piles (N-Ground), outside these 

piles (F-Ground) and near a quay wall (Q-Ground) were mea

sured. From these measured data, soil shear stress, soil shear 

strain, effective normal stress, relative displacement and relative 

velocity between piles and soils, and lateral ground force acting on 

the piles were evaluated and compared. 

3 TEST RESULTS 

3.1 Time histories and maximum distributions 

Response time histories of acceleration and displacement at struc

ture (AS 1, DS 1), acceleration and pore water pressure ratio at N

Ground (ANS , WNS), lateral ground force acting on a pile, 

namely, subgrade reaction at C-pile (PC9) and R-pile (PR9) and 

input acceleration (AN I) for M-I-SOO and M-2-SOO are shown in 

Fig. 2. The response acceleration and subgrade reaction in satu

rated sand for M- I-SOO vibrate with a pulse on both sides after 

liquefaction. Those pulse-like responses may be caused by cyclic 

mobility of saturated sand. However the response acceleration of 

saturated sand for M-2-SOO vibrate with one side pulse, and the 

structure moves significantly to one side after liquefaction. This 

may be caused by lateral movement of the quay wall, namely, 

lateral spreading. The sub grade reaction for M-2-SOO increased 

with increasing displacement at the pile head. The response accel

eration at the pile head for M-2-SOO is smaller than that for M-I

SOO, and the response displacement at the pile head and the 

subgrade reaction at a depth of IScm for M-2-SOO are over double 

those for M-I-SOO. 
The maximum distributions of pile bending moment, pile dis

placement and pore water pressure at N-Ground are shown in Fig. 

3. The bending moment and displacement of model M-2 are about 

double that for model M-l with the same input acceleration level. 
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Figure 2. Response time histories of structure, C and R-Pile and 

N-Ground. 
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Figure 3. The maximum distributions of bending moment, pile 

displacement and pore water pressure for models M- I and M-2. 

Liquefaction occurred only at the surface of the saturated sand 

layer for M-I-ISO and M-2-ISO, at about half depth from surface 

for M-I-300 and M-2-300, and in the whole saturated sand layer 

for M-l-SOO and M-2-SOO. 

3.2 Relations between inertialforce and displacement 

The relations between inertial force and displacement at a pile 

head are shown in Fig. 4. The dotted straight line shows a linear 

response of a particular model with water in place of the upper 

saturated sand layer for M-O-SOO. The hysteresis loop becomes 

of ordinary shape and the maximum displacement occurs when 

the inertial force reaches a maximum value under non-liquefied 

conditions for M-l-ISO. The inclination ofthe inertial force with 

the displacement at a pile head for M-l-ISO is larger than indi

cated by the dotted line, namely, for M-O-SOO. This indicates that 

sub grade reaction acts as a reaction force to a pile and restrains the 

pile displacement before liquefaction. The hysteresis loops under 

liquefied conditions for M-I-300 and M-l-SOO have two compo

nents. The displacement tends to increase with increasing inertial 

force along the dotted line up to a maximum inertial force every 

half cycle when the inertial force is relatively large. This indicates 

that the liquefied soil behaves like a liquid body. However, the 

displacement tends to increase without increasing inertial force, 

and maximum displacement becomes larger than that at maximum 

inertial force when the inertial force is relatively small. This may 

indicate that the sub grade reaction acts on the pile as a large exter

nal force and increase the pile displacement (Adachi, et. aI., 2004). 

The displacement at the pile head for models M-2 move to one 

side independent of inertial force without input acceleration. The 

displacement at the pile head may cause displacement of the quay 

wall. For M-2-SOO, the hysteresis loop tends to increase with 

increasing inertial force along the dotted line up to a maximum 

inertial force when the inertial force is relatively large. This indi

cates that laterally spreading soil has the characteristics of a liquid 

body similar to liquefied soil. However, the characteristics of the 

liquid body cannot be recognized for M-2-1SO and M-2-300. 
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Figure 4. The relations between inertial force and displacement at 
pi le head for models M-l and M-2 . 
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4 CHARACTERISTICS OF SUB GRADE REACTION 

4.1 Characteristics of subgrade reaction in liquefied soil 

To clarifY whether the sub grade reaction in liquefied soil has the 

characteristics of solid ground or fluid ground, the relation be

tween subgrade reaction of C-Pile Pc and soil shear stress in N

Ground 1: '" and the relation between sub grade reaction Pc and 

effective normal stress ratio (a o'-U..)/ a 0' at a depth of IScm for 

M-I-ISO and M-I-SOO are shown in Fig. S and Fig. 6. For M-I

ISO, where the minimum effective normal stress ratio equals about 

0.3, the subgrade reaction has negative correlation to shear stress 

in N-Ground. This indicates that the sub grade reaction acts on a 

pile as a reaction force before liquefaction. However, sub grade 

reaction has positive correlation to shear stress in N-Ground for 

M-I-SOO. This indicates that subgrade reaction acts on a pile as an 

external force after liquefaction. The relation between Pc and 

(a o' -Un)! a 0' for the liquefied model as shown in Fig. 6(b) traces 

a similar relation between shear stress and effective normal stress. 

That is, sub grade reaction occurs due to reduction of excess pore 

water pressure and recovery of effective normal stress. 

The relation between sub grade reaction and relative displace

ment between C-pile and N-Ground, and the relation between 

subgrade reaction and relative velocity for M-I-SOO are shown in 

Fig. 7. The relation between subgrade reaction and relative dis

placement trace triangular loops due to the cyclic mobility of 

liquefied soil, while the relation between subgrade reaction and 

relative velocity trace circular loops due to the phase lag between 

them. However, the thick broken straight line shown in Fig. 7(b) 

indicates that subgrade reaction is proportional to relative veloc

ity when subgrade reaction is very small and cyclic mobility 
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Figure 5. The relations among subgrade reaction of C-pile, shear 
stress and effective normal stress ratio in N-Ground for M- I-150. 
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Figure 6. The relations among subgrade reaction of C-pile, shear 

stress and effective normal stress ratio in N-Ground for M-I-500. 
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Figure 7. The relations between subgrade reaction and relative 

displacement, and relative velocity for M-I-500 . 

doesn't occur. The subgrade reaction then slightly increases with 

increasing relative velocity, and abruptly increases with decreas

ing relative velocity, so the hysteresis loops inversely turn round 

(Suzuki & Adachi, 200 I). 

This shows that the subgrade reaction in liquefied soil is large 

and is attributed to the shear stress in liquefied soil due to cyclic 

mobility, while it is small and is attributed to the relative velocity 

due to the characteristics of a fluid body. 

4.2 Characteristics of subgrade reaction in laterally spreading 
soil 

To clarifY whether the sub grade reaction in laterally spreading soil 

has the characteristics of solid ground or fluid ground, the relations 

between subgrade reactions ofR-Pile Pr and ofC-Pile Pc, and shear 

stress in N-Ground 1: n' the relation between Pr and effective nor

mal stress ratio in Q-Ground ( a 0' -Uq) / a 0' and the relations be

tween Pc and that in N-Ground ( a o'-Un) / a 0 ' at a depth of2Scm 

for M-2-300 and M-2-S00 are shown in Fig. 8 and Fig. 9. The 

subgrade reaction of model M-2 occurred only on one side due to 

lateral spreading, and the subgrade reaction ofR-Pile, which is the 

nearest pile to the quay wall , Pr is larger than Pc. However, the 
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Figure 8. The relations among subgrade reaction , shear stress and 
effective normal stress ratio for M-2-300. 

c: 
o 
... 
o 

'" ~ 
" 

~ Depth : 25cm a-Ground Depth : 25cm "'",r_:l100'-- ~ ~~-'-~~ ~-' ~=~~~~o 
'-- --~--~ -- ~--~--~ ~ 

o 1. 2 2. 4 0 0.5 1.5 

Shear Stress "" (kPa) Effecti ve Norma l Stress Rati o { CTO'-Uq} / CT
O
' 

E 2oor-~~~.---~---' 
3 (c) 

<l. u 100 

§ 

... 
o 

'" ~ 

" 

o 1----==;iII. 

~ -1 00 ~=~~~~O 
" N- Ground Depth : 25cm 
'" -2ooL-~~~...L ~~ ~-' 

M-2-500 
C-Pi Ie 
N-Ground Depth : 25cm 

-2 . 4 -1. 2 1. 2 2. 4 0. 5 

Shear Stress " " (kPa) 

Figure 9. The relations among subgrade reaction, shear stress and 
effective normal stress ratio for M-2-500 . 

1. 



2044

sub grade reaction has positive correlation to shear stress in N

Ground similar to the liquefied model ofM-I-500. This indicates 

that subgrade reaction acts on a pile as an external force during 

lateral spreading. The relation between Pr and effective normal 

stress ratio in Q-Ground «(J o' -Ur)1 (J 0" and the relation between 

Pc and effective normal stress ratio in N-Ground «(J o' -Un)1 (J 0' 

trace similar relations to the liquefied model ofM-I-500 shown in 

Fig. 6(b). This indicates that the subgrade reaction occurs due to 

reduction of excess pore water pressure and recovery of effective 

normal stress in laterally spreading soil as well as in liquefied soil. 

Thus, the subgrade reaction of piles in laterally spreading soil 

occurs due to reduction in excess pore water pressure depend on 

volume dilation of lateral spreading and recovery of effective nor

mal stress. This indicates that laterally spreading soil has the char

acteristics of solid ground similar to liquefied soil when the 

subgrade reaction of piles is large. 

4.3 Subgrade reaction and pile stress in R, C and L-piles 

The relation between normalized inertial force Q/ Q\,max and nor

malized total subgrade reaction P/Q\,maX' which is defined as Q\ and 

P normalized maximum inertial force Q\ max ofR, C and L-Piles for 

M-2-300 and M-2-500 shown in Fig. 10 'and Fig. 1 L The sub grade 

reaction of R-Pile is obviously larger than that of the other two 

piles in both cases, For M-2-300, the normalized subgrade reac

tion ofR-Pile is nine times larger than the maximum inertial force 

at the pile head in laterally spreading soil. The inertial force at the 

pile head is relatively large when the subgrade reaction is large for 

M-2-300, but is very small for M-2-500. This indicates that lique

fied soil becomes a liquid body, and sub grade reaction becomes 

relatively small when inertial force is relatively large for M-2-500, 

but liquefied soil is a solid body, and sub grade reaction becomes 

relatively large when the inertial force is relatively large for M-2-

300, These results show that normalized subgrade reaction in lat-
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Figure 10. The relations between normalized inertial force and 
normalized total subgrade reaction in laterally spreading soil for 
M-2-300 . 
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Figure II . The relations between normalized inertial force and 

normalized total subgrade reaction in laterally spreading soil for 
M-2-500 . 
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Figure 12. Maximum pile stress distributions in R, C and L-Piles. 

erally spreading soil becomes small when input acceleration be

comes large and the degree ofliquefaction is large. This is an oppo

site tendency in liquefied soil (Adachi, et. aI. , 2004). 

Fig. 12 shows the maximum distributions of bending moment, 

shear force and subgrade reaction ofR, C and L-Piles for M-2-500. 

The inertial force ofthe structure, namely, shear force at pile head, 

is shown in Fig. 12(b). The subgrade reaction ofR-Pile nearest the 

quay wall is two or three times larger than those ofC-Pile and L

Pile, because the ground movement varies with distance from the 

quay wall. The maximum bending moment distribution of the R

Pile is clearly different in shape from those ofC-Pile and L-Pile, 

because R-Pile undergoes large lateral force from the ground. This 

tendency is made clearer in the distribution of shear force. Due to 

the movement of the quay wall, a shear force opposite to the 

inertial force is produced at the head ofR-Pile, and the shear force 

ofR-Pile at the layer boundary is greater than those of the other 

two piles. It has been pointed out by Tokimatsu & Asaka (1997) 

that, although grouped piles are fixed at there heads, individual 

piles are subjected to different forces from the surrounding soil. 

Therefore, it should be noted that an excessive shear force acting at 

the head of the pile nearest the quay wall possibly occurs if the 

direction of sub grade reaction and inertial force is inverse. 

5 CONCLUSIONS 

Based on the above, the following conclusions may be made: 

(I) The lateral ground force acting on a pile in laterally spread

ing soil as well as in liquefied soil has the characteristics of solid 

ground due to decrease in excess power water pressure and recov

ery of effective normal stress after liquefaction. 

(2) The lateral ground force acting on a pile near a quay wall 

becomes nine times larger than the maximum inertial force at a pile 

head in laterally spreading soil. 

(3) It should be noted that an excessive shear force acting at the 

head of the pile nearest the quay wall possibly occurs, if the 

direction of the subgrade reaction and inertial force is inverse. 
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