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Investigations on Stability of Saturated Sand Foundations 

and Slopes against Liquefaction

Recherches sur la stabilité des fondations et des talus en sable saturé dans le but d ’éviter le 

phénomène de la liquéfaction

by H u a n g  W e n -X i , Institute of Hydrotechnical Research, Academia Sinica and Ministry of Water Conservancy 
and Power, Peking, P.R.C.

Summary

The author discusses how a saturated sand mass liquefies 
under dynamic action, pointing out that the key to the solution 
of the liquefaction problem is to find out the relationship connect­
ing the developed pore pressure, the density of the sand, the 
intensity of the dynamic action and the state of stress of the sand 
mass. Experimental determination of this relationship is described, 
and methods of adapting the experimental findings to the stability 
analyses of saturated sand foundations and slopes are discussed.

Sommaire

L 'auteur discute comment un massif de sable saturé soumis 
aux actions dynamiques se liquéfie. Il indique que la clef de 
la solution du problème de la liquéfaction est de trouver la relation 
entre la pression interstitielle développée, la densité du sable, 
l’intensité de l'effort dynamique et l’état des contraintes du massif 
de sable. La détermination expérimentale de cette relation est 
décrite et les moyens utilisés pour adapter les résultats expéri­
mentaux à l’analyse de la stabilité des fondations et talus en 
sable saturé sont discutés.

T he problem  o f liquefaction o f  a sa tu ra ted  sand m ass 

subjected to  earthquakes, blastings and  o ther dynam ic 

ac tions has been actively studied  by m any investigators for 

m ore than  tw o decades [1 to  6]. Y et m uch con troversy  still 

exists, and  a satisfactory  criterion  fo r the stab ility  o f  sa tu ­

ra ted  sand foundations and  slopes against liquefaction has 

yet to  be established.

T he particles o f  loose sand will be consolidated  when sub­

jected  to  repeated change o f  state  o f  stress due to  v ib ra tion , 

an d  for sa tu ra ted  sand m ass such com paction  will undergo  

tw o stages. V ibrations will loosen the m utual con tacts  bet­

w een the sand  particles and  throw  them  successively into 

suspension. D uring  th is stage the to tal pressure acting on  the 

sand  m ass will be gradually  transm itted  from  the soil ske­

le ton  to  the pore w ater, and  the pore pressure will g radually  

increase until a m axim um  value is reached. A t this instant 

the shear strength  o f  the sand m ass is greatly  reduced, and  

it m ay  s ta rt to  flow as a viscous fluid. D uring  the second stage, 

due to  the establishm ent o f  the pore pressure, drainage of 

the pore w ater begins, and  the suspended sand particles will 

gradually  settle out and  rearrange them selves into a m ore 

com pacted  stale. T he pressure will then be transm itted  from  

the w ater to  the soil skeleton, and  th is re-establishm ent o f 

effective pressure will restore the stab ility  o f  the soil mass.

T he m agnitude o f  the m axim um  pore w ater pressure deve­

loped in the sand  m ass during  the process o f v ib ra tion  has 

been found to  be affected n o t only  by the density  and  o ther 

physical properties o f sand , but also by the intensity  and  

o ther characteristics o f  the dynam ic ac tion , and , m oreover, 

in a  very im portan t w ay by the original state  o f  stress in the 

sand. H ence the key to  the so lu tion  o f  the liquefaction p ro ­

blem of a  given sand m ass is to find o u t the relationship  

connecting  these factors.

Experim ents perform ed so far [1, 2, 4, 6] were carried  out 

on  sa tu ra ted  sands packed in la terally  confin ing  cylinders. 

In  such cases the ra tio  between the induced la teral pressure 

c 3 and  the  vertical pressure acting on the surface o f  the

sand m ass is alw ays equal to  the coefficient o f  ea rth  pressure 

a t rest K 0, or

= *o

Since this k ind  o f  experim ents represents only  one very 

specific state  o f loading  to which the sand  mass is subjected, 

it is ev ident th a t the testing results thereby obta ined  canno t 

be applied  directly  to  solve the liquefaction problem  o f  sand 

foundations or slopes, wherein the ra tio  c z/al  o f the stressed 

sand m ass a t an y  poin t is generally  different from  K 0.

In o rder to ob ta in  m ore general testing results so th a t 

they m ay be used to  solve the liquefaction problem s o f sand 

foundations an d  slopes, experim ents should  be perform ed 

on triax ia l com pression  m achine with specific loading devices.

Let ffj and  c 3 be respectively the m axim um  and m inim um  

principal stress due to static loading  a t any  po in t in a given 

sand foundation  o r slope, and  let ~  A c v and  ^  A g 3 be 

respectively the increm ents o f the m axim um  and  m inim um  

principal stress due to  dynam ic loading. In  o rder to  find the 

m axim um  pore pressure developed a t the sam e poin t under 

a  given dynam ic ac tion , the experim ental sam ple m ust be 

loaded vertically  and  la terally  w ithin the prescribed lim its 

<*i z i  - l° i an d A<j 2 respectively. F o r sim plification

the test m ay be perform ed on an  o rd inary  triax ia l com pres­

sion m achine w ith the la teral pressure kept constan t at 

c 3 —  zlcr3 du ring  test. T he m achine is laid on  a  v ibra tion  

tab le  which can  be v ibra ted  vertically , and  the sam ple is 

loaded  vertically  w ith weights. W hen the tab le  is set into 

vib ra tion  with acceleration “ a ” , the vertical stress on  the 

sam ple will change between the specified lim it — - ^ i»

in which A<sx =  a,-* A typical set o f  test results are given 
g

in Figs 1-3 inclusive in o rder to  illustrate how the developed 

pore  pressure (w) varies w ith the density  (yd) o f  a given sand  

(a silty sand  w ith d50 =  0*09 mm and  un ifo rm ity  coef. =  1*4), 

the in tensity  o f  v ib ra tion  and  the original state  o f stress in 

the sand  mass.
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The relation among «/o3 (developed pore pressure/ min, 
principal stress), <Ii/cf3 (max. principal stress/min. 
principal stress) and c3 (min. principal stress) for a 
given dry density of sand y d =  1*45 gm/cm3 and a 
given intensity of dynamic action a — 0-1 g cm/sec.2.

Relation entre m/ct3 (pression interstitielle développée/ 
contrainte principale minimum). csja3 (contrainte 
principale maximum/contrainte principale minimum) 
et o3 (contrainte principale minimum) pour une 
densité sèche donnée du sable = 1,45 gm/cm3 et une 
intensité donnée de l'effort dynamique a =  0,1 g cm/ 
sec.2.

The relation among m/ct3 (developed pore pressure/min. 
principal stress), oJoa (max. principal stress/min. 
principal stress) and y d (dry density of sand) when 
the min. principal stress " c3 " and the intensity of 
dynamic action " a " are kept constant.

Relation entre w/o3 (pression interstitielle développée/ 
contrainte principale minimum), ox/o3 (contrainte 
principale maximum/contrainte principale minimum) 
et Yd (densité sèche du sable) lorsque la contrainte 
principale minimum « o3 » et l’intensité de l’effort 
dynamique « a » sont restées constantes.

F :g, 3 The relation among w/o3 (developed pore pressure/ 
min. principal stress), (max. principal stress/
min. principal stress) and a (intensity of dynamic 
action) for a given dry density of sand vd =  1-45 gm/ 
cm3 and a given min. principal stress a3 =  0-2 kg/cm2.

Relation entre w/a3 (pression interstitielle développée/ 
contrainte principale minimum), o1/o3 (contrainte 
principale maximum/contrainte principale minimum) 
et a (intensité de l’effort dynamique) pour une densité 
sèche donnée du sable y a =  1,45 gm/cm3 et une 
contrainte principale minimum donnée ct3 =  0,2 kg/ 
cm2.

Using the experimental results thus obtained, it is possible 
to determine the maximum pore water pressure developed 
a t any point in a given sand foundation or slope under any 
given dynamic action. The shear strength at any point along 
any assumed rupture surface can thus be determined, and 
the stability safety factor o f the foundation or slope 
can be calculated, for example, by the usual sliding circle 
method.

By means o f the method suggested above, it is possible 
to determine in a quantitative manner whether the foundation 
or slope is stable against liquefaction under any dynamic 
action. Should there be any danger of liquefaction, measures 
for its prevention can be devised according to the following 
principles. They are : (1) reduction o f the intensity o f the 
dynamic action, (2) increase o f the density of sand, (3) impro­
vement of the stress condition o f the foundation o r slope 
(e.g., increase o f cr3 or decrease of (c^ —  c3), and (4) provision 
of effective drainage. The preventive measures usually adopted 
in the case o f barrages on sand foundations include the 
decrease o f the intensity of vibration through the reduction 
of discharge per unit length and the modification of the shape 
of the cross-section o f the structu re; the use of an upstream 
or downstream blanket to increase the surcharge on the 
sand m ass; the compaction of loose sand foundations by 
means of blasting or vibroflotation ; and the removal of a 
loose sand layer by excavation. In addition, one o f the best 
preventive measures is to drive sheet piles around the founda­
tion, because by so doing the lateral pressure in the region 
enclosed by the sheet piling is increased, and the liquefaction 
of that portion of foundation outside the sheet piling will 
not extend to the enclosed portion. To prevent liquefaction 

o f sand slopes the most usual measures adopted include the
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increase in the degree o f  com paction  o f  sand  the decrease 

o f  slope (i.e., to increase the a 3/cy1 ra tio) and  the increase o f 

the thickness o f  the surface rip rap  (i.e., to  increase the value 

o f  <r3). S tability  against liquefaction is also largely influenced 

by the perm eability  o f the sand. In the ca se 'o f fine sand  with 

sm all perm eability , liquefaction will last longer, and  thus 

during  the tim e in terval tha t the energy w ave due to  v ibra­

tion  is being transm itted  th rough the sand  m ass, the m axi­

m um  degree o f liquefaction m ight occur sim ultaneously  at 

all po in ts  in the foundation  or slope. O n the o ther hand, in 

the case o f  coarse sand with large perm eability , this type of 

synchron ism  is m ore unlikely  to  occur. F o r the sam e reason, 

it is ev iden t th a t by p rovid ing  m ore effective drainage in a 

sand  mass its s tab ility  against liquefaction will be definitely

im proved. In  the experim ents described in the present paper 

no  drainage is provided, so th a t the  results e rr  tow ards safety.
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