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Liquefaction of Saturated Sandy Soils

Liquéfaction de sols sableux saturés

by V. A. F l o r i n , Professor, D o c to r o f  T echnical Sciences, A ssociate M em ber o f  the U S S R  A cadem y o f Sciences, 

In stitu te  o f  M echanics o f  the U S S R  A cadem y o f  Sciences, 

an d  

P. L. I v a n o v , D ocen t, C and ida te  o f  Technical Sciences, L eningrad  Poly technic Institu te .

Summary

The authors give results obtained from theoretical and 
experimental research on the liquefaction of saturated sandy 
soils undertaken by them, in the Laboratory of Soil Mechanics 
of the Institute of Mechanics of the U.S.S.R. Academy of Sciences 
and in the Leningrad Polytechnic Institute.

Laboratory investigations have been carried out on various 
kinds of disturbances affecting saturated sandy soils and causing 
their liquefaction. The authors also give the results of studies 
on the grain-size composition and density of sands, shape of 
particles, entrapped gas content, initial stress condition, intensity 
and character of disturbances causing a collapse of the structure 
of the soil. Theoretical relationships are given which connect 
the process of consolidation in the liquefied soil with the time 
during which the sand is in a liquid state. These relationships 
largely determine the probable movements of both structures 
and liquified masses of soil.

Finally, the « method of standard blasting » worked out by 
V. A. Florin and widely used in the Soviet Union is recommended 
as being suitable for field investigations of the phenomenon 
reviewed.

The liquefaction o f  sa tu ra ted  sandy soils m ay  be described 

as the m echanical b reakdow n o f the structure  o f the sand 

as well as by  physical and  chem ical processes which tend  to 

occur in soils, and  in particu lar, by  th ixo tropy . (This is the 

p roperty  possessed by  som e gels o f becom ing fluid when 

stirred, and  o f re tu rn ing  to the je lly  state w hen stirring  ceases).

This paper discusses on ly  those cases o f soil liquefaction 

which are observed in pu re  sands and  w hich are  o f a  m echa­

nical nature . T he phenom enon o f com plete o r partia l loss o f 

the bearing  capacity  o f a soil, also the transition  o f the sand 

in to  the state o f flow due to collapse o f the structure and  dis­

placem ents o f grains o f  sa turated  sand follow ed by the fo rm a­

tion  o f a  new, denser sedim ent and  by  the decrease o f the 

porosity  o f  the sand, should be described as liquefaction of 

sandy soil.

L iquefaction consists in b reaking dow n the structure, and  

liquefying the soil m ass itself w ith subsequent consolidation . 

T hus the conditions necessary fo r liquefaction  are : the 

collapse o f the structure, w ith the possibility  o f sand  conso lida­

tion and  either partia l o r com plete sa tu ra tion  o f the sand 

with water.

Because o f the great variety  o f factors causing the collapse 

o f a  sand structure, the au thors propose th a t the crite rion  o f 

collapse o f the soil structure should be n o t the “critical void 

ra tio ” o r the density  o f the sand, bu t “ critical” values o f the 

intensity  o f  dynam ic d isturbance, stress cond ition  o f  the soil 

o r weight o f surcharge, and  hydraulic g rad ien t o f  w ater flow 

through  it.

Sands m ay  pass in to  a state o f e ither com plete o r partia l 

liquefaction. C onsidering individual particles o f the sand  or

Sommaire

Le présent rapport contient quelques résultats des études 
théoriques et expérimentales des phénomènes de liquéfaction 
de sols sableux saturés qui ont été effectuées aux Laboratoires 
de Mécanique des sols de l’institut de Mécanique de l’Académie 
des Sciences de l’U.R.S.S. et de l’institut Polytechnique de 
Leningrad.

Les auteurs décrivent des études de Laboratoire de la liqué­
faction de sols sableux soumis à diverses influences.

Ils exposent l’influence sur les phénomènes de liquéfaction de 
la granulométrie et de la densité apparente des sables, de la forme 
des grains, de la teneur en gaz occlus, de l’état initial de contraintes 
du sol, de l’intensité et du caractère des influences provoquant 
la rupture de la structure du sol.

Ils proposent des relations théoriques, relatives au processus 
de consolidation des particules d’un sol liquéfié perm ettant en 
particulier, le calcul de la durée pendant laquelle le sable se 
trouve à l’état de liquéfaction. Ces relations déterminent en 
grande partie les mouvements possibles d’ouvrages et de masses 
de sol liquéfié.

Pour les études « in situ » du phénomène de liquéfaction, on 
propose d ’employer « la méthode d’explosions uniformes » 
mise au point par V. A. Florin. La méthode est largement 
employée en U.R.S.S.

different areas in hom ogeneous soil, regardless o f the static 

hom ogeneity  o f  the to ta l volum e o f soil, the stress condition  

is different fo r each ind iv idual particle. D ifferent shape and  

size o f iso lated  particles account fo r a different num ber o f 

contac ts betw een them  and  different stresses. As a result, even 

insignificant d isturbances like filtration  will cause n o t only 

com plete b u t also partia l collapse o f the structure  o f the sand 

due to  displacem ents o f  ind iv idual unstab le  particles o f sand 

subjected  to  m inim um  stress. By averaging the variable 

q u an tity  o f  the displaced sand  particles, the au thors ob tain  

“ the degree o f break-dow n” , o f the structure o f the sand and  as 

a result “ the degree o f liquefaction” , o f the sand. T he degree of 

b reakdow n o f the structure, o r liquefaction m ay be expressed 

as a percentage o f the breakdow n o f contacts, displacem ent 

o f all particles and  com plete liquefaction o f the soil.

T he effect o f liquefaction on the strength  and  stab ility  o f 

structures is evalua ted  n o t on ly  by its am oun t o f liquefaction, 

bu t also by its character. The possible m ovem ents o f structures 

are largely influenced by  the tim e during  w hich the sand 

in  a liquid state and  by the viscosity o f the liquefied m ass of 

the soil.

The tim e o f  liquefaction depends upon  the thickness o f 

the liquefied stra tum  o f  the sand, the perm eability  o f the 

sand, varia tion  in  the volum e of voids in the process o f 

consolidation , in tensity  o f draining, location  o f the drainage 

system  in the body o f a  struc tu re  and  the d u ra tion  o f dynam ic 

load  causing collapse o f  the sand  structure.

F o r several years the au thors carried  ou t num erous labo ra­

to ry  and  large-scale field investigations on  several large hy d ro ­

electric developm ents. U nder labo ra to ry  conditions, tests
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were perform ed on  special im pact-and-vibrating  tables and  

in flumes. Tests were also carried ou t under practical cond­

itions on sands w hich were placed bo th  natu ra lly  and  hydrau- 

lically.

The m ain  features o f sand transfo rm ation  in to  the liquefied 

state are the decrease o f its porosity  and  a tem porary  increase 

o f poo r w ater pressure. U nder these conditions, m easurem ents 

have been m ade o f changes in the porosity  o f the sand by 

using deeply sited reference poin ts and  an  electrical m ethod 

to  m easure porosity , based on the relationsh ip  between 

the specific electrical conductiv ity  o f the soil and  tha t o f the 

pore w ater. Sim ultaneously changes in the pore w ater pres­

sures have been m easured using special m em brane-type 

inductive cells. In  addition , observations were m ade on  the 

velocity a t which heavy bodies sank in to  the sand.

In  im pulse tests, loose sa turated  sands were readily  concer­

ted in to  a com pletely liquefied state over the entire depth 

o f the stratum . The curves representing  m axim um  excess 

hydrau lic  pressure were o f  triangle shape (Fig. 1 a) and  the
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Fig. 1

T he initial d is tribu tion  o f head in a  stratum  o f com pletely 

liquefied sand m ay be expressed by the following equation  

(Fig. 2) :

h =  ^ ? (.S  —  x) + x ,
T w

( i )

where :

Yj, =  y ' +  y ,„ — un it weight o f com pletely liquefied soil,

Y' —  u n it weight o f suspended sand,

Y,„ —  u n it w eight o f w ater.

U— 5 — I

Fluctuations of maximum excess water pressure due to 
successive impact influences and consolidation of 
a sand stratum  in completely liquefied state. 

Variations des surpressions maxima dans l’eau sous 
l’effet de percussions successives et consolidation de 

la souche sableuse totalement liquéfiée.

pressure corresponded  to  the weight o f the w aterlogged 

stra tum  w ith suspended sand  particles (y p <=» 2 gm /cm 3). W ith 

the increase o f sand density , the influence o f stress condition  

o f  the sand determ ined by the weight o f overburden  tends to  

be greater, and  in the low er layers o f the soil n o  liquefaction 

occurs. Because o f the pressure o f con tac t betw een sand  p a r­

ticles, g reater in tensity  o f dynam ic d isturbance is required  

to  break dow n the structu re  o f the sand than  the structure 

o f its upper layers, and  as a result the curves representing 

m axim um  excess pressures a t subsequent im pulses are o f 

trapezoidal shape (Fig. 1 a).

The conso lidation  o f  sand in com plete liquefaction does 

n o t depend on  the in tensity  o f dynam ic d isturbance, and  in 

the case o f  local liquefaction the increase o f the in tensity  of 

dynam ic d istu rbance leads to expansion  o f the liquefied 

zone on ly  bu t n o t to  an increase in density  o f sand  conso l­

idation.

As soon  as the sand passes in to  a state o f com plete lique­

faction, the replacem ent o f  particles o r sand conso lidation  

takes place follow ed by  squeezing the w ater ou t o f the voids 

in the soil. The curves representing  the d istribu tion  o f excess 

w ater pressure for different tim es, are o f trapezoidal shape 

(Fig. 1 b). T he shape o f these curves is evidence th a t for 

each m om ent o f  tim e there is a boundary  betw een the conso l­

idated  p a rt o f  the sand and  the sand in a liquid state. The 

process o f particle replacem ent starts in the low er p art o f the 

sand stra tum , the boun d ary  between the consolidated  and  

liquefied sand being m oved in the d irection o f the surface of 

the soil. T he upper layers o f the soil rem ain  liquefied m uch 

longer, and  in these layers there is m uch greater displacem ents 

o f the liquefied soil o r m axim um  sinking o f heavy  bodies.

Fig. 2 Distribution of heads in a stratum  of completely liquefied 
sand.

Répartition des charges dans la couche de sol totalement 
liquéfiée.

T he density  o f the sand changes, in general, a t the con tac t 

surfaces betw een the liquefied and  non-liquefied sand  stra tum . 

C om posing the equation  o f w ater equilibrium  in elem entary  

boun d ary  layer, and  considering the conditions fo r seepage 

o f the squeezed w ater th rough  a m edium , we ob ta in  the fo llo­

wing :

Yu
(2)

K  y  ' 1 — « 

where :

K  —  coefficient o f  seepage,

n0 —  initial porosity ,

n —  porosity  after sand consolidation .

T he curves representing heads and  velocity o f  m ovem ent 

o f the boun d ary  o f  the liquefied soil obtained  by equation  (2) 

agree very well w ith the experim ental values.

In  con trast to  shocks, v ibrations do n o t cause liquefaction 

over the w hole stra tum  o f the soil. The process proceeds in 

layers : the first v ibrations liquefy the upper layer which 

carries a com paratively  light load . This reduces the pressures 

o f overburden  on  the low er layers and  as a  result the la tte r 

pass in to  the liquid state w ith la ter v ibrations. T he zone o f  

liquefaction extends dow nw ards. (Fig. 3a). As soon as the

ex cès? poze p zessu ie , cm. of w ate 7 coeumn

Fig. 3 D istribution of excess pressure in a sand stratum  acted 
on by vibrations.

Répartition des surpressions dans une couche de sable 
soumise aux effets de la vibration.
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entire stratum  o f sand is liquefied, the process o f particle 

replacem ent o r consolidation  occurs, pressures in the pore 

w ater decrease and  the boundary  o f the consolidated  soil 

moves upw ards.

The supplem entary  consolidation  which takes place in the 

consolidation  portion  o f the soil is due to  the action  o f  con ti­

nuous vibrations (Fig. 3 c).

M any engineers believe th a t only  fine sands m ay be lique­

fied. H ow ever, experience based on  labo ra to ry  investigations 

has show n th a t all sufficiently loose, cohesionless soils of 

any  grain-size m ay be liquefied, becauses this is only  an  in ter­

m ediate phase in the process o f  consolidation  o f cohesionless 

soils, acted on  dynam ically. D ue to  high perm eability, the 

tim e during  w hich the liquid state lasts is m uch less for 

coarse-grained soils than  for fine-grained ones (Fig. 4). Since
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Fig. 4 Influence of grain-size composition of sand on the period 
of time within which the sand remains liquid.

Influence de la granulométrie des sables sur le temps 
pendant lequel la couche de sable se trouve à l’état 
liquéfié.

the liquid state lasts for only  a sho rt tim e, the liquefied masses 

o f soil have no  tim e fo r displacem ents, so th a t there is prac­

tically no indication  th a t the phenom enon o f liquefaction 

occurs in  coarse-grained soils.

T he initial stress cond ition  for sa tu ra ted  sandy  soil deter­

m ined by  the w eight o f  the overburden  o r ex ternal applied 

load, reduces the possibility  o f sand liquefaction. Increase 

o f loads dem ands considerable increase o f  the dynam ic dis­

turbance required  to  cause a collapse o f the structure o f the 

sand and  to liquefy it. As a result o f m any  field observations, 

the au thors reached the conclusion th a t at depths ranging 

from  abou t 10 to  15 m etres below ground level, even very 

loose sand can hard ly  be liquefied. Surcharge w ith any  

m aterial can  be used as a m ethod o f reducing sand liquefaction.

The use o f d rain ing surcharge reduces no t only  the possibi­

lity o f sand liquefaction bu t also, if liquefaction has already 

occured, the period during which it will continue. As the 

impulse tests have show n, even sm all d rain ing surcharge 

will reduce the tim e o f the liquid state tenfold. (Fig. 5).

W ith a d rain ing surcharge the process o f secondary consol­

idation  o f soil goes on  sim ultaneously both  in upper and 

lower parts  o f the liquefied sand stratum  (Fig. 6). In  the lower 

p art o f the stra tum  consolidation  is due to  the weight of 

particles. This consolidation  m ay be evaluated  by equation

(2). In  the upper p a rt o f  the stra tum  consolidation  is due to 

the w eight o f the surcharge. C onsidering the conditions for 

seepage o f the w ater squeezed ou t o f the voids in the soil 

water, we can  ob ta in  the follow ing relationship  which enables 

us to  locate the upper boundary  o f the liquefied stra tum  a t 

different intervals o f tim e :

(3)

B
1 + -  (S  —  r2) 

A
■ (S —  r 2)

numffez o f  im p act s

Fig. 5 Influence of the intensity of draining surcharge on the 
period of time within which the sand remains liquid.

Influence de l’intensité de la surcharge de drainage sur 
le temps pendant lequel la couche de sable se trouve 

à l’état liquéfié.

h 5 q.

Fig. 6 D istribution of heads in a stratum  of liquefied sand 
influenced by draining surcharge.

Répartition des charges dans la couche de sable liquéfié 
en présence de la surcharge de drainage.

where :

q 1 —  n
A = —  K.-,—  • --------- ;

- y„ ,  n0 —  n

B =  — • -X [ j f  (1 _  „ ) _  Ko( 1 —  «)].

«o — " Y w
From  equations (2) and  (3) we can  determ ine the tim e 

during which the sand stra tum  will rem ain  in a liquid state. 

W ith the increase o f stress due to  the weight o f the soil itself, 

o r to an  externally  applied load, the com paction  o f the sand 

considerably  decreases w ith the result th a t the d u ra tion  o f 

the liquid state will also be reduced.

D rains in the sand mass also provide the conditions for 

rapid  expulsion o f w ater from  the voids in the liquefied soil. 

The tim e during which a 5-m etre thickness o f fine sand 

rem ains liquefied is given by equation  (2) and  is 27 m inutes,
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w ith the drain ing surcharge o f 5 kg/cm 2 —  2 m inutes, and  

w ith the supplem entary  drainage a t the base o f the stra tum  — 

it ranges from  20 to  15 seconds. This reduction  o f the time 

during which the sand rem ains liquefied results in im proved 

stability  bo th  of liquefied soil and  o f structures built upon it.

Shear strength o f a com pletely liquefied sand is determ ined 

m ainly by its viscosity. I f  the viscosity is sufficiently great, no 

significant displacem ents o f the liquefied sand occur even 

at the longer time dura tion  o f the sand in a  liquid state. 

W ith increase o f density, the viscosity o f the liquefied sand 

increase 20-30 times, the la tter having been observed when 

the unit weight o f the soil is considerably less than  th a t of 

the soil in the extrem ely dense condition.

L abo ra to ry  and  field investigations have show n th a t the 

presence o f en trapped  gas, the con ten t o f which m ay vary from

8 to 20 per cent, greatly  influences the process o f liquefaction 

o f the sand. The presence o f en trapped  gas considerably 

decreases the in tensity  and velocity o f p ropagation  (up to 

100 —  50 m /sec a t 7 to  8 per cent o f gas conten t) o f dynam ic 

disturbances and consequently  decreases the zone o f lique­

faction. W ith the increase o f en trapped  gas con ten t the com ­

paction  o f the sand due to  dynam ic d isturbance decreases, 

and  loose sands w ith relatively small en trapped  gas conten t 

do n o t pass in to  a liquid state.

The sands which are un iform  according to  their grain-size 

com position  w ith the sam e un it w eight o r porosity  m ay have 

different densities due to  different shape o f particles. F o r 

exam ple, the po rosity  o f fine poorly  rounded  sand which has 

a lim ited zone o f liquefaction is 45 per cent, while the porosity  

o f sand w ith analogous grain-size com position  bu t w ith well 

rounded particles is 38 per cent. I t  m ay  be advisable to  use 

the analogy m ethod for evaluating  the liquefaction o f sandy 

soil w ith cau tion , because this m ethod  is applicable only  to 

the grain-size com position  o f the sand.

T hus, the labora to ry  tests have show n th a t in several 

cases the phenom enon o f  liquefaction causes neither significant 

deform ation  n o r failure o f structures. Therefore, in  the design 

o f structures the assum ption regarding the possibility o f 

liquefaction can  be m ade, p rovided th a t due allow ance is 

m ade fo r possible harm ful effects. L iquefaction which is no t 

follow ed by  spreading o f  the soil causes only a  settlem ent 

o f the surface o f the soil, and  the perm issible value should 

be determ ined for each particu lar case depending on  the 

structure and  the purpose for which it is intended. I t  is n o te ­

w orthy th a t m ost hydraulic-fill dam s do no t require special 

m easures to  be taken  again t sand liquefaction.

Investigations also proved  th a t liquefaction p ropagation  of 

a “ chain reaction” type does n o t exist in nature . I f  the surface 

o f the soil is ho rizon tal no  liquefaction propagation  is likely 

to  occur. The local transform ation  o f the sand in to  a liquid 

state on  the inclined surface o f the soil m ay cause the loss of 

stab ility  in the ad jacen t d ry  soil, followed by failure o f this 

p art o f the soil. The necessary condition  for such p ropagation  

is a  certain  steepness o f slope.

R esearch in to  the possibility  o f liquefying sa turated  sandy 

soils under field cond itions m ay  be successfully perform ed by 

using explosives for deep blasting. In  o rder to  evaluate the 

results o f investigations and  to com pare blastings for different 

soil conditions, tests should  be m ade w ith charges o f equal 

dep ths and  weights. B lasting o f such charges is referred to  as 

“ standard  b lasting” . F o r investigations in to  the liquefaction 

o f a sand stra tum , 8 to  10 m etres deep, a  charge of am m onite 

has been chosen as “ s 'an d a rd ” . A w eight o f 5 kg o f explosive 

and  a depth o f 4-5 m etres o f overburden will ensure tha t 

there is no  expulsion o f soil during blasting.

W ithin a few seconds o f firing a standard  charge in a loose 

sa tu ra ted  sandy soil, gas expulsion and  surface settlem ent 

(Fig. 7), will be followed by  squeezing o f w ater through the 

pores. In  som e cases the w ater escapes as a concentrated  stream  

o r fountain , which in a  loose fine sand m ay last as long as

Fig. 7 Settlement of the surface of the soil after blasting of 
three standard charges.

Tassement de la surface de sol après trois explosions 
uniformes.

15-25 m inutes. W ith in  the limits o f the upper non -sa tu ra ted  

p art o f the soil a net o f concentric fissures will be form ed 

due to  settlem ent o f the surface. The length o f som e o f the 

fissures was 20-25 m. H eavy bodies tend to  sink in  a liquefied 

soil ; for exam ple, steel reinforcem ent bars 50 m m  in d ia­

m eter and  8-10 kg by weight sank as deep as 1-5-2-0 m.

Blasting o f standard  charges in dense sands results in less 

settlem ent, and  in several cases it does n o t occur a t all. There 

is no  visible evidence o f liquefaction and  neither do heavy 

bodies sink in to  the liquefied soil.

T he m ain criteria  for liquefaction o f sa turated  sandy  soils 

in re la tion  to  standard  b lasting are the m agnitude o f average 

settlem ent o f the surface o f the soil in a radius o f 5 m etres 

from  the place o f explosion and  the ra tio  o f settlem ent resulted 

from  three successive standard  blastings a t one place. Tests 

have show n th a t in case the average settlem ent in  a  rad ius 

o f 5 m etres is less than  8-10 cm there is no  need to  p rovide 

m easures against liquefaction. The greater the difference o f  

average settlem ent after three successive blastings, the looser 

will be the sand and  the greater is the possibility o f liquefaction. 

I f  the ra tio  betw een two successive blastings is greater than  

1:0,6 then  there is danger o f arising o f  an  undesirable spreading 

o f liquefaction.

T he m ethod  o f standard  blasting was used to  study the 

possibility  o f liquefaction o f n a tu ra l and  hydraulically  filled 

soil on  certain  R ussian  rivers.

The results o f som e o f the tests are  presented in the Table, 

w hich follows.

No. Soils

Poro­
sity
per
cent

Ground
water
level

meters

Number
o f

explo­
sions

Average 
Settle­

ment in 
a radius 
o f 5 m 

cm

Radius 
o f settle­

ment 
extension 

m

1 Sand, fine,
subrounded 44-45 0-5 1 22 25-30

2 — 43 10 1 17 20-22
3 — 41-42 0-3 1 16 16-18

— — 2 10
3 8

4 — 0-2 1 10 10-12
2 8

3 5
5 — — 0-3 1 1 8

6 Sand, fine, 38 0-2 1 5 10
well rounded

2 4
3 2

7 Sand, fine, 43 00 1 4 10-12
poorly rounded 2 2
(above water 3 3

sluicing)
8 — 46 10 1 24 20

(under-water 2 13
sluicing) 3 15

9 Sand, medium 37-38 0-3 1 7 3-10
2 7

10 — — 0-3 1 0 0
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O ne advantage of standard  blasting is the reliability  o f the 

results ob tained, particu larly  those associated w ith the estim a­

tion  of a large area o f soil subjected to  blasting effects. O ther 

advantages are sim plicity and  low cost. This m ethod m ay be 

used by geological survey expeditions as well as on  construc­

tion sites w ithout the need for special supplem entary  equ ip­

m ent.

All m easures against liquefaction o f soils m ay  be divided 

in to  two m ain categories : m easures preventing liquefaction 

(sand com paction , loading, etc.) and  measures for reducing 

the decreasing harm ful effects o f liquefaction (drainages 

sheet-pile bulkheads, drain ing  surcharges, etc.).

References

[1] T e r z a g h i , K. and P e c k , R. (1948). Soil Mechanics in 
Engineering Practice, New-York, London.

[2] F l o r i n , V. A. (1951). On the problem of liquefaction of
pure, saturated fine sands, Hidrotechnicheskoe Stroitel'stvo 
(Water Power Engineering), No. 7.

[3] — (1952). The phenomena of liquefaction and methods of
compaction of loose saturated sandy foundations, Izvestia 
(Proceedings) o f the U.S.S.R. Academy o f Sciences, No. 6.

[4] I v a n o v , P. L. (1956). Peculiarities of liquefaction of satu­
rated sandy soils influenced by drainage and surcharge, 
Izvestia (Proceedings) o f the U.S.S.R. Academy o f Sciences, 
No. 8.

[5] — S i d e r a s  s h ., A. (1957). Laboratory investigations in the
phenomenon of liquefaction of saturated sandy soils 
acted on by impact and vibration influences, Proceedings 
o f the Kaunas Polytechnic Institute, vol. VII, 1957.

Ill


