
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


3a/22

Questions of Seismic Stability of Submerged Sandy Foundations 
and Structures

Problème de la Stabilité aux Séismes des Constructions et Fondations sur les Sables Envahis 
par l’Eau

by N . N . M a s l o v , Leningrad Civil Engineering Institute, U.S.S.R.

Summary

This report treats of conditions of deformation and loss of stability 
by water-saturated sandy masses owing to seismic (vibrating) in
fluence on them.

The proposed formulae were subjected to experimental vérifi
cation. Many experiments both in the laboratory and in the field 
using spécial vibration installations with a capacity amounting to 
25 ton of water-saturated sand showed satisfactory results. The 
essence of the proposed system is the principle of the loss by the 
water-saturated sand under given conditions of a part of its shearing 
strength. This occurs as the resuit of the suspension of the sand 
grains by the ascending water flow, coming out of the sand stratum 
as a resuit of its additional compaction under vibration.

The theory derived is of interest for the évaluation of stability, of 
submerged earth slopes, foundations for machines with a dynamic 
regime, constructions on sandy foundations erected in seismic 
districts or subjected to a prolonged vibration. In the last case the 
problem of prolonged shear displacement of structures assuming a 
horizontal load is of particular importance.

The practice of building and utilization of structures erected 

on sand or made of sand has shown many instances where their 

stability was disturbed and where more or less serious deforma

tion took place. As a rule, such cases were associated with the 

submerged State o f the sand, and very often were accompanied 

by its complété dilution.

U nder these conditions the necessity arose to  work out 

objective methods which would help to  appraise the degree of 

stability as well as to foresee the conditions o f the deformations 

o f such lonstructions.

A t one time, for the sake of solving the first o f the above 

problems, A. Casagrande suggested as a  certain criterion, a 

well-known thesis about ‘critical porosity’ o f sand.

The theory of ‘critical porosity’ is undoubtedly a considér

able step towards solving this problem. However, the new 

instances of a breakdown of structures associated with sand 

where the porosity is below ‘critical’ and, on the contrary, the 

irreproachable behaviour of many structures with the sand 

porosity above ‘critical’, pointed out the insufficiency and 

inferiority of this criterion. In  this connection, the Soviet 

scientist N . M. Ghersevanov has made an im portant step by 

noting the great influence of vibration on the stability of the 

sand with the porosity above ‘critical’.

According to Ghersevanov’s hypothesis the vibration of such 

sands leads to the breakdown of their structure with loss of 

contact between the grains and the transition of the sand under 

such conditions into a State of suspension.

Ghersevanov’s theory which may be termed ‘The theory of 

dynamic breakdown of the structure of water-saturated sands’ 

(1937-1938) has found many followers in the U.S.S.R., such 

as, Professor M. N. Goldstein, Engineers V. V. Radina, N. N. 

Sidorov, E. D . Medkov and others, who have paid great

Sommaire

On examine dans ce rapport les conditions de déformation et de 
perte de stabilité des masses sableuses saturées soumises à une in
fluence sismique.

Les formules proposées ont fait l’objet d’une expérimentation 
rigoureuse aussi bien en laboratoire que sur le chantier, à l’aide 
d’installations vibratoires spéciales de grandes dimensions pouvant 
contenir jusqu’à 25 tonnes de sable mouillé et les résultats ont été 
satisfaisants.

L’idée essentielle de cette théorie est que les sables saturés, se 
trouvant dans les conditions indiquées, perdent une partie de leur 
résistance au cisaillement, par suite de la mise en suspension des grains 
de sable, dûe au mouvement ascensionnel de l’eau qui se dégage des 
couches de sable devenues plus compactes, à la suite d’une vibration.

Cette théorie intéresse particulièrement l’évaluation de la stabilité 
des talus de sable submergés, des assises de machines à régime 
dynamique, des constructions sur fondation sableuse érigées dans une 
région sismique ou soumise à une vibration de longue durée.

Dans ce dernier cas, le problème de la déformation de cisaillement 
prolongé des structures soumises à une poussée horizontale prend une 
importance toute spéciale.

attention to the working out o f the simplest methods of 

determining the actual value of critical porosity for différent 

sands under différent working conditions. In  the process of 

the work many original apparatus and methods were worked 
out.

A t the same time Goldstein and Radina, in their research, 

noted the presence o f the influence o f vibration intensity and the 

extemal applied load on the stability o f water-saturated sand. 

However, the very concept o f ‘critical porosity’ demanded 

reconsideration. A  decisive step in this direction was made by 

F l o r in  (1951) who logically proved the theoretical and practical 

failure of this idea. Moreover, the following experimental 

work of the author of this report, associated with the measuring 

o f the neutral pressure in pores in the water-saturated sand, 

showed that shearing action in the sand stratum  leads to its 

further thinning down. Thus, one of the most im portant and 

fundamental theses of the theory of ‘critical porosity’ was 
disproved.

The work of Florin and his followers laid the foundation of 

the theoretical investigation of this problem. Considering 

Ghersevanov’s conception they directed their research to  the 

studying of the period of time within which the sand remains in 

the diluted condition into which it was transm uted by vibration 
(1951).

Another ‘F iltration’ theory of dynamic stability o f the water- 

saturated sands was suggested and worked out by the 

author o f this report when seeking to  create an experimental 

apparatus which would give the quantitative expression of the 

conditions of seismic stability and deformation of the water- 

saturated sandy masses. He laid the foundation to this theory 

in 1935 in the process o f inspecting the conditions of the break- 

down of the head water slope o f a great earth dam. Since 1952,
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under the guidance of the author, this hypothesis has undergone 

a further theoretical and experimental study.

The research work was carried out in the A il-Union Research 

Institute o f Hydrotechnics (Vhiig)—engineer D. A. Trifonov- 

Yakovlev and others—and in the Leningrad Civil Engineering 

Institute (L.E.C.I.)—D ocent V. A. Ershov and others.

The development of this theory was based on a very wide 

range of experiments both in the laboratory and under field 

conditions. These experiments required some spécial dynamic 

equipment and measuring apparatus (see Fig. 1). Under field 

conditions the experiments were carried out on spécial vibrating 

installations with the capacity am ounting to 25 ton  o f the water- 

saturated sand (Figs. 2 and 3). The installations were equipped 

with the most up-to-date measuring apparatus, and with the

mass there arises an ascending filter flow with a certain gradient 

Iz, changing with the depth of strata z.

This condition is attained by using the surplus (dynamic) 

water head hz of the pore-water in the sand strata.

This water head naturally acquires its maximum value on the 

contact surface at the base of the stratum  and falls to  zéro on 

its open surface with Z  =  0.

Fig. 1 Laboratory installation for determining the dynamic para- 
meters of the water-saturated sand: coefficient and 
modulus of dynamic compactness Ao.

Installation de laboratoire pour l’évaluation des paramètres 
de sable saturé: coefficient t>o, et module Ao de compacité 
dynamique

use of electro-manometers with a reading device. An oscillo- 

graphic m ethod o f recording was used.

The essence of the ‘filtration’ theory, which found more than 

satisfactory confirmation and further development in the 

experiments, is as follows (see Fig. 4a).

W ith sufficiently intensive vibration as determined by the 

properties of the sand, and primarily by its compactness, the 

sand can be subjected to  further consolidation, the more so 

when its density is low and the vibration intensity high.

The further consolidation of the water-saturated sand is 

possible only if the water, superfluous for its new State of 

density, disappears.

In  the simplest case considered (one-axial load, the presence 

of the impermeable stratum) the water flow is possible only in 

the direction to the surface of the strata. Thus, in  the sandy

Fig. 3 Field vibration installation with horizontally directed 
oscillation with the capacity of 25 ton of the water- 
saturated sand

Installation vibratoire de chantier à vibrations horizontales, 
capacité 25 tonnes de sable saturé

experiments showed is practically constant when vibrated with 

accélération

a  <  0-5^ (g =  accélération of gravity)

The expression 1 may be read in the extended form :

Sdyn =  [(Yb-Z +  Pz) -  A .h ^ . l z n  4> -----  (2)
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Fig. 2 Field vibration apparatus with vertically directed oscillations 
with a capacity of 9 ton of water-saturated sand 

Installation vibratoire de chantier à vibrations verticales, 
capacité 9 tonnes de sable saturé

The water head nz acting in the stratum  brings the sand thick- 

ness to suspension and thus to the réduction of the shearing 

strength as expressed :

Sd yn  =  \J>st  ~  ^ A ] . t a n < £  -------( 1)

where p slal. =  normal pressure on the horizon considered with 

the depth Z  in static conditions; A =  spécifié gravity of water; 

<f> =  the angle of the internai sand friction as some spécial



where y* =  volume sand suspended in the water; pz =  

vertical stress at depth Z  due to the weight o f the external 

applied Ioad and the weight of the dry sand above the water 

horizon.

Evidently, with Ah: =  p st, the sand loses its weight com- 

pletely. U nder these conditions its shearing strength is equal 

to  zéro and decompaction of the sand occurs.

I t is clear that in this condition the sand cannot bear any 

load, and that it will not hold any slope.

A t the same time with ail the values hz >  0, the sand shearing 

strength in dynamic conditions appears to  be lower than in 

static (Sdyn. <  S s Obviously, in that case, with not 

enough stability o f the slopes or foundation, the disturbance of 

their stability is possible.

The further compacting of the sand seems possible only by 

intensive vibration above the critical value for the sand 

(principle of Savinov). Thus, the beginning of the pressure hz 

in the sand stratum  appears possible only with the accélération 

of the vibration a above its critical value.

The value o f acrit, which is determined for any sand by 

experiment, depends on the properties o f the sand: its density 

(a most im portant factor!), the amplitude and the frequency of 

oscillation. I t increases linearly with the norm al pressure im- 

posed by the overburden and the external applied load. In 

a général case, the critical accélération a t the depth Z  from

the surface o f the sand stratum  may be expressed by the 

foliowing relationship dependence:

it; z ^dyn Tz1

or in the extended form:

Kcr/'f; z —  ^ { [ ( Vd r y  ■ ^ d r y  "H Yb  ■ ̂  “f“ Pz)  ^  • ^ 2]  t a n  fj) Tr }

. . . .  (4)

where rz =  maximum tangential stress at depth Z, p2 =  pres

sure at depth Z  from the external applied load, considering the 

factor o f its distribution a t the depth, hdry =  sand stratum  

thickness above the water level. Thus, any phenom enon of 

dynamic character in  the water-saturated sand stratum  is 

completely ruled out if  the density o f the sand is such that 

the accélération a. is less than acrjt
The character o f the change of the critical accélération 

acrit. with the porosity of the sand n for différent kinds of sands 

is seen in  Fig. 5.

A new param eter is brought into the analysis, namely, the 

coefficient o f dynamic density :

V0  =
dn
Ht

. . . .  (5)

where n =  porosity of sand; t =  time.

Thus, the coefficient characterizes the rapidity of the com

pacting of the given sand, and appears to  be dépendent on  the

sand properties, its density (a most im portant factor!), the 

duration of vibration, the intensity o f dynamic influence, etc.

The coefficient v0 is associated with the intensity of dynamic 

influence (by accélération a) by the linear relationship. The 

dynamic water head hz for the simplest instance (one-axial load 

with v0 constant with the stratum  thickness) is determined by 

the following differential équation (see Fig. 4a) :

dhz =  V4 ( H - Z ) . d Z
K

... (6)

where K  =  coefficient o f sand filtration; H  =  thickness of the 

sand stratum.

Equation 6 expresses the balance of the water flowing from 

the stratum.

By integrating équation 6 between proper limits we get :

*■ = 1 (H Z  ~ ? )
. . . .  (7)

. . . .  (3) Fig. 5 Variation of value of critical accélération a„u. on sand with 
porosity n for différent sands 

Relation entre la valeur de l’accélération critique amI. et la 
porosité du sable n pour des sables différents

and

i* =  È  = k (h - z )
. . . .  (8)

I t seems very convenient to bring one more param eter into our 

analysis, namely, a modulus of dynamic com paction A 0:

A„ =  -°
0 K

. . . .  (9)

The dimensions of the coefficient o f dynamic compaction v0 

are [T-1]. The dimensions of the modulus of dynamic com

paction A 0 are [L-1].

I t follows from expressions 7 and 8 that the dynamic water 

head hz varies parabolically with depth, Z . A t the same time 

with Z  constant the water head, hz, varies linearly with the 

stratum  thickness H. The gradient Iz changes with depth in 

the stratum  according to  a straight-line law.

In  Fig. 6 there are curves of the changes hz and Iz with the 

stratum  thickness with the rise of the vibration intensity (ac

célération a,).

Fig. 4 Scheme of calculation: (a) one axial load; (b) inclined load 

Schéma de calcul: (a) charge axiale; (b) charge inclinée

Sand
À/WYxX A /Â /x  / x X/X X ZYYV\

Impermeable stratum
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W ith the value a <  acrl(. pressure h. and gradient Iz are 

equal to  zéro. W ith increase in accélération, hz and I2 

increase correspondingly, but to  a certain limit which is 

determined by the gradient value

Jcr//. = -jjKyo - 1 X 1 - » ) ]  = 1 - 0  . . . .  (10)

where yo =  spécifié gravity of the sand grain. When the 
gradient reaches this magnitude, the sand grains- are com- 

pletely suspended and the sand itself passes into a diluted State.

Fig. 6 Change of dynamic waterhead hz and gradient Iz according 
to the depth of sand thickness H  with an increase of 
vibration intensity with accélération a,- 

Modification dynamique de la charge hydraulique hz  et du 
gradient Iz à la profondeur Z, pour une couche de sable 
d’épaisseur H  en fonction de l’intensité de vibration, 
d’accélération a,-

This State is reflected in the transition of the curves hz =  /(z )  

into a  straight line (hydrostatic law). The expressions sug

gested above to  determine the magnitude of the dynamic water 

head hz were put to  careful and repeated tests both in  the 

laboratory and field conditions, and always with good results.

Some of the results o f these experiments are given in Figs. 7 

and 8 .

Fig. 7 Comparison of experimental data (points) with the critical 
curves of the variation of the value of dynamic waterhead 
hz from depth Z  with différent vibration intensity (curves 
1-5)

Rapport de la valeur de la charge hydraulique dynamique hz 
la profondeur Z  pour différentes intensités de vibration 
(courbes 1-5)

Thus, it appears that the working conditions of the water- 

saturated sand stratum, provided its thickness H  increases, 

become complicated.
At the same time it is necessary to  note the significance of the 

stratum thickness value H  in the development of the maximum 

head hz, which is o f importance in the case of the high 

frequency oscillations generally occurring with seismic pheno- 

mena.

In defining the water head hz, considering the influence of

the sand stratum  weight (the coefficient is related linearly to 

the depth z) the following differential équation is used :

ih- - ’A H - n . - z + z à d z  - ■

'5.

. o50 

|  40 

■ i  30
CL

20
en 
;§ 10 
c

i  0 50 100 150 200 250 ' "

^  Sand stratum thickness mm

Fig. 8 Comparison of theoretical straight lines with experimental 
data (points) of dependence of the value of dynamic water 
head hz on the thickness of sand strata H  with Z=const, 
fine-grained sand 

Comparaison des droites théoriques et des données expéri
mentales (les points). Rapport de la charge hydraulique 
hz à l’épaisseur de la couche de sable H  avec Z  constant, 
sable fin. Remontée de l’eau dans le tube piézométrique

where L  =  thickness o f active zone, characterized by the L  

depth, corresponding to  a given accélération.

From  expression 11 by integrating we can get:

(a)

Fig. 9 The lines of water heads and flows in the slope: (a) according 
to theoretical principles; (b) according to experimental 
data (fine-grained sand a <  0-25 mm 55-44 per cent, 
volumic weight of skeleton 1-50 t/m3, accélération 740 
mm/sec2)

Remontée de l’eau dans un talus; lignes de pression et de 
courant: (a) selon les données théoriques, (b) d’après les 
données expérimentales (sable fin a <  025 mm, 54-44 
pour cent, poids spécifique solide 1 -50 t/m3, accélération 
740 mm/sec2)

Using the expression it is necessary to  take into account the 

change o f otcr(-,. with the increase in h, (see expression 4).

The distribution of dynamic water head h2 and the lines of 

flow in the thickness of the sandy slope with maximum develop

m ent of the process is illustrated in  Fig. 9b.

Dynamic waterhead
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A good concurrence o f experimental and theoretical data is 

noted (see Fig. 9a), obtained by means of an approxim ate con

struction of the diagram by the author’s method, founded on 

the assumption, as a  first approximation, that the lines of flow 

in the thickness o f the sandy slope are norm al to  its surface.

The above expression for the détermination of the dynamic 

water head hz together with the expression ascertaining the

Proceeding from the above principles, it is probably possible 

to estimate the suitability of the sands and their densities for 

use in the structures considered, to determine any measures 

necessary to correct deficiencies and to assess the effectiveness 

o f  these measures in a particular case.

In  many cases the question arises o f possible deformation due 

to prolonged displacement o f structures erected under the con

ditions discussed due to the action of horizontal forces (first 
noted by L. D. Aptekar).

The theoretical and experimental study of the question shows 

that such a displacement, very dangerous in itself, is possible 

when there is an intensive vibration on accélération, a >  acrit 

as expressed :

Vcrit. =  V-Pr/yjtàn 4> ~  t^<f>mob) ----- (13)

where 77 =  a certain coefficient characterizing the dynamic 

regime of the system ; p jyn =  norm al tension of the water head 

in dynamic conditions considering the head hz and the inertia. 

The value o f tan  <f> mob. (mobilized angle of the internai friction) 

is defined according to the expression

tan 4>mob =  —  =  Tshear +  Tf"- +  Tres' . . . .  (14)
Pdyn Pdyn

where Tshear =  tangential tension in the stratum  under the in
fluence of the horizontal force; Toerl =  the same, under the in

fluence of the vertical forces; Tin the same as a resuit o f inertia 

and, last, r res =  considering the resonance (added).

The way in which acri, . depends upon tan  4>mob is seen 

above.

— ► oc cri l .

Critical accélération m m /sec2

Fig. 10 Diagram of the relationship between critical accélération 
and the coefficient of shear 

Graphique de l’accélération critique en fonction du coeffi
cient de cisaillement

shearing strength of the sand stratum  under the influence of 

vibration, enable the degree of stability o f the submerged sandy 

slopes and the foundations of the structures to be appraised 
under the conditions a  >  a.crit 

In  such a case the calculation is made in the usual way, con

sidering only the suspended influence of the dynamic water 

head while defining the normal components (see Fig. 4b).
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