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The Additional Seulement of Foundations due to a Collapse of 
Structure of Sandy Subsoils on Wetting
Tassement, Additionnel de Fondations, dû à l’Effondrement sous l’Action de l’Eau de la 
Structure de Sous-sols Sablonneux

by J. E. J e n n i n g s , Professor o f Civil Engineering, and K. K n i g h t , Lecturer in Civil Engineering, University of 
W itwatersrand, Johannesburg, South Africa

Summary

Détails of some unusually large and sudden settlements which 
have occurred in Southern Africa are given, together with a laboratory 
technique for recognizing soils displaying this condition. The tests 
also provide a means of predicting the magnitude of the settlements. 
The same test may also be used to predict the probable heave of 
partially saturated clay soils.

Early in 1955, after unusually heavy rains in the Transvaal, 
a partly completed Steel frame foundry building founded on a 
red silty sand showed large and rapid settlements. A t the time 
of failure the loading on the foundation was only a fraction of 
the bearing value of 1200 lb./sq. ft. selected for the design. 
Précisé levels at weekly intervais thereafter showed a progressive 
movement of about £ in. per week which persisted for several 
weeks.

Shortly afterwards a report was received that a settlement 
o f about 3 ft. had occurred beneath an open ore storage dump 
at the réduction works of a large mine. The ore was carried 
on a 20 ft. thick deposit of red silty sand. Several column 
foundations in the réduction works also exhibited movements 
o f the order of 12 in. causing failure of structural steel members 
of the buildings. Settlements associated with the same founda
tion material have also been observed in the case o f a steel 
framed grain store and a reinforced concrete laboratory 
building.

In ail cases the movements were associated with the presence 
o f water, frequently due to broken drains or to a concentration 
o f rainwater a t the discharge points of rainwater downpipes. 
O ther conditions relating to the four sites are given in Fig. 1

Table

Triaxial shear test data for a collapsing sand profile
Résultats d’essais triaxiaux d’un sable susceptible d’effondrement 

de structure

Depth

ft.

Undrained tests Suu
Consolidated soaked 
undrained tests SCsu

cu lb/sq. in. <j>u degrees ccsu lb./sq. in. <t>csu degrees

5 1-8 21 2-2 14
10 4-6 11 3-6 7
15 41 10 3 0 9
20 3 0 23 0-7 19

N ote :— At 20 ft. depth the m aterial has changed to  residual decom posed quartzite

which shows the profiles and soil characteristics involved. The 
silty sands ail have very high void ratios and a fair proportion of 
the minus 2 micron fraction. The prédominant particle size lies
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Sommaire
Cette communication donne des détails sur certains tassements 

exceptionnellement importants et soudains qui se sont produits en 
Afrique du Sud; elle donne en même temps des indications sur la 
technique de laboratoire employée pour déceler les sols susceptibles 
de donner lieu à ce phénomène. Ces essais fournissent aussi un 
moyen de prévoir l’importance de ces tassements. Ils peuvent même 
être employés à prévoir le soulèvement probable de sols argileux non 
saturés.

between 0-1 and 0-4 mm. The sands are believed to be either 
colluvial or windblown deposits, the latter originating during 
the last interglacial era. The minus 2 micron fraction is 
composed almost entirely of red or brown iron oxide. There 
is also evidence of chemical décomposition, some grains being 
completely weathered while others are broken into smaller

Case_
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Decomposed 

shale

Water tablen'

Case __B

Firm red 

silty sand 

Aeolian

Pebbles20'  
Decomposed 

granité 

Water table w

Case

Firm browny: 
sand 

Aeolian 
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Decomposed 

basic lava I

V

Case _D

Firm red
sand
Colluvial

Pebbles20 «Ë 
Decomposed 

basic lava\ 

Water tableioo

Properties o f the sands

LL 38-5 26-4 25-5 N.P.

PI 22-9 12-0 110 N.P.

W 10-5 12-9 8-0 B'O
Sr 0-29 0-41 0-31 0-30

G 2-6 ô 2-70 2-68 2-65

e 0-96 0S5 0-70 0-75

Fig. 1 Profiles and soil data
Coupes verticales et renseignements sur les sols

sharp fragments. In  ail cases the silty sands are underlain by 
a well defined pebble layer which is believed to define the 
eroded surface exposed during the Gamblian Pluvial Era.

As illustrated in the Table triaxial shear tests of the silty sands 
show that there is a  réduction of about 30 per cent in shear 
strength of the soil upon inundation. In  these tests the S uu 
values represent the cohésion and friction parameters obtained 
in the triaxial apparatus with unconsolidated, undrained test 
conditions and S csu the équivalent parameters with conditions



of consolidation under ambient pressure, soaking by upward 
flow of water under a pressure equal to one half of the ambient 
pressure and then shearing with ail drainage cocks closed. 
These shear strengths are considered to  give very conservative 
estimâtes of the shear strength conditions obtaining in the field, 
i.e., the construction of a foundation on a soil at its natural 
water content, the loading of the foundation, the elapse of 
sufficient time for ail settlement to take place and, finally, the 
addition of the extraneous water to  the foundation which 
causes the additional settlement, later referred to as the 
‘collapse’.

Although the soils are free draining and the likelihood of 
shear failure under conditions of no drainage is remote, bearing 
capacities calculated with the lower set of parameters shown in 
the Table for conditions of local shear failure are likely to give 
the most conservative estimâtes o f the allowable foundation 
bearing capacities. Ail cases investigated in this manner have 
shown that the bearing capacity of the soil a t the time of failure 
had not been exceeded. In some cases the calculated capacities 
were considerably greater than the applied loadings.

Examination of pits excavated adjacent to  troublesome 
foundations has revealed that there were no temporary high 
water tables such as might be expected to cause bearing 
capacity failure due to buoyancy effects. W ith these fairly

^ É è )

i j  F loccu la led_ clay pa rtic les  Consolidated by the 

concentra tion  o f  pressure

SÇÜgUnconsolidated flo ccu la le d  c lay partic les

Fig. 2 (a) Loaded soil structure before inundation; (b) loaded soil 
structure after inundation 

(a) Structure du sol chargé avant imbibition; (b) structure 
du même sol après imbibition

well drained soils the local concentrations of water appear to 
behave as waves of higher moisture content, these waves of 
moisture moving downwards towards the water tables which 
are at considérable depths. Although the m atter o f shear 
failure is being further investigated with the use of bearing 
tests, it is not considered a t this stage that the additional settle
ment is a result o f norm al bearing capacity failure, either by the 
réduction in strength or by the effect of buoyancy of the soil 
particles. The shear strength of the soil is predominantly 
frictional and the fine material does not appear to have strong 
properties o f true cohésion. When dry it possesses considér
able apparent cohésion and when damp, as is the case a few feet 
below the surface and under ail conditions defined as natural 
water content in this paper, sufficient apparent cohésion still 
exists to give the impression that the soil is a stable material. 
As shown in the Table a limited cohésion may persist even under 
conditions of laboratory soaking.

Considération o f the structural arrangement o f the sand 
grains in a loose silty sand furnishes a hypothesis for the 
collapse phenomenon. C a s a g r a n d e  (1932) has demonstrated 
that a portion of the fine fractions of the soil exist as bonds for 
the larger grains and that these bonds undergo local com
pression in the small gaps between adjacent grains resulting in 
the development o f strength. Fig. 2 illustrâtes an idealization 
of this conception.

In nature the structure of the soil is in equilibrium under the

action of overburden pressures. When loaded a t its natural 
water content the structure remains sensibly unchanged, and the 
bonding material compresses slightly without any large relative 
movement of the soil grains, as shown in Fig. 2a. In  this 
stage, consolidation takes place by compression of the fine 
particles between the larger sand particles. As long as the 
moisture content remains low, the local micro-shear forces at 
the sand particle interfaces, resulting from loading, are resisted 
without appréciable movement of the grains. However, when 
the loaded soil gains moisture and a certain critical moisture 
content is exceeded, the fine silt bridges reach a stage where 
they can no longer resist the deformation forces and the 
structure collapses, as shown in Fig. 2b, resulting in consider
ably smaller volume than that shown in Fig. 2a. The collapse 
phenomenon appears to  be one of micro-shear effects at the 
particle interfaces, following the character o f secondary con
solidation, and therefore should be capable of dém onstration 
by normal consolidation test procédure.

Norm al thin wall push-in samples in this type of soil showed 
compression during sampling of up to 30 per cent o f length. 
To enable the problem to be studied in the laboratory, and to 
develop identification criteria, undisturbed block samples were

Fig. 3 Typical compression curves for a collapsing soil
Courbes oedométriques caractéristiques d ’un sol sujet au 

phénomène

eut from the bottom  of test pits. It was found possible 
(J e n n in g s  and K n i g h t , 1956) to  reproduce the behaviour of 
the foundation completely by applying the field pressures to a 
consolidometer specimen a t its natural water content, allowing 
the consolidation to  reach equilibrium and then inundating the 
sample by filling the confining dam with water. The inunda
tion resulted in an additional settlement or collapse. This 
collapse was greater when higher consolidation pressures were 
used. The only shear effects in this test are the micro- 
phenomena associated with secondary consolidation, thus con- 
firming the hypothesis that the settlements are not due to  a 
primary shearing as understood in bearing capacity theory. 
The test demanded spécial précautions, viz. the use of spécial 
non-absorbent sintered glass porous dises and the sealing o f the 
sample and apparatus with a rubber or plastic diaphragm to 
prevent évaporation.

While providing a graphie dém onstration of the collapse, this 
test was not of particular value for interprétation of the 
phenomenon. A  better technique consisted o f running con- 
currently two consolidometer tests on samples of the same soil. 
After the initial bedding down load of 0-01 tons/sq. ft. had 
C onsolidated  both specimens for 30 minutes, one sample was 
maintained, as nearly as possible, a t its natural moisture con
tent by using the spécial précautions already described, while
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the other sample was soaked by flooding the dam on the 
apparatus. Typical results from this test are shown in Fig. 3. 
The marked divergence o f the curves indicates the magnitude 
o f the movements due entirely to inundation.

In  order to interpret these results quantitatively it is necessary 
to  make the assumption that the soil a t any depth in nature is 
already in equilibrium under its overburden pressure regardless 
of changes in its moisture content. This is a reasonable as
sumption for otherwise periods of intense rainfall, as may be 
expected in any climate, would have caused the ground surface 
to subside—a phenomenon which has not been observed by 
surveyors in any of the areas concerned. A preliminary test

Applied pressure ton/sq. ft.

Fig. 4 (a) Compression curves with rebound ; (b) transferred com
pression curves to give no collapse at applied overburden 
pressure

(a) Courbe oedométrique avec gonflement; (b) Courbe 
oedométrique, l’essai étant conduit de façon à éviter tout 
affaissement lors de l’application de la surcharge

in which an area of unloaded soil was artificially flooded for a 
period of two weeks showed no change in ground level.

I t may be noted from Fig. 3 that this condition of equilibrium 
under overburden pressure p 0 is not shown in the test results 
and hence the différence between the two curves a t this pressure 
can only be due to  some disturbance caused by sampling and 
rebound under release of load. Such rebound can take place 
freely in these sands since the soil is partially saturated.

To investigate the effects o f rebound, progressively increasing 
loading and unloading tests were undertaken and the results 
are shown in Fig. 4a. I t will be observed that the two curves 
for natural and soaked water contents are displaced but this

is a  fairly com mon observation for samples which are apparently 
identical and is due to différences in conditions a t the start of 
the tests.

The problem is one of adjusting the curves so as to  obtain a 
mean représentation of conditions which would probably apply 
in the field. The curves show that there is no substantial 
différence between the slopes of the rebound curves from any 
applied pressure for both  the soaked and the natural moisture 
content samples. This leads to the idea that for a laboratory 
sample at eol under the initial pressure of 0-01 tons/sq. ft. in 
the consolidometer the true value of e0 in the field may be 
predicted, as illustrated in Fig. 4b, by drawing a  line through 
e0I parallel to the rebound curve so as to intersect the over
burden pressure line p 0 a t the point eQp0. This resulting point 
e0p 0 most probably represents the equilibrium conditions in 
nature a t the natural water content w„. The design curves for 
field consolidation under conditions of natural moisture con
tent and o f inundation of the soil are obtained, as shown in 
Fig. 4b, by transposing the respective laboratory curves 
vertically, both to  pass through the point e0p Q. The seulement

Fig. 5 Compression curves for a heaving soil 
Courbe oedométrique d’un sol gonflant

of a foundation with a load incrément o f Ap  in practice may 
then be considered in two steps as follows :

(a) U nder conditions of natural water content consolidation 
seulement will proceed along the line e0p0 to  e ip x. This 
requires that the moisture content of the soil does not change 
from its observed natural condition.

(b) If  the foundation soil which is a t equilibrium a t is 
then inundated, additional consolidation will take place along 
the line e^p\ to <?2Pi, this movement representing the seulement 
due to collapse of the structure o f the soil.

Settlements can then be predicted by normal consolidation 
theory as applied to  the interprétation of the e:log  p  curves. 
F or foundations which may be expected to  remain a t a stable 
moisture content, differing little from the initial moisture 
content, the settlements predicted from point e xp x may be used, 
but for foundations which are ever liable to  become inundated 
the end point e2py should be used for the prédiction of consolida
tion settlements. Calculations based on the above methods 
have given anticipated settlements of the same order as those 
observed in the case of one of the structures quoted earlier.

The e-.logp curves for saturated and natural moisture con
tents should eventually coincide and should decrease rapidly 
in slope in the vicinity of e =  0-35, which is theoretically the 
lowest void ratio for a material composed o f equal sized spheres. 
This is illustrated in Fig. 4a.

The pressure at which the natural moisture content curve
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starts converging on the saturated curve depends upon the 
amount o f water available in the natural soil and upon the 
relationship o f this water content to a  critical minimum required 
to initiate collapse of the interparticle fine material illustrated 
in Fig. 2. This critical water content is also probably as- 
sociated with a critical degree of saturation S cr and the greater 
the compression in partially saturated soils the nearer the soil 
will approach this critical condition, provided that no drainage 
takes place. Thus it may be expected that the curves for the 
two conditions will converge or diverge depending upon the 
value of the natural water content.

The experimental procédure outlined has also been proposed 
for estimating the am ount of heave to be expected in the 
shattered desiccated clays of S o u th e rn  Africa. F or heaving, 
typical curves are shown in Fig. 5, Experimentally the virgin 
compression curves for the two cases appear to become parallel 
to each other and frequently, if the conditions at the start of the 
test are correct, these lines coïncide. To adjust the curves for 
différences in  initial conditions it is necessary to  move the 
natural water content curve vertically until the two virgin curves 
coincide. The processes of seulement and heaving take place 
as before, namely, from e0p 0 to  e1p 1 for consolidation at 
natural water content and from etp i to  e2p \ for heave due to 
gain of moisture o f the soil under the structure. The pré
diction o f total seulement due to consolidation and heave due 
to swelling on inundation follows norm al theory for changes

in e. This process is dépendent on the assumption that the 
final moisture content under the building is not critical, provided 
it is above a certain minimum value—an assumption already 
shown by d e  B r u u n  (1955) to  be reasonable.

It is appreciated that the use o f the e : log p  curves in the above 
manner is not in strict agreement with conventional soil 
mechanics theory which requires tha t the pressures used be 
true intergranular pressures. In  both cases described, and in 
particular for the case of the partially saturated heaving clays, 
capillary pressures o f fairly high magnitudes exist and these are 
certainly of the same order as the applied pressures. The 
pressures used in the plot represent applied pressures and there- 
fore the significance o f using norm al interprétations should be 
carefully considered. The applied pressure conditions appear 
however to constitute a reasonable représentation of what is 
taking place in the field. Full scale vérification tests and 
analyses for corrélation with existing field observations are in 
progress.
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