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Deformations and Moisture Movements in Expansive Clays

Déformations et migration de l’humidité dans des argiles gonflantes

by J. G. Z e i t l e n ,  Prof. of Soil Engineering, and A. K o m o rn ik , Lecturer, Israel Institute of Technology, Haifa, Israel

Summary

Recent research in Israel has included an investigation of 
expansive clay soils under seasonal variations of moisture 
content, particularly with reference to light structures. A typical 
Israel clay has a liquid limit of 81 and a plastic index of 54, 
with pronounced volumetric changes occurring with changes 
in moisture. The clay has a high montmorillonite content. The 
authors give the results of field investigations in heavy clay in 
which moisture content and moisture movement vary with 
the season ; they also examine the influence of load intensity on 
reduction of movement. They have studied changes in foundation 
levels and crack formation in buildings subjected to foundation 
movements. Loading arrangements and instrumentation are 
described. Building movements of several centimetres were 
found, and cracking was proved to have been caused by diffe
rential swelling of only a few millimetres between adjacent 
columns. The importance of considering lateral forces exerted 
by clay is stressed. The authors propose methods of designing 
foundations and structure which will minimise the risk of 
cracking.

1. Introduction

T hroughou t the w orld there has been an  increasing in te

rest in  the causes o f dam age to structures founded on swel

ling clays. Special sym posia have recently  been held on the 

subject (So u t h  A f r ic a , 1957, C o l o r a d o , 1959). A ppreciable 

research has already  been undertaken , and  several im proved 

designs have been developed from  experience. In  Israel, a 

research program m e was in itiated  in 1955 a t the Technion- 

Israel Institu te  o f T echnology to  investigate the behaviour 

o f  local clay  soils subjected to  seasonal m oisture variations 

(A l p a n , 1957). The au thors give the results o f tha t p art o f 

their research  w hich was devoted to  field investigations 

concerning varia tions o f m oisture con ten t and  m oisture 

m ovem ent according to  the season, the effect o f load in tensity  

on  reducing such m ovem ents together w ith changes in founda

tion  levels and  cracking o f typical light buildings. The study 

was sponsored by the Israel M in istry  o f L abour, H ousing 

d epartm en t, w hich has undertaken  a large program m e o f 

residential construction , m ostly  o f single-storey concrete 

b lock structures, founded on  bored piles o r spread footings, 

w ith suspended floors.

2. Climate

In Israel, seasons are clearly  separated  into a ra iny  season 

in w inter, and  a ho t d ry  season in sum m er. R ainfall usually  

occurs on ly  betw een N ovem ber and  M ay, w ith the heaviest 

concen tra tion  betw een D ecem ber and  February . A t the two 

locations discussed in this paper, annual rainfall is abou t 

500 m m  for A fulah, and  600 mm for Haifa. D aily  tem pera-

Sommaire

De récentes recherches en Israël ont permis la détermination 
du comportement des argiles gonflantes sous l’influence des 
changements saisonniers de teneur en eau, particulièrement 
en ce qui concerne des bâtiments légers.

Une argile typique d’Israël a une limite de liquidité de 81 
et un indice de plasticité de 54 avec des changements de volume 
prononcés pendant les changements de sa teneur en eau. 
L’argile renferme une proportion im portante de montmorillonite. 
Cette étude contient les résultats des essais sur place d’une argile 
lourde en tenant compte des variations saisonnières de sa teneur 
en eau, de ses mouvements ainsi que de l’effet de la charge sur 
la réduction de ces mouvements.

Les changements du niveau des fondations et la formation 
des fissures dans des bâtiments sont indiqués, ainsi que la dispo
sition des surcharges et l’appareillage de mesure. On a trouvé 
des mouvements des bâtiments de quelques centimètres et il 
a été démontré que la fissuration résulte d’un gonflement diffé
rentiel de quelques millimètres seulement entre deux colonnes 
voisines. L’auteur souligne combien il est im portant de considérer 
les forces latérales exercées par l’argile. Des suggestions sont 
présentées concernant les méthodes de construction des fondations 
et des bâtiments, afin de réduire au minimum le danger de 
fissuration.

tures a t A fulah  range from  ab o u t 7° to  18° C  in  January  

to  ab o u t 21° to  34° C  in A ugust. R elative hum idity  is abou t 

60-85 per cen t in  w inter, falling as low as 40 per cent in the 

sum m er. Values o f over 90 per cent hum idity  are found  

during the sum m er nights. A t H aifa, w inter tem peratures 

are ab o u t 11°-15°C , and  daily  sum m er tem peratures aver

age ab o u t 25°-30° C. W inter hum idities are ab o u t 70 per 

cent, and  sum m er values reach ab o u t 50 per cent at noon.

3. Afulah research site

In  the Y izre’el Valley area, where w idespread structu ral 

dam age has occurred, c lay  stra tum  was found  to  extend to 

the exceptional dep th  o f 100 m etres, w ithout a  defined w ater 

table. Typical clay  has a  liquid lim it o f 81 and  a plasticity  

index o f 54. A  site in  the city  o f A fulah was chosen for special 

studies to  ob ta in  d a ta  under open field conditions for the 

follow ing m easurem ents :

m oisture varia tions in dep th  w ith se a so n s ;

vertical m ovem ents o f soil a t various depths w ithout sur

charge ;

vertical m ovem ents o f soil at various depths under various 

loads.

(a) General Soil Characteristics :

The A fulah clay  has a low silt con ten t (15 per cent) and 

a high percentage (80 per cent) o f clay sizes, m ostly  of m on t

m orillonite. The clay is shattered  and  has a high p ropo rtion
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Table 1

Depth, meters
Gravel 

( +  No. 4) 
per cent

Sand 
(0- 074 mm 
— No. 4) 
per cent

Silt 
(0-005-  

0- 074 mm) 
per cent

Clay Sizes 
(0-Ö05 mm) 

per cent
L l P l Pi S.L. F.M.E.

CaCo3 
per cent

Free Swell 
per cent

0-5 1 22 77 68 26 42 9-6 30 9-8 185
2-0-2-5 7 2-5 19 71-5 84-5 28 56-5 12-0 31 16-7 145
4-0-4-5 10 4 19 67 91 26-5 64-5 11-4 30-5 7-4 155

o f slickensides, particu larly  in the upper tw o m etres. A  hard- 

p an  (cem ented) layer is found  below th is depth  in  the badly 

cracked zone. T ypical results o f classification tests are given 

in  T able 1. This clay  is classified as CH  w ith high to very 

high expansion  properties, according to  such criteria  as 

th a t proposed by H o l t z  and  G ib b s  (1956). The upper layer 

o f soil has a m axim um  density  o f 1-60 tons per cub. m  and 

optim um  m oisture con ten t o f 23 per cen t w hen com pacted 

by the M odified A A S H O  procedure.

(b) Laboratory Swelling Characteristics :

T ypical results fo r the upper layer are show n in T able 2 

for com pacted  sam ples 1 in. in height and  2 J in. diam eter, 

soaked in  consolidom eters in w hich swelling was prevented . 

Samples allow ed to  swell under a light confining pressure 

o f 0-04 kg per sq. cm  showed the results indicated in T able 3.

Table 2

Initial 
Dry density 

gr/ cm3

Moisture Content
Degree 

o f saturation Swelling
pressures
kg/ cm2Initial 

per cent
Final 

per cent
Initial 

per cent
Final 

per cent

1-20 4-2 47-0 29 97 0-2
1-30 5-8 38-2 63 92 1-0
1-40 26-0 33-0 73 91 3-2

H ence, the results ob tained  were typical fo r swelling soils 

in  th a t the higher the density  and  the low er the initial m ois

tu re  con ten t, the higher w ould be the swelling pressure and  

the greater the am oun t o f  swelling.

o Jo <2o -So 4o

Fig. 1 Moisture variat ions with depth.
Var iat ion de la teneur en eau avec la profondeur.
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Table 3

Initial 
Dry density 

gr/cm3

Moisture content
Degree 

o f saturation Amount o f 
Swelling 
per centInitial 

per cent
Final 

per cent
Initial 

per cent
Final 

per cent

1-20 19-1 50-6 40 90 9-8
1-31 14-4 51-7 36 96 16-4
1-39 14-4 49-3 40 96 200

(c) Moisture Variations in the Field :

M oisture contents were determ ined by taking d isturbed 

sam ples every  25 cm from  borings perform ed m onth ly  to  a 

depth  o f 6 m. R esults are  show n in Fig. 1. I t will be no ted  

th a t the m axim um  m oisture changes occur a t g round  level, 

w ith values ranging from  6 per cent to  36 per cent. The m ois

tu re  variations decrease un til a  depth  o f ab o u t 2 m  is reached, 

where the range is only  ab o u t 2 per cent. The range rem ains 

a t 2 to  4 per cent for all depths dow n to 11 m. The stab ility  

o f  the deeper m oisture conten ts is believed to  be caused by 

a  very firm  layer o f “ h a rd p an ” found  a t a  dep th  o f abou t

2 m  com posed o f  apparen tly  the sam e clay, bu t cem ented 

w ith  calcium  carbonate , abou t § m  deep. T his stra tum , 

having a higher density , an d  hence a  low er perm eability , 

tends to  m ain ta in  the m oisture con ten t o f  the soil below 

this depth  a t a  m ore nearly  constan t condition .

(d) Vertical Movements o f  Soil without Surcharge :

M ulti-rod gauges based on  a princip le sim ilar to  th a t used 

b y  the B ritish Building R esearch S tation  ( W a r d , 1 9 5 3 )  but 

m odified to  allow  a 6 in. d iam eter bearing plate  a t the bo t

tom , were installed a t various depths in  auger holes every 

m etre  from  1-0 m  to  6-0 m . A  fixed reference po in t, sim ilar 

in design to  the gauges, was installed to  a depth  o f 11 m. 

V ertical m ovem ents were m easured to  0-1 m m  by  using a 

m icrom eter w ater level appara tus, o f the type produced 

com m ercially  fo r m achine bed levelling. F rom  the m ove

m ents o f the gauges (Fig. 2) the follow ing observations m ay 

be m ade :

1. D uring  the sum m er, the settlem ents o f  the gauges a t 

dep ths o f  1-0 m  and  2-0 m  were far greater th an  the settlem ents 

o f the o ther gauges. These relatively  high settlem ents were 

obviously  caused by the upper layers o f  the clay  stra ta  being 

subjected  to  a  greater decrease o f m oisture con ten t and  hence 

to  greater volum e changes and  vertical m ovem ents. C orres

ponding ly , the upper p lates show the cum ulative effect o f 

a ll layers below  them .

2. In  these two gauges swelling was recorded during the 

m o n th  o f A pril (one m on th  after they were installed) while 

on  the o ther gauges on ly  settlem ent was m easured during 

the  sam e m onth . A bou t 9 m m  o f rainfall had  fallen, bu t 

excess m oisture was apparen tly  lost in  the upper s tra ta  and  

in evapo ra tion  before it could  influence the low er strata.

3. N o  settlem ents were recorded from  the m on th  of 

June onw ards bu t all the gauges revealed appreciable u p 

lift m ovem ents. The tendency fo r rising during the m iddle 

o f  the sum m er despite the lack o f rain , was m ore significant 

fo r the deeper gauges (3-0 m to  6-0 m) w hich rose un til 

O ctober to even higher readings th an  the in itial readings 

taken  during M arch. T his change in d irection  o f m ovem ent 

o f the plates, in  an open field site m ay be caused by dew, 

and  to  in ternal m ovem ent o f m oisture. T he tendency for 

dew to  collect is greater in the late sum m er and  the colder 

surface tem peratures will tend to  bring  up m oisture from  

below because o f differential therm al effects. The au tho rs
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Fig. 2 Vert ical movements of  soil without surcharge.

Mouvements vert icaux  du sol sans surcharge.

are  now  undertak ing  research  in  the varia tion  o f m oisture 

co n ten t and  tem perature  for paved  an d  unpaved  areas res

pectively.

(e) Vertical Movement o f  Soil under Various Loads :

1. Loading Arrangement—T o determ ine the effect o f dif

ferent u n it soil pressures on  the m ovem ent o f  soil s tra ta  a t 

different depths, two loading test com binations were cons

tructed . E ach group  consisted o f five loading plates w ith 

colum ns, arranged  w ith four in a  rectangle and  one in the 

centre (Fig. 3). L oads were transm itted  th rough  two tr ian 

gular reinforced concrete slabs o f 30 cm  height each, having 

their apices on  the centre plate  (as indicated  by  the dotted  

lines in  p lan) and  being loaded w ith concrete blocks so tha t 

the desired u n it pressures w ould be transm itted  to  the load

ing p lates. The la tte r were o f  concrete, 31 cm  in d iam eter 

and 20 cm  in height, poured  in place a t the bo ttom  o f a hole 

bo red  to  the requ ired  depth. Steel pipes filled w ith concrete, 

su rrounded  by  protective pipe sleeves, served as loading 

colum ns to transm it the loads from  the loading slabs. Sponge 

rubber rings were placed betw een the p rotective pipe and  the 

loading plate  to  p reven t the m ovem ents o f the sleeve from  

affecting the tests. A t depths o f 0-5, 1, 2, and  3 m  various 

plates were loaded to  1 and  2 kg per sq. cm , an d  a t depths 

o f 0-5 and  1-0 m plates were loaded to  3 kg per sq. cm.
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Fig. 3 Loading arrangement for  plates at various depths.

Disposit if  de chargement des dalles aux différentes profondeurs.

2. Test Results—The in itial loading to  test pressures p ro 

duced practically  no  settlem ent, w ith a  m axim um  o f 1-5 mm 

resulting from  the 3 kg per sq. cm load  a t 0-5 m  depth. 

R eadings w ere taken  each m on th  o f  the m ovem ents o f the 

loaded plates, s tarting  in  M arch 1956. L ateral m ovem ents 

were particu larly  ev ident during tests, thereby  prov ing  th a t 

appreciable la teral pressures could  occur. R esults a re  show n 

graphically  in Fig. 4, and  m ay be sum m ed up  as follow s :

1. A t a depth  of 0-5 m  heavy settlem ent occurred, reach

ing m ore th an  28 cm  fo r the plate  loaded to  3 kg per sq. cm. 

The p late  loaded to  1-0 kg per sq. cm  settled ab o u t 6 cm. 

T here was no  levelling off and  no  actual swelling w ith the 

arriva l o f the rainy  season.

2. A t a  depth  o f 1-0 m , settlem ents were still appreciable, 

o f abou t 5 cm for the three loads m easured. The ra iny  season 

caused two of the plates (loaded to  1-0 and  3-0 kg per sq. cm) 

to  heave slightly.

3. A t depths o f both  2-0 and  3-0 m, m ovem ents were 

less than  4 m m , w ith the sm aller settlem ent a t the greater 

depths. W ith the arriva l o f the wet season, the m ore lightly 

loaded plates ( 1-0 kg per sq. cm) showed a tendency to  

heave back tow ards the original elevation.

(f) Soil Movements :

The general tendency for settlem ent o f all unloaded  and  

loaded plates m ay be attribu ted  to  the d rying o f the clay 

and  consequent shrinkage. In  Fig. 1 it is noticeable th a t 

m oisture con ten t decreases in the upper s tra ta  during early  

sum m er. The difference in behav iour between the unloaded 

and  loaded plates is n o t a ttribu ted  to  conso lidation  under 

load, bu t m ay  be explained by the m ulti-rod  p lates n o t 

exerting pressure on the soil which w ould close up  cracks,

w hereas the loaded plates alw ays tend  to  close them . C onti

nu a tio n  o f settlem ent fo r the m ore heavily  loaded plates 

during the la tte r p a r t o f the sum m er m ay  be due to  a slight 

loss in  soil streng th  in the crack  zone w ith fo rm ation  o f  

dew in the cracks. H ence, the effect o f load on  the plates 

a t the shallow  depths o f 0-5 and  1-0 m  was to  produce consi

derab ly  greater settlem ents than  th a t show n by the m ulti- 

rod  gauges. H orizon ta l cracks observed in this upper 

zone are considered to  be largely responsible for the 

increase o f settlem ent w ith load, since higher pressure 

tends to  close these cracks. V ertical cracks also allowed 

greater settlem ent th rough  release o f confining pressure. 

W ith greater depths, the effect o f pressure was n o t critical, 

since, while add itional load  on the plate founded a t a  depth 

o f 2.0 m  increased settlem ent appreciably, the higher load 

a t a  depth o f 3 m  did n o t appear to  influence m ovem ent. 

The occurrence o f slight swelling under the loaded plates 

a t greater depth  is a ttribu ted  to  the effect o f confining pres

sures, and to  the relatively sm all m oisture increases a t th a t 

depth.

(g) Crack Observations :

The in form ation  obtained  has been influenced by the 

presence o f surface cracks during the d ry  season. I t was 

therefore considered im portan t to  determ ine for a  typical 

condition  the depth o f cracks in the field a t the end  o f sum 

mer, and  to com pare the m oisture con ten t-dep th  relation  

a t the po in t o f cracking and between the cracks. In  order 

to  find the depth  o f cracking, a  cem ent g rou t was poured 

in to  two typical ad jacen t cracks. The hardened cem ent was 

then  uncovered by digging pits. The depth of cem ent grou t 

was found  to  be between 1-50-1-75 m. The cem ent grout 

revealed both  horizon tal and  vertical cracks. A  boring was
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M ouvement avec le temps des dalles chargées.

m ade a t each crack, and  betw een ad jacen t cracks. Samples 

for m oisture determ ination  were taken  for each 25 cm  o f 

dep th . T he results are p lo tted  in Fig. 5.

The m oisture con ten t a t the cracks was found  to  be 10 per 

cen t lower than  the m oisture con ten t betw een the cracks

o  l o  2 o  S o  ¿<=>

Fig. 5 Effect of cracks on moisture.

Effet des fissures sur la teneur en eau.

a t a  dep th  o f 0-5 m. T here a  were no appreciable differences 

a t the surface n o r below a dep th  o f 1-25 m. These da ta  

indicated tha t, a lthough the cracking m ight be deeper, the 

effect o f drying th rough  the cracks appeared to be lim ited 

on ly  to  the first m etre o f depth. H ow ever, the cracking 

m akes it possible for the first rains to  influence the m oisture 

changes a t greater depths.

4. Tirah site

D uring  the erection  o f a  large housing pro jec t a t T irah , 

near H aifa, six houses were m ade availab le  for com paring 

different designs o f foundations. The soil here was a m ixture 

m ainly  o f gravel and clay. Percentage o f clay  varied greatly  

from  po in t to po in t, often  ranging from  15 per cent to  30 per 

cent. A lthough the clay  con ten t was relatively  sm all, previous 

experience had  show n th a t m any structures founded in 

this a rea  had been dam aged. T ypical results o f classification 

tests are given, in T able 4. The large quan tity  o f stones in the 

g round  w ould have precluded bored  piles, and  the buildings

Table 4

Depth
m

Gravel 
( +  4) 
per 
cent

Sand
(0074
mm-4)

per
cent

Silt
Sizes

(0005-
0074)
per
cent

Clay 
Sizes 
(less 
than 
0005 
mm) 
per 
cent

L l Pl Pi S.L.

20 57 7 14 22 47 22 25 12-5
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were therefore founded on  concrete slabs cast in open exca

vation. F loors were suspended to  avoid con tac t w ith the 

g round. The structures were one storey  in height, 54 m 

long and  5-5 m  wide, divided by tw o construction  jo in ts  

in to  three connected structures. C olum ns and  supporting  

footings were a t approx im ately  3 m  spacings. F o r this 

project, the original design called for a  foundation  depth 

o f  2-0 m  and  an  allow able bearing pressure o f 1 0  kg per 

sq. cm. The variations tried in these foundation  experim ents 

included varying the depth  o f foundations (to 1-0 and  1-5 m) 

and  the bearing pressures o f the foundation  slabs (to  2-0 kg 

per sq. cm and  2-5 kg per sq. cm). Level readings were taken 

on the colum ns over a period o f abou t tw o years and  the 

structures were observed for fo rm ation  o f cracks. Results 

for a  typical colum n row  is presented in Fig. 6. C onclusions 

o f this study  can be sum m ed up  as follow s :

(a) The higher the bearing pressure the sm aller will be 

the am oun t o f swelling and  the low er will be the correspond

ing upw ard  m ovem ent o f colum ns.

The au thors have reached the follow ing conclusions based 

m ainly on their own researches and  on the experience gained 

o f structural conditions in Israel :

(a) F oundations should  have a m inim um  depth  o f 2-0 m .

(b) M oisture con ten t should be m ain tained  a t a  value as 

high as possible, and excavations should n o t be allowed 

to  dry  out.

(c) F oundations colum ns o r piles should  be isolated 

from  con tac t w ith the upper two m etres o f soil, usually  by 

two layers o f building felt w ith a  core  o f  asphalt between 

them .

(d) M axim um  allow able bearing pressures should be used, 

tak ing  in to  account the m axim um  m oisture con ten t expected 

in the clay.

(e) N um ber o f colum n row s to  be reduced to  a m inim um  

(usually  two).

Conclusions

Fig. 6 St ructural cracking and deformations, Tirah Site.

Fissurat ion et déformation des constructions à Tirah.

(b) The deeper the foundation  the lower will be the am oun t 

o f swelling.

(c) T he m axim um  swelling m easured was 17 m m  for 

colum ns founded w ith 1-0 per kg per sq. cm pressure at 

depths o f 1-0 m and  1-5 m. The colum ns o f the structures 

founded with 2-50 kg per sq. cm design pressures, and  a t

1-0 and  1-5 m depth , showed swelling o f 6 mm , bu t diffe

rential m ovem ents o f the plates were relatively  sm all in 

com parison w ith those o f the o ther structures.

(d) C racks occurred in the walls when differential settle

m ents o f the o rder o f 2 mm were m easured betw een ad jo in 

ing colum ns.

(e) C onstruction  jo in ts  m ade betw een parts  o f the build

ing structures still resulted in appreciable cracking w hen a 

single slab was used for two ad jacen t colum ns. H ow ever, 

the am oun t o f  dam age was m uch reduced when separate  

slabs were used to carry  each colum n load , and  the jo in t 

divided the building com pletely in to  tw o separate parts.

(f) C om plete separation  o f foundations a t expansion 

jo in ts.

(g) The rigidity o f a  build ing  m ust be high to  resist the 

tendency for differential m ovem ents. C on tinuous reinforced 

concrete beam s m ust be placed above and  below wall open

ings, tied in w ith concrete colum ns.

(h) Paved areas or m em branes should  be prov ided  around  

structures in o rder to  inhibit d ry ing ou t in sum m er, to ca rry  

off surface w ater, and  to  m inim ize differential m oisture 

conditions inside and outside a building.

(i) D esign o f utilities for flexibility w hen such lines are 

buried in unloaded  soil, and  allow ing for m ovem ents in 

their connection  to  the structure.

(j) Piles to be designed for tension, as well as for com 

pression.

(k) L ateral pressures acting on piles and  colum ns to  be 

considered in designing the structu ra l elem ents.
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