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A Comparison Between Laboratory Prediction and Field 

Observation of Heave of Buildings on Desiccated Subsoils

Comparaison entre les pronostics de laboratoire et les observations sur le terrain du soulè
vement de bâtiments situés sur des sous-sols desséchés

by J. E. J e n n i n g s , S. M ., B.Sc. (Eng.), M .I.C .E . M . (S .A .) I.C .E . P rofessor o f  Civil Engineering, U niversity  o f  the 

W itw atersrand , Johan n esb u rg

Summ ary

Records of heaving of some buildings on the South African 
Highveld are summarised. From  these data the unit heave for 
various depths in the soil profile are abstracted and compared 
with the unit heave predicted from the double cedometer test. 
The total heave observed in the field is also compared with the 
total heave predicted by the same test and good agreement is 
found in all cases where the subsoil is clayey and shattered. 
A ttention is drawn to the possible need for a correction factor 
if the subsoil is sandy or silty and is also non-shattered.

Somm aire

Les rapports de soulèvement de certains bâtiments situés dans 
le Highveld (région des plateaux) de l’Afrique du Sud sont résu
més comme suit. D ’après ces éléments d’information, le soulève
ment unitaire à plusieurs profondeurs du profil du sol est analysé 
et comparé au soulèvement unitaire prévu d’après l’essai de double 
œdomètre. Le soulèvement total observé sur le terrain est aussi 
comparé au soulèvement total prévu à la suite du même essai et 
un bon accord est trouvé dans tous les cas où le sous-sol est argi
leux et brisant.

Il faut noter la nécessité éventuelle d’un facteur correctif si 
le sous-sol est sablonneux ou silteux et s’il est aussi non-brisant.

In  essence, heave o f structures on  desiccated subsoils is 

caused by  a  swelling o f the founda tion  soil. As in o rd inary  

settlem ent theory , the problem  m ay be considered  in term s 

o f  changes in effective stress, the swelling being a consequence 

o f  the decrease in effective stress w hich results from  a gain 

o f  w ater in  the covered subsoil. H ow ever, the practical 

conditions o f the problem  are  n o t easily in terpre ted  in term s 

o f norm al swelling concepts because the initial effective 

stress, caused m ainly  by desiccation, is unknow n. F u rther, 

the soils a re  generally unsa tu ra ted  and  frequently  fissured, 

w ith open air-filled jo in ts  (shattered  structure). T he o rd inary  

effective stress law, w hich is based fundam entally  on  the 

equilibrium  o f forces across a p lane o f  u n it area, no  longer 

applies to  these soils and  m odified effective stress laws for 

partia lly  sa tu ra ted  soils have been p roposed  alm ost sim ul

taneously  b y  J e n n i n g s  (1957 and  1960), C r o n e y  (1958), 

B i s h o p  (1960), A i t c h i s o n  (1960) and  L a m b e  (I960).

All o f these m odified laws are essentially sim ilar and  

involve som e type  o f m ultip ly ing fac to r which, when applied 

to  the negative pressure, o r tension, in  the soil w ater, converts 

it in to  an equ ivalen t po rew ater p ressure acting over the 

w hole u n it p lane in the soil. E xperim ental procedure for 

m easuring  the fac to r m ust still be developed in to  useful 

practical lab o ra to ry  procedures. T he  m odified law proposed 

by Jennings is as follows :

a ' =  a +  fo "

w here p" is the tension in the soil w ater and  /? is a  num erical 

fac to r equal to  o r less than  un ity . T he value un ity  applies 

to  sa turated  soils o r partia lly  sa tu ra ted  soils w here the a ir 

phase occurs only  as occulted bubbles.

Fig. 1. illustrates d iagram m atically  the heave process 

in term s o f effective stress, using the /? fac to r described above. 

H eave is caused by an increase in volum e resulting  from  a 

change in effective stress from  a higher initial value er', =  AB, 
to  a low er final value, o ' f =  CD. W ith  m inor assum ptions

F ig . 1 P re ssu re  in v o lv e d  in H e a v in g  P rocess :

C ru v e s  (a) th e  in itia l p "  c u rv e  w hich  ch an g es  w ith in  

zo n e  (a) —  (a ')  d e p en d in g  u p o n  se a so n a l 

effects

(b ) th e  in itia l p o re w a te r  p re ssu re  iz, =

(c) th e  e q u ilib riu m  final p" =  y w( H —  z)

(d) th e  final p o re w a te r  p ressu re  ü ,  =  (if y  w ( H — z)

(e) th e  in itia l to ta l  p ressu re , o

(f) th e  final to ta l  p re ssu re  in c lu d in g  effects c f  

su rface  lo ad , (a - f -  A p).

H e a v e  is d u e  to  ch an g e  in effective p re ssu re  fro m  

o' j =  AB  to  a ' !  =  CD.

P re ss io n s c o n c e rn a n t le p ro cessu s de  so u lè v em en t : 

C o u rb e s  (a) c o u rb e  in itia le  p" c h a n g e a n t à l 'in té r ie u r  

des zones (a) —  (a ')  d é p e n d a n t des effets 

sa iso n n ie rs

(b) p ress io n  in te rs tite lle  in itia l fj, =  f i tP' i

(c) é q u ilib re  final p" =  y „ . ( H — z)

(d) p ress io n  in te rs titie lle  finale  ü f  =  /3f y w ( H —z)

(e) p re ss io n  to ta le  in itia le  a

(f) la p ress io n  to ta le  finale c o m p re n a n t les 

effets des ch a rg es  en su rface  (a +  A p)

Le so u lè v em en t est dû  à la  v a r ia tio n  de la p re ss io n  effec

tiv e  à  p a r t i r  de  a ',  =  A B  à a ’,  =  CD.
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it is possible to  estim ate the final cond ition , o ' f , b u t it is 

n o t yet possible to  estim ate cr'( fo r the cond itions applying 

in the field. The double  cedometer test p roposed  by J e n n i n g s  

and  K n i g h t  ( 1 9 5 7 )  attem pts to  overcom e this difficulty  

and  provides an indirect m ethod  o f estim ating the void ra tio  

changes w hich take  place in the heaving process. Fig. 2.

APPLIED PRESSURE — TONS./ SQ. FT.

Fig. 2 Typical results from  the double oedem eter test 

e 0.034
=  2.38 x  lO“ 2

1 +  e„ 1.424 

R ésultats typiques d ’un essai de double  oedom ètre:

* °  034 =  2.38 x  10-.
1 +  en 1.424

shows the result o f a typical double oedometer test taken  

from  one o f the p ractical cases described la ter in  th is paper. 

In te rp re ta tion  has been m ade on the assum ption =  1. 

T he prediction  also involves all the assum ptions m ade in 

o rd inary  settlem ent th e o ry ; fu rther it m ust be accepted th a t 

the desiccated soils involved are  generally  over-consolidated  

and consequently  overpred ictions o f  the type described by 

T e r z a g h i  and  P e c k  (1948) and  S k e m p t o n  and  B j e r r u m  

(1957) m ay be an ticipated .

F rom  Fig. 1. it can  be seen th a t the follow ing factors 

will be o f im portance in the p red iction  o f heave :

(a) the thickness o f the expansive layer, H 0
(b) the dep th  to  w ater tab le  H
(c) the  initial overburden  pressure, a.

(d) the degree of desiccation, w hich determ ines ff',

(e) the applied pressures, A p, due to  load  o f the structure , 

w hich tends to  restra in  the swelling.

T he soil properties, as reflected in som e coefficient o f swell, 

such as Cs, m vs o r aKS are also im portan t. W here the depth  

o f  seasonal m ovem ent, z0, is o f the sam e o rder as the depth  

o f the bo ttom  o f the expansive layer, im portan t cyclic effects 

m ay  be in troduced , particu larly  a t the edges o f the structure.

F ield records o f heave on the H ighveld o f South  A frica 

show the characteristic  cu rve Fig. 3. W ork on the p rediction  

o f ra te  o f heave from  lab o ra to ry  tests is still in progress and  

un til a  suitable m ethod  has been found, da ta  o f the type 

show n in T able I, w hich sum m arises the results o f nine 

fully observed field cases, p rov ide a basis for an  approx im ate  

em pirical estim ation o f the field heave : tim e curve in the 

locality  concerned.

D ep th  points have been established in  the subsoil below 

buildings on tw o sites. T he differences in m ovem ents a t 

d ifferent levels in the subsoil allow  calculation  to  be m ade 

o f  the u n it heave (cm s heave/cm  o f depth) a t various

Fig. 3 Typical field tim e : heave curve (Case N o. 8, Table 1).

C ourbe typ ique observée sur le terra in  : soulèvem ent en 
fonction  du tem ps (cas n° 8, table 1).

depths in th e  profile. These da ta  are  show n on  Figs. 4 (a) 

and  4 (b). T he u n it heave will be zero a t the low er lim it o f 

heaving o r b o ttom  o f the expansive soil layer w hich often 

coincides w ith the w ater table. T he un it heave m ay  also be 

expressed as A e/1 +  e0 w hich m ay  be estim ated from  the 

double oedometer test. Figs. 4 (a) and  4 (b) also include such 

predictions for the sam e sites and  reasonable agreem ent is 

ob ta ined  w ith  the observed values.

Fig. 4 U nit heave : depth  curves fo r fo u r sites.

Soulèvem ent u n ita ire  en fonction  de la p ro fo n d eu r p o u r 

q u a tre  sites.

Figs 4 (c) and  4 (d) show  sim ilar predicted  un it heave data  

from  tw o sites w here level observations o f heave on  build

ings have n o t been fully recorded. T he general fo rm  o f  the 

cu rve in Fig. 4 (c) agrees w ith Figs. 4 (a) and  4 (b) and  all 

these curves indicate th a t the subsoil is fairly  uniform . The 

curve in Fig. 4 (d) is som ew hat different and  represents the 

cond ition  w here the stra ta  have non-uniform  swelling cha

racteristics.

A n im portan t feature  o f the curves, and in p a rticu la r Figs. 4 (a) 

to  4 (c) is th a t they  also define the low er u n it o f  heaving. 

This is m ost im p o rtan t on sites w here w ater-tab le  position  

is difficult to  define.

F o r each o f the sites represented  by Figs. 4 (a) to  4 (d), 

estim ates o f the to ta l heave o f single sto rey  brick  dwellings 

have  been m ade and  com pared w ith observed average m ov

em ents o f the ex ternal walls. T able  II  show s this com parison  

fo r cases (a), (b) and  (d). In  case (a) the m easurem ents o f 

m ovem ents have been very carefully  m ade a t fo rtn igh tly  

in tervals on  one structu re  (case 9, T able  I). In  case (b),
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Table I

Summary of  observat ions of  heaving on single storey brick dwellings

Case
No. Locality

Site Information Total Recorded Heave Factors Recorded Time Data

Depth and 
Nature of 
Inactive 

Soil 
Cover-h.

Total
Thickness

o f
Expansive 

Soil 
H 0 ft.

Water
Table
Depth

ft.

Total
Heave
" A ’’ 
cms.

Cyclic 
Heave 
“ B " 
cms.

A ver age 
Unit 

Heave 
A

H , ~  

¿ " * 10.

Maximum  
Differen

tial 
Heave 

ô A cms.

Differen
tial

Heave

n ■ 0 A Ratio —  
A

°//o

Time to 
enter 
steep 

Tangent 
C 

years

Time to 
enter 
asymp

tote 
D 

years

Maximum 
Average 
Rate o f 
Heave a 
cm s./ 

day x  10

1 O dendaalsrus
O .F.S.

1 ft. 

silty  sand

50 50 ft. 22-Q 0-9 1-44 8-17 40 1-32 6-50 1-97

2 — — — — 14.3 0-5 — 4-85 34 1-05 6 0 4 1-37

3 — 4 ft. 35 — 12.9 0-6 1-21 6-17 48 0-84 6 1 6 2-10

4 — — 30 — 13-6 0-5 1-49 4-01 30 110 4-76 1-62

5 — — — — 12-5 0-9 — 3-79 30 0-52 4-72 1-32

6 — 3 ft. 30 — 11-0 0-4 1-20 3-59 32 1-44 5-41 1-32

7 — — 30 — 12-8 0-7 1-40 401 33 1-56 5-26 2-19

8 ■ — — 35 — 11-6 0-6 109 4-49 39 0-78 4-00 1-18

A verages fo r O dendaalsrus Site 13-8 ! 0-6 1-3 4-92 36 * 1-07 5-35 1-63

9 Vereeniging
T vl.

silty sand 
4 ft.

17 40 ft. 6-5 0-6 1-25 5-56 85 * 0-71 4-58 0-69

* Note : The smaller differential heave at Odendaalsrus is probably due to the provision o f flexible joints in the house drains. Flexible joints were provided at Vereenig
ing only after troubles due to pipe fracture were observed.

eight structures w ithin one h a lf mile o f each o ther have been 

carefully  levelled a t approx im ate ly  three m onth ly  intervals 

(cases 1-8, T able I). T he observed final m ovem ent given in 

T able I I  is the average m ovem ent o f the eight structures. 

In  case (c) a  num ber o f structures have been founded  on 

underream ed piles a t dep ths varying from  20 ft. to  30 ft. 

C ertain  un im p o rtan t po rtions o f the buildings such as veran

dah  slabs, k itchen steps and  flower bowes have been founded 

directly  in  the g round  and  the relative m ovem ents o f these 

po rtions are  c learly  visible. H ence, a lthough  no  p roper levels 

have  been observed, it is possible to  identify  the differential

Table I I

Comparison between observed and predicted 
total heave

Site

Observed
Final
Heave
cms.

Predicted
Heave
cms.

Prediction
Error

%

Remarks

(a) Vereeniging, 
Tvl.

6-5 8-15 +  19 Levels on 
one building 
only

(b) Odendaalsrus, 
O.F.S.

13-8 15-5 +  11 Obs. heave is 
average of  8 
cases Nos. 1- 
8. Table I

(d) Coalbrook, 
O.F.S.

8-11-5 11-3 +  13 Er ro r  calcul 
ated on the 
average ob
served heave

heave betw een the bo ttom  o f the piles and  the foundations 

o f the un im p o rtan t po rtions o f the buildings. These m ove

m ents are  given in T able II . In  case (c) there is no  direct 

m eans o f estim ating the heave w hich has taken  place in 

com pleted buildings and therefore  the case has been om itted  

from  T able II . H ow ever, exam ination  o f the crack  geom etry 

gives an  approx im ate  estim ate o f the differential heave 

and , usign the da ta  in  T able I, it is possible to  ob ta in  a rough 

idea o f the to ta l heave w hich has taken  place. T he o rder o f 

m ovem ent from  these approx im ate  calculations is the sam e 

as th a t predicted from  the un it heave date  in Fig. 4 (c).

T he detailed results given in this paper refer to subsoils 

w hich are predom inan tly  shattered  clays. F o r these m aterials 

the double u d o m e te r test appears to  p rov ide a very satis

fac to ry  basis for estim ating the final heave. T here is som e 

indication , how ever, th a t if a heaving subsoil is sandy or 

silty  and , fu rther, if it is no t shattering  or m icroshattered , 

then  the unit heave from  labo ra to ry  tests m ay be considerably  

greater than  w ould be an ticipated . In these cases the p re

dicted heave is also greater than  th a t found  from  rapid  

ponding  tests o r from  exam ination  o f the crack  geom etry. 

Shattering  of the soil indicates a lim iting la teral pressure 

cond ition  and  since such pressure m ay have an  im portan t 

effect on the resulting heave it is p robable  tha t som e correction  

fac to r based on the presence or absence o f shattering  should 

be applied to the estim ates o f heave m ade from the labo ra to ry  

tests. A nalytical w ork by S k e m p t o n  and B j e r r u m  ( 1 9 5 7 )  

provides an im portan t p recedent for the estim ation o f sett

lem ent on precom pressed sandy  and  silty subsoils and w ork 

is in hand  on a sim ilar app roach  in the case o f heave.
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