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Horizontal Movements Associated With Vertical Settlements

Mouvements horizontaux associés aux tassements verticaux

by R . M . H a r d y , R . M . H ard y  an d  A ssociates, E dm on ton , A lberta , C an ad a  
and

C. F. R i p l e y  an d  K . L. L e e , R ip ley  and  A ssociates, V ancouver, B.C., C an ad a

Summary

Significant horizontal movements have been observed over a 
large industrial plant site at which consolidation is occuring in 
deep-seated silt and clay layer overlaid by a thick layer of gravel. 
The deformations involve shortening and stretching of the surface 
with the resultant movement towards the zone of maximum ver­
tical settlement. Magnitudes of observed movements are given. 
The observational data disclosed a simple geometrical relation­
ship between the vertical and corresponding horizontal mo­
vements.

Site Description

A n alum inum  sm elter a t K itim at is located a t tide w ater 
a t  the head o f one o f the m any fjo rd  channels on  the coastline 
o f B ritish C olum bia, C anada. A t the sm elter site, the channel 
has been filled w ith sedim ents during glacial and  interglacial 
periods o f the Pleistocene Age to a  depth  o f several hundred  
feet. T he sedim ents include alluvial fan deposits o f sand  and  
gravel, deltaic sands and  silts, and  m arine clays. T he geology 
is therefore  com plex and  the subsoil profile is variable in 
soil type as well as in dep th  to  bedrock. Because o f the fjord  
top o g rap h y  the developm ent o f a large p lan t site a rea  required  
th a t it be built up on these sedim entary  deposits.

T he first stage o f the sm elter site developm ent involved 
the placing o f a com pacted  g ranu lar fill varying in  thickness 
from  zero to  30 feet over an  area 1 200 feet by  1 600 feet. 
T he original foundation  investigation  revealed the great 
dep th  and  com plex n a tu re  o f the subsoil, and  indicated  th a t a 
considerable am oun t o f settlem ent due to  conso lidation  of 
the subsoil was to  be expected, due prim arily  to  the applied 
w eight o f the fill and , to  a  lesser ex ten t, to  the w eight o f the 
buildings ( H a r d y  a n d  R i p l e y , 1954).

Vertical Settlements

T he irregu larity  o f the subsoil conditions did no t perm it 
an  accurate  estim ate o f the settlem ent p a tte rn  to be com puted. 
It therefore  was decided to  place fifteen settlem ent gauges 
in a regular p a tte rn  over the filled area w ith the base o f the 
gauges set a t the b o tto m  o f the fill. These were supplem ented 
by settlem ent observations at som e 190 add itional gauge 
points set in the building foundations as the footings were 
poured . F requen t observations a t the gauges provided a 
con tinuous p icture o f the settlem ent p a tte rn  as it developed. 
These were used as a basis for assessm ent o f fu ture differential 
settlem ents, and  ad justm en ts were m ade during construction  
o f the buildings to  com pensate for the differential m ovem ents 
w hich th e  observed settlem ent p a tte rn  show ed were developing.

Fig. 1 shows a  p lan  o f  the filled area, the outline o f the 
buildings and  the location  o f the settlem ent gauge points. 
It also shows typical cross-sections th rough  the buildings, 
fill and  subsoil dow n to  bedrock. The fill, w hich consisted

Sommaire

Des mouvements horizontaux significatifs ont été observés 
dans le site d’une grande installation industrielle, où la consolida­
tion a lieu dans des lits de silt et d ’argile profondément situés, 
recouverts d ’un lit épais de gravier. Les déformations comprennent 
un raccourcissement et un allongement de la surface, causant 
un mouvement vers la zone de tassement vertical maximum. Les 
grandeurs des mouvements observés sont données. Les données 
des observations ont révélé une relation géométrique simple 
entre les déplacements verticaux et les mouvements horizontaux 
correspondants.

o f heavily  com pacted  sand and  gravel, was placed during 
1952. C onstruction  o f the buildings was started  tow ard  
the end of 1952 and  was com pleted in 1953. The pattern  
o f to ta l settlem ents w hich have occurred  since the s ta rt of 
erection  o f  the buildings is show n on  Fig. 1. These settle­
m ents cover the period  D ecem ber 1952 to  A ugust 1959. It 
will be no ted  th a t the m axim um  settlem ent to  th a t date 
am oun ted  to  4-5 feet. This was considerab ly  greater than  
the orig inally  estim ated  settlem ent. The greatest difference 
in settlem ent across the building area was 3-4 feet in a length 
o f 850 feet w ith a  m axim um  settlem ent g rad ien t a long the 
axes o f the buildings o f 0-005.

T he settlem ent pa ttern  reflects the in tensity  o f the fill 
loading, and  also variations in thickness and  com pressibility  
o f the deep seated silt and  clay  layers beneath  the site. These 
factors have resulted in the developm ent o f a  trough  in 
the settlem ent p a tte rn  ex tending from  the southw est corner 
diagonally  in to  the centre o f the plantsite, w ith the m axim um  
settlem ent b iing  close to  the southw est corner. V ertical settle­
m ents as o f A ugust 1959 are estim ated to  represent app rox im a­
tely 70 per cent o f the to ta l p rim ary  conso lidation  to  be expec­
ted in the silt and  clay  layer. The observations have show n th a t 
settlem ents in the gravel, bo th  n a tu ra l and  fill gravel, were 
relatively sm all and  th a t they were com plete before the buil­
dings were erected. W hile no t an im portan t co n trib u to r to  the 
to ta l settlem ent, the gravel layer acts as a  stiff m at w hich 
affects the d is tribu tion  of stress in the underly ing  silt and 
clay. As discussed later the gravel layer does appear to  be 
an  im portan t factor w ith respect to the ho rizon ta l m ovem ents.

Horizontal Movements

In 1957, incidental to  the review o f the settlem ent obser­
vations and  the effects o f settlem ents on  the buildings, it 
was noticed th a t building d isto rtions, w hich had  been a ttrib u ­
ted solely to  vertical settlem ents p rio r to  1957, were developing 
in such a m anner th a t they could  no  longer be reconciled on 
this basis alone. T he p a tte rn  o f d isto rtions suggested tha t 
ho rizon ta l m ovem ents o f the founda tion  elem ents were 
developing.
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Fig. 1 Site plan, subsoil profiles, and building settlement (in feet) isochrones.

Plan du site, coupes du sous- sol, et isochrones des tassements des construct ions

Precise m easurem ents taken  at the g round  surface esta­
blished an overall shortening o f ab o u t 6 inches in the 1 200 foot 
length o f buildings, and  confirm ed th a t ho rizon tal m ovem ents 
had occurred. The abso lu te  horizon ta l m ovem ent o f any

single po in t could n o t be determ ined due to  the absence 
o f a  previous precise survey ty ing the buildings to  areas 
outside the zone o f subsidence. H ow ever the m easurem ents 
did show th a t the change in to ta l length was the net result
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o f  shorten ing  over certa in  po rtions and  stretching over o thers. 
This indicated th a t the plane on  w hich the foundations rested 
was being w arped w ith som e areas being deform ed in tension 
an d  o thers in com pression.

The availab le  d a ta  suggested th a t the ho rizon ta l m ovem ents 
w ere in som e w ay related  to  the vertical settlem ents. Because 
fu ture  vertical settlem ents o f appreciable  m agnitude w ere 
expected  to  con tinue fo r several years, it was im portan t to 
ob ta in  a better understand ing  o f  the relationsh ip  betw een 
horizon ta l m ovem ents, vertical settlem ents, and  building 
d is to rtions. T he fact th a t the struc tu ra l deform ations from  
the horizon ta l m ovem ents appeared  to  be as severe as those 
from  the differential vertical settlem ents m ade th is particu ­
larly  so.

Analysis of Horizontal Movements

A n estim ate o f the la tera l conso lidation  to  be expected due 
to  ho rizon ta l com ponents o f the m a jo r p rincipal stresses had  
revealed th a t such m ovem ents w ould be sm all in m agnitude 
com pared  to  the m easured horizon ta l shorten ing  an d  th a t 
they  w ould  occur in an  ou tw ard  d irection  aw ay from  the 
cen tre  o f the loaded area. T hus the observed shorten ing  
cou ld  n o t be accounted for directly  on  this basis. O ther 
factors therefore appeared  to  be govern ing  the observed 
horizon ta l m ovem ents.

H orizon ta l m ovem ents associated w ith subsidence due to  
m ining and  to  oil and  w ater pum ping operations, including 
bo th  stretching an d  shortening, have been repo rted  in several 
instances. These have  the com m on characteristic  th a t the 
seat o f im portan t settlem ent was located  below the base o f 
re la tively  incom pressible stra ta . ( H u r s t  1948, K i n g  and  
S m i th  1954, L o c k w o o d  1954, S h o e m a k e r  an d  T h o r l e y  1955, 
H e n r y  1956, G i b s o n  1957, P e r z  1957, R e l l e n s m a n n  1957, 
B e r b o w e r  1959). T hey  are  caused by  the fact th a t the s tra ta  
resting on  the seat o f settlem ent perform  in a general w ay 
like a  stiff elastic plate  resting on yielding substra ta . The 
stiff upper layers deform  in such a  w ay th a t the ho rizon ta l 
m ovem ent is d irected  tow ard  the  p o in t o f m axim um  se ttl­
em ent w hich is a  po in t o f zero horizon ta l m ovem ent. T he 
sim ilarity  in cond itions and  observed m ovem ents a t K itim at 
suggested th a t the sam e process was occurring  there. W hen 
the m easured h o rizon ta l and  vertical m ovem ents o f any  
east-w est colum n line in  the p lan t were exam ined, assum ing 
zero horizon ta l m ovem ent a t the po in t o f m axim um  settle­
m ent, a  relationship  becam e ap p aren t w hich was characteristic  
o f  th a t observed w ith o ther repo rted  cases o f ho rizon ta l 
m ovem ent due to  subsidence.

D ete rm ina tion  o f the ho rizon ta l surface m ovem ents caused 
by subsidence does n o t lend itself to  rigorous m athem atical 
analysis because this involves the use o f physical p roperties 
o f the rock and  soil for w hich there  is inadequate  know ledge. 
In  the problem  a t K itim at there is the fu rther difficulty th a t 
the thickness o f the stiff top  stra tu m  is variable. H ow ever, a 
sim ple expression giving approx im ate  values for the h o ri­
zontal m ovem ents a t the K itim at site has been ob tained  
based on  the follow ing sim plifying assum ptions :

(a) the con tac t surface betw een the upper g ravel layer 
and  the underly ing  com pressible m aterials is well defined a t a 
dep th  H  below the surface, H  being equal to  the com bined 
thickness o f fill and  na tu ra l gravel a t any  p o in t ;

(b) the ho rizon ta l displacem ents a t all po in ts a long the 
base o f the stiff gravel layer are z e ro ;

(c) the subsidence cu rve a t dep th  H  is parallel to  th a t at 
the su rfa c e ;

(d) the layer o f fill and  na tu ra l gravel deform s to  m atch  
the settlem ent p a tte rn  due to  conso lida tion  in the underly ing 
com pressible soils in such a  w ay th a t no cracks occur w ithin 
the soil m ass w hich do no t originate a t the su rfa c e ;

(e) plane sections a t righ t angles to  the g round  surface 
before conso lidation  rem ain  p lane during  the settlem ent.

As illustrated  in  Fig. 2, it follow s from  these assum ptions 
th a t :

p = / f a  . . . . ( 1)
w here

p =  the ho rizon ta l m ovem ent a t any  po in t a t the 
g round  surface,

H  =  the thickness o f the layer o f fill and  natu ra l gravel, 
a  =  settlem ent g rad ien t o f the g round  surface a t th a t 

point.
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Fig. 2 Bending of gravel beam.
Courbure de la poutre de gravier.

F igure 3 show s the curve o f ho rizon ta l m ovem ent a long a 
typ ical east-w est colum n line com puted  by equation  ( 1) 
together w ith profiles o f the vertical settlem ent and  the 
thickness o f the gravel layer. F o r  com parison  purposes the 
curve o f ho rizon ta l m ovem ents ob ta ined  by actual m easur­
em ents a long th is colum n line is also shown.

The accuracy w ith w hich the m easured and  the com puted  
horizon ta l m ovem ent curves have been determ ined has been 
lim ited by  the follow ing factors :

(0  the  thickness o f the gravel has been estim ated by 
in terpo la tion  betw een test holes at ab o u t 600 ft. 
spacing ;

(/7) the m easured m ovem ents were ob tained  by a survey 
o f the distances betw een building elem ents and  do 
n o t account for any  shearing stra in  w hich m ay have 
occurred  betw een the building foundations and  the 
underly ing  soil. A ctual m ovem ents o f  the ground 
surface, un restra ined  by the inheren t rig id ity  o f the 
buildings, could  be greater bu t n o t less th an  the 
m easured m ovem ents sh o w n ;

(//() the curve o f m easured ho rizon ta l m ovem ents has 
been p lo tted  on  the basis th a t the p o in t o f m axim um  
settlem ent was a po in t o f zero horizon ta l m ovem ent. 
U nfo rtuna te ly  it has n o t been possible to  verify 
this assum ption  by survey, because there is no fixed 
baseline from  w hich to  establish the original position  
o f the buildings.

Discussion

A  com parison  o f the curves o f m easured and com puted 
horizon ta l m ovem ent shows a sim ilarity  in shape as illus­
tra ted  by  the typ ical curves show n in Fig. 3. A lthough  there 
are  ind iv idual areas o f  inconsistency, the average overall 
agreem ent is reasonably  close.

It will be no ted  th a t while equation  (1) is derived on the 
assum ption th a t plane sections a t righ t angles to  the ground 
surface before conso lidation  rem ain  plane during the settl- 
m ent it is no t assum ed th a t the soil follow s H o o k e’s law, 
n o r th a t it is hom ogeneous an d  iso tropic. T he equation  
expresses a purely  geom etric relationsh ip . The com plexity
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Fig. 3 Thickness of gravel, settlement profile, computed and measured horizontal movements along an E-W column line.

Epaisseur du gravier, coupe du tassement, mouvements horizontaux sur une ligne de colonnes Est-Ouest, calculés et mesurés.

o f factors involved and  the accuracy w ith w hich the know n 
factors can  be defined do n o t w arran t a m ore refined analysis.

A  sim ilar re lationship  can be ob tained  by considering the 
behavior o f the gravel to  be analogous to  th a t o f a  bending 
beam . I t  was in fact this concept w hich first lead the au thors 
to  the developm ent o f the relationsh ip  fo r the  horizon ta l 
m ovem ents. T rials were m ade to  correlate  the m easured 
displacem ents w ith ho rizon ta l m ovem ents com puted  on this 
basis, fo r cases o f the neu tra l surface being located  a t various 
positions above the base o f the gravel layer by using the 
expression  :

p =  z a .  ------- ( 2 )

w here z is som e constan t fraction  o f H. T he best correlation  was 
ob tained  for the case o f z =  H, i.e., fo r conditions as expressed 
by equation  ( 1).

I t is no t un reasonable  how ever, to  expect the neu tral 
surface to  be located near the bo ttom  of the gravel, if one 
considers th a t the m odulus o f deform ation  for g ranu lar 
m aterials increases approx im ate ly  in direct p ro p o rtio n  to  
the depth .

W hile it is recognized th a t th is simple geom etrical expression 
represents only  an approx im ation  o f the actual m ovem ents, 
and th a t the degree o f agreem ent w ith the actual m ovem ents 
m ay be less in the u ltim ate p icture than  a t present, neverthe­
less equation  ( 1) has been used a t this site as a basis fo r estim a­
ting  the na tu re  o f fu tu re  horizontal m ovem ents w hich are 
likely to  develop as the vertical settlem ent continues. It is 
an tic ipated  th a t the future m ovem ents w hich develop will 
p rov ide add itional inform ation  on the relationship  between 
vertical and  corresponding  horizon tal m ovem ents.

A ckno wledgments

T he sm elter is ow ned by the A lum inum  C om pany  of 
C anada, L im ited and  the au tho rs have acted as C onsultan ts 
to  the ow ners on the settlem ent problem s encountered  at 
the site. T he da ta  are  presented w ith the approval o f the

C om pany , w hich has been very co -operative in undertak ing  
the expenditu res necessary to  secure the in fo rm ation  essential 
fo r these studies. T he m ajo r po rtion  o f these studies was 
done by th e  ju n io r au th o r as p a rt o f a  g raduate  thesis pro ject 
done in the D epartm en t o f Civil E ngineering a t the U niversity  
o f A lberta under the d irection of the senior au thors.

References

[1] B e r b o w e r ,  R. F., A . M. A s c e ,  (1959). Subsidence Problems
in the Long Beach H arbor District. Paper 2068, Journal 
o f the Waterways and Harbors Division, Proceedings 
of the American Society of Civil Engineers, vol. 85, 
No. WW2.

[2] G i b s o n ,  D o n a l d ,  (1957). Buildings without Foundations,
A Lecture on the Problems of Building on Moving 
Ground. The Journal o f the Royal Institute o f British 
Architects, vol. 65, No. 2, pp. 47 to 59.

[3] H a r d y ,  R .  M . and R i p l e y ,  C h a r l e s  F., (1954). Founda­
tion Investigation for the K itimat Smeller. The Engineer­
ing Journal, vol. 37, No. 11, pp. 1460-1466.

[4] H e n r y ,  F.D.C., (1956). The Design and Construction o f
Engineering Foundations, see Chapter 9, pp. 392 to 412, 
McGraw-Hill.

[5] H u r s t ,  G., (1948). Avoiding Subsidence Effects in Surface
Buildings Colliery Engineering, vol. 25, pp. 158-163, 
194-198, 230-234.

[6] K i n g ,  H. J., and S m i t h ,  H. G . ,  (1954). Surface Movements
due to Mining, Colliery Engineering, vol. 31, pp. 322-329.

[7] L o c k w o o d ,  M a s o n ,  G., (1954). G round Subsides in the
Houston Area. Civil Engineering, vol. 24, pp. 370-372.

[8] P e r z ,  F., (1957). M athematical Relationships, and Sub­
sidence Troughs. Mine and Quarry Engineering, vol. 23, 
No. 6, pp. 256-260.

[9] R e l l e n s m a n n ,  O t t o ,  (1957). Rock Mechanics in Regard
to Static Loading caused by Mining Excavation. Quarterly 
o f the Colorado School o f Mines ; Behaviour of Materials 
in the E arth’s Crust, vol. 52, No. 3.

[10] S h o e m a k e r ,  R. R. and T h o r l e y ,  T .  S., (1955). Problems 
in G round Subsidence. Journal American Waterworks 
Association, vol. 47, pp. 412-418.

668


