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Observed and Calculated Settlement of Structures

Tassements observés et calculés

by Ord. Prof. Dr. Ing. H. P e y n i r c i o g l u ,  Technical University o f Istanbul

Summary

Settlem ents calculated on the basis o f soil investigations and 
m odified with correction  factors, which are determ ined from  
experience o r test loadings have been com pared with observed 
settlem ents o f fo u r heavy buildings by the au thor.

The difference between calculated and observed settlem ents 
depends p rim arly  on the geology and geotechnical properties 
o f  the site, on the technique of sam pling and testing, on  the 
in terpreta tion  of the results, on the assum ed sim plified soil 
profile and on average soil properties, and finally on the awareness 
o f the  errors involved in all these items.

A suitable correction  for each case has been applied considering 
all the factors and discrepancies arising from  m any  uncertainties 
surrounding  the foundation  problem s.

Sommaire

Les tassem ents calculés, basés sur les études géotechniques 
et m odifiés p a r un facteur de correction  déterm iné pa r l’expérience 
ou par des essais de charge so n t com parés avec les tassem ents 
observés sur quatre  bâtim ents lourds.

La différence entre  les tassem ents calculés et observés dépend 
su rtou t de la géologie et de la géotechnique de l’em placem ent, 
de la technique d ’échantillonage et des essais, de l'in te rp ré ta tio n  
des résultats, du profil sim plifié du sol et des p ropriétés m oyennes 
du sol, et enfin de la connaissance des erreurs faites su r chacun  
des précédents facteurs.

Une correction  convenable pour chacun des facteurs perm et 
d’équilibrer les différences entre  des tassem ents calculés et 
observés.

In  this paper calculated  settlem ents, after hav ing  been 
m odified w ith suitable Correction Factors are com pared with 
the observed settlem ents o f four heavy  buildings, and  the 
au th o r describes how  he estim ated these correction  factors.

Grain silo of 100 000 tons capacity in Mersin

The, soil profiles, g round  w ater conditions, dim ension and  
weights o f the buildings are  given in Fig. 1. F oundation  
soil is com posed o f fissured stiff to  h ard  gray  clayey layers. 
F issures and  over conso lidation  o f these layers m ay be 
ascribed to  d ry ing  and  later subsidence o f the land. A t the 
bo ttom  o f an  exp lo ra to ry  trench excavated  near som e shal­
low test loading sites th in  w ater films between fissures have 
been observed. F rom  som e fissures w ater sweated and  even 
seeped. The rise o f the bo ttom  o f the deep and  wide exca­
vation  caused the fissures to  open and  facilitated w ater 
circulation.

The n a tu ra l m oisture con ten t o f the fragm ent between 
the fissures is lower than  the plastic limit, bu t the average 
ir„ is higher than  PL, and  lies near to it.

Simplified soil profile, assum ed for settlem ent analysis, 
and  the geotechnical properties o f the layers are given in 
Figs. 2 and  3.

L oading tests have been carried  ou t to  ob tain  an  idea 
of the relationsh ip  between calculated and  observed settle­
m ents. The results are sum m arized in Figs. 4 and  5. It has 
been very interesting to  observe tha t a cone-shaped soil 
mass which stuck to  the under side o f the stesl loading plate 
cam e ou t w ith the latter w hen the testing equipm ent was 
dism antled.

To calculate the settlem ents, the M odulus o f C om pres­
sibility, M c, has been determ ined as the slope o f the secant 
through points corresponding to  the present overburden  
pressure pB and  p 0 +  /ip  on the p rim ary  branch o f the 
e —  log p curves (Fig. 6).

Vertical pressures are determ ined from  graphs based on 
the Boussinesq form ula. A t the level on w hich test loadings 
have been carried ou t p0 was 0,65 kg per sq. cm. C layey

layers a t this place are  slightly overconsoldidated . The 
average overconso lida tion  pressure p 0 has been estim ated 
a t 1,2 kg per sq. cm [1, 2],

A ccording to  test loadings u ltim ate bearing values are 
estim ated for deep loading plates as 5,6 kg per sq. cm , and  
those for shallow  loading plates as 4 kg per sq. cm. From  
the difference o f these values an N a value o f ab o u t 6, and 
a corresponding  0  value of the order 26° for the layers 
above the level +  93,4.

The ratios a  betw een observed and  calculated  settlem ents 
for flexible founda tion  are p lo tted  against the ra tios [3 bet­
ween the A p  values and  the u ltim ate  bearing values (Fig. 7(a)).

a  values divided by rigidity  factor 0,79 are called Correc­
tion o r Reduction Factors. So :

a
p o b s.  —  & * p c a l .  flex. —  p e a l ,  rigid —  Cor. FaC. X p e a l .  Rig.

F or the W H  o f the silo ¡3 =  0-3, x  =  0-35 and  the R educ­
tion  F ac to r =  0-44. But considering the dim ensions o f the 
rigid building and  the p robable  softening o f the upper layers 
under the raft a reduction  factor o f the order 0 6 has been 
assum ed.

The observed tim e settlem ent curves o f the test loadings 
are given in Fig. 8. F rom  these curves im m ediate settlem ents 
have been estim ated, and  the ratios between them  an d  final 
settlem ents have been p lo tted  against (3 values (Fig. 7 (b)).

These results give the im pression tha t the final settlem ents 
calculated from  the form ula :

includes also im m ediate settlem ents on the condition  tha t 
P <  0-5 and A p  <  0-5 (qd —  p0).

This po in t has also been covered by S k e m p t o n , P e c k  

and  M a c d o n a l d  [3], The site had been covered w ith a sandy 
and  clayey fill o f 2-9 m  thick approx im ately  one year be­
fore excavation  was started . This fact has been considered 
in settlem ent calculation.
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Fig. 1 Geological section and weights of the structure. 

Coupe géologique et poids du bâtiment.
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Fig. 4 Test loadings on  plates 0-25 sq. m.

Essais de charge su r des plaques de 0,25 m2

ur" = 32 
LL =59

M axim um  soil pressure due to  dead and live loads o f the 
W H  is 38 tons per sq. cm. T he foundation  is a  box  type 
rigid raft. T he ra ft and  p a rt o f the build ing lying under 
w ater have been lined w ith a w ater tight m em brane. So an 
uplift force due to  buoyancy  takes place.

N et soil pressures and  the expected settlem ents o f  the 
W H  due to  the w eights o f the struc tu re  and  the fill a re  cal­
culated  by  a sim ilar p rocedure used fo r loaded test plates.

T he results o f the settlem ent analysis are  sum m arized in 
table  1. E x cava tion  started  a t the end  o f F eb ruary  1957. 
D rainage  was m ade by direct pum ping. A 0-45 m thick 
lean  concrete layer on  the bo ttom  o f the excavation  was 
placed in Septem ber 1957. O n O ctober 1st a  heave o f 30 m m  
was observed a t the centre. D aily  levelling has revealed 
th a t the heave increased rap id ly  as show n in Fig. 9 (a).

C alcu lated  final heave was o f the order o f 70 mm , and  
approxim ately  uniform , and  th a t p a rt o f it which w ould 
occur during  construction  was estim ated a t from  30 to 
40 mm.

I t  is believed th a t the excessive heave in the centre o f the 
excavation  is due to  the w ater pressure in som e sandy  seams.
So relief borings have been sunk. A t first these gave a lto ­
gether m ore th an  750 litres o f w ater in 24 hours. The heave 
began to  slow down.

C onsidering th a t the dom e shaped heave will go back 
unevenly  it has been decided to  construct the raft in strips. 
Jo in ts betw een the strips were concreted tow ards the end 
o f A pril 1958.

Two block diagram s show ing heave and  settlem ents are 
given in Fig. 9 (b) and  (c). The average observed net set­
tlem ent by the end  o f construction  is 16 mm. (N et Settle­
m en t =  M easured Settlem ent —  H eave.)

A ccording to  the trend o f the settlem ent —  tim e diagram

Table 1

Description o f the Loads Net soil pressure 
tons per sq. m

Final total 
settlements 

mm

1. B uilding +  100 per cent
G ra in  and live loads 8-4 78

2. F ill 7-8 75

T otal 153

1. Building +  75 per cent
G ra in  +  20 per cent
live load 2-1 20

2. Fill 7-8 75

T otal 95

1. Building, em pty , no  bu ­
oyancy (pum ping co n ti­
nuing) 7-3 68

2. Fill 7-8 75

T ota l w ould am o u n t to 143

1. B uilding, em pty  buoyancy
in  effect (pum ping stop­
ped) — 5-2 N o  fu rth er settle­

m ent
2. Fill 7-8 75

T ota l w ould am o u n t to 75 (slightly less)

it has been assum ed th a t the final net settlem ent o f the 
em pty  building w ithout buoyancy will be o f the order o f 
48 mm.

763



0

I 0

2 0

3 0

4 0

50

6 0

7 0

80

B
£  9 0

z

¡0 0

b

z  " °
-J
H

£ 120

<0

130

LOAD IN K3 / c m 2 

2 3  4  5  b

Fig. 5 Test loadings on plates 0-50 sq. m.

Essais de charges sur des plaques de 0,50 m2.



V
O

ID
 

R
A

T
IO

 
•.

»1 N,

5 « H t

Sa Na

P R E S S U R E  p

________ ‘__ °5-
in

io

k g /cv p

o-n t e n t  

r a t i o n3  r  a

In  i t ia I

D egree

r a t e r  c 

S o tu

in

Fig. 6 Compressibility of the soil under test plates.

Co m p ressib ilit e du so l sous les p laques de l ’essai de charg e.

0  0 .2  0 .4  0.8 >.0 1.2

p r e s s u r e  p r g c e d t f o f  4 P  _  f t

u l t i m a t e  b t o r i r t g  v a l u e

Fig. 7 a — p and e — (3 diagrams.

a  — p et e — (3 diagrammes.

The calculated  settlem ent for this case w ith a C orrection  
F ac to r 0-6 is 68 mm.

This result shows th a t the co rrection  fac to r fo r the actual 
building could  also have been assum ed to  be o f the o rder 
obtained  from  test loadings. F u rth e r da ta  fo r the com parison 
o f the observed and  calculated  settlem ents o f the building 
w ith full loads depend on  the possibility  w hether the silo 
could  be kep t full fo r a  sufficiently long period o r not.

Grain silo of 60 000 tons capacity in Ankara

F o u n d a tio n  soil consists o f  m ainly  stiff to  h a rd  clayey 
layers cu t by sand and  gravel layers and  pockets. D eeper 
layers are very hard  and  seem to be over conso lida ted  by 
w eathering. In  upper layers poin ts show ing local over- 
conso lidation  are also present. These m ay  be due to  drying 
and  subsequent subm ergence. There is no  continuous g round  
w ater to  ju stify  a com plete buoyancy  o f  the structure. The 
building, w hich is sim ilar to  M ersin silo, is founded  on  a 
deep raft.

Settlem ent observations m ade from  A ugust 1956 to  m ay 
1959 show som e undu la tions because o f  the partia l b u t 
insignificant filling. T he general appearance  o f  the Time 
Settlem ent diagram s have the usual shape. F o r com parison 
only  the average settlem ent o f  the W H  will be considered :

A verage heave estim ated =  18 m m  (D epth  o f the exca­
vation  9.30 m).

A verage settlem ent observed o n  30-1-59 =  34 mm. (N et 
soil pressure for dead load 6 tons per sq. m.)

A verage net settlem ent observed on  30-1-1959 =  16 mm.
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A verage final net settlem ent estim ated by ex trapo la tion  
=  22 mm.

A verage final net settlem ent calculated =  67 mm.
C orrection  F ac to r =  22/0.79 x 67 =  0.42.

If  the presence o f buoyancy  assum ed the calculated set­
tlem ent and  C orrection  F ac to r w ould be 71 mm and  0.39 
respectively.

Grain silo of 20 000 tons capacity in Izmir

F o u n d a tio n  soil o f this building consists o f alternate  
layers o f silty organic clays, sand and  gravels which are 
uniform  and  con tinuous and  con ta in  fragm ents, o r thin 
pockets, o f partly  decayed vegetable m atte r and  shells. A 
boring  159 m etres deep close to  the silo had  no t reached

bedrock. The soil covering the golf o f Izm ir is a recent 
alluvial and  m arine deposit accum ulated in a tectonic de­
pression.

The character o f the soil being very erratic , 40 boreholes 
and  two deep soundings were carried  ou t to determ ine the 
thickness and  ex ten t o f the upper sand and  gravel layers 
and  pockets. Borings N os. 9 and  10 reaches dow n to 60 m. 
In  Fig. 10 the locations o f these boreholes, and  a very sim­
plified geological sketch section o f the upper parts  have 
been given. This region is subject to  earthquake shocks.

The recom m ended foundation  system  is a  rigid raft on 
F rank i piles. C are had  been taken  th a t each pile should 
rest on  a sufficiently thick sand and  gravel layer o r pocket. 
In  cases where no  sufficient thickness was present a t a reason­
able depth an  upper second bulb was form ed. T est loadings 
on  four piles a t the site gave the following results :

Tab le 2

No. Toe level d
m

Q test 
tons

Total
settlement

m m

Plastic
settlement

m m

Nearest
boring

N o .

Reaction 
for test load

— 1 8 0 1-7 120

240
2- 5
8-5

0- 4
1-7

27 Fr o m  6 react io n  
p iles

r 2 —  13-6 2-3 120 1-6 0- 3 39 Fr o m  6 react io n
240 4- 5 0- 4 p iles

t 2 —  1 6 0 2-0 180 110 2-0 25, 42 Lo ad ed  Plat fo rm

T, —  16- 5 1-4 180 1 5 0 5- 0 38, 40, 41 Lo ad ed  Plat fo rm

d = Thickness of the sand and gravel beneath the toe.
Duration under the load : Under 120 tons 12 hours, under 180 tons 10 minutes, by the test T 2 4 hours, and by the test T x 130 hours.

A verage load  per pile under the building is ab o u t 115 tons. 
T he m ain  reason fo r piles o f this type was to  com pact a 
definite volum e o f soil under the raft dow n to  an  average 
dep th  o f 18 m. This had  been considered equivalent to  re­
placing soft soil in this volum e by a very dense sand and  
gravel to  ob tain  sufficient load distribution .

O n the assum ption th a t loads are carried  by piles and  
transferred  to  the toe level the calculated  average final set­
tlem ent for building and  full grain  load is found  to  be o f 
the order o f 45 cm.

O n the o ther hand  the assum ption th a t the loads were 
carried  and  transfered  by a com pacted soil m ass A BCD 
gave for the calculated  final settlem ent a  value o f abou t 
25 cm.

The p a rt o f the settlem ent due to  the structure  is 10 cm , 
an d  to  the full grain  load 15 cm.

O n com pletion  o f the structure  the silo was loaded in steps. 
T o ob tain  a possibly un iform  settlem ent the loading p ro ­
gram m e has been changed according to the results o f re­
corded settlem ents.

The T im e-Settlem ent curve in Fig. 10 belongs to  the 
centre o f the 2-4 m  thick raft. D ue to  the jo in ts  25 to  50 cm 
wide in the super structure  the fo u nda tion  canno t be con­
sidered practically  rigid. In  fact, the raft has taken  the shape 
o f a flat bowl and the silo groups tilted  tow ards the 
centre.

T he observations show  th a t the actual to ta l final settle­
m en t will n o t exceed 30 cm. So for this case calculated and 
observed settlem ents are fairly  in agreem ent.

B ut the first assum ption for settlem ent calculation  needs 
a  reduction  fac to r o f the order 0-55.

Efes Hotel in Izmir

T he site o f this struc tu re  is southw ards o f the T M O  silo. 
Soil conditions are approxim ately  the sam e. T he soil p ro ­
perties o f this region are given in Fig. 11. T his region is 
subject to  earthquake shocks a t least 7th on  the M ercalli 
scale. R ecom m ended foundation  system  is a  ra ft stiffened 
by  side walls, basem ent ceiling and  colum ns. The soil was 
im proved by sand and  gravel colum ns to  com pact the layers 
and  accelerate drainage, decrease settlem ents, and  increase 
shear strength.

T here is an  uplift force due to  buoyancy, o ther in form ation  
being given in Fig. 11. C alculated settlem ent for a flexible 
structure  o f sim ilar dim ensions and  w eight on  stra ta  o f the 
com pressibility  show n in Fig. 11 is 24 cm . W hen consider­
ing the rigidity  o f the structure, the com pacted  upper stra ta  
and the depth  o f the foundation , and  bearing in m ind the 
ratio  betw een the com pressible layers and  the volum e o f  
soil affected by the structure , a  reduction  factor o f 0-32 
was applied. The an tic ipated  average final settlem ent o f  
the build ing was 77 mm.

M easured settlem ents on  com pletion  o f construction  
ranged from  5 to  6 cm , and  they reached 80 per cen t o f  
their final values except a t points 4 and  5, w hich settled 
to  a greater ex ten t because o f an ad jacen t annexe of seven 
storeys. T here has been practically  even settlem ent and  the 
estim ated tilt o f 1 in  1 000 has n o t occurred.

Conclusion

In  the studies described above it has been th a t observed 
and  calculated  settlem ents are n o t equal, in som e cases
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are even n o t o f  the sam e order. The reasons o f these dis­
crepancies lie m ainly in  the follow ing items :

(a) A ctual geology o f the site an d  assum ed soil profiles 
fo r settle-analysis are in m ost cases n o t equivalent.

(b) G eotechnical p roperties determ ined in laboratories 
and  in  the field are som ew hat different from  their actual 
values.

(c) A verage geotechnical properties o f the foundation  
soil determ ined from  labo ra to ry  an d  field tests differ from  
the ac tua l values.

(d) A ssum ed and  real load d istribu tions are also different.

(e) C alculated  stresses in the foundation  soil are n o t iden­
tical w ith their real values. The influence o f this fac to r does 
n o t appear to  be as im portan t as o ther factors.

(f) M any o ther factors such as the rigidity  o f the structure 
a n d  foundation . In add ition  to  the theoretical considera­
tions, a  tho rough  know ledge o f  the geological an d  geo­
technical properties o f  the foundation  soil is e sse n tia l; this 
m ust be supplem ented by aw areness o f sam pling inaccuracy 
based on  a  o f practical experience.

In som e cases the soil was unsuitable for labo ra to ry  tests 
and  in o ther cases the geology o f  the site was so erratic 
th a t a rou tine  analysis was no t justified. T he au th o r recom ­
m ends th a t every individual site m ust be considered on 
its m erits. O n the basis o f  soil investigation , the necessary 
C orrection  F ac to r m ay be determ ined.
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Fig. 9 Observed heave and settlements, Mersin silo.

Soulèvements et tassements observés, silo de Mersin.
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Tassements observés, silo de I zm ir.
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Propriétés du sol et tassements observés, Hôtel d’Efes, Izmir.


