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Section Et STRESS DISTRIBUTION IN SOILS 57

Ho» E“ 1 RELATION BETWEEN OBSERVED INEQUALITIES OF SETTLEMENT OF BUILDINGS IN EGYPT
AND THEORETICAL STRESS DISTRIBUTION, BASED ON BOUSSINESQ FORMULAS 

Gregory Tsohebotareff, Dipl.Ing,(T.H.Berlin); A,M0I,Struot.E.(London)

Settlement analyses, an important problem of our laboratory, necessitate comparisons of soil 
compressibility coefficients, observed and established by laboratory tests. For this purpose the stress 
value and distribution in soil must be known.

Further, this knowledge is essential for estimation of probable inequalities of settlements and 
resulting stresses in superstructure of buildings, Evidenoe of suoh inequalities ooouring, in spite of 
uniform pressures below footings or approximately equal loads per pile, is often available locally in a 
form following definite laws and not explicable by horizontal non-uniformity of soil.

Stress computation method below rafts or spread footings. I am indebted to Dr, Steiribrenner, Vienna, 
Assistant to trofessor Dr. Terzaghi, for first impetus to oloser analysis of looal oases. His unpublish­
ed investigation of stresses below building nTn, mentioned later, by means of computation graph, based on 
Boussinesq formula, for linear loads applied to soil surface, showed a certain shape similarity between 
equal pressure lines on compressible layer and observed lines of equal settlement, in spite of considerable 
approximation involved there by this assumption.

For purposes of investigation of buildings observed by Laboratory, the above linear formula was ex­
tended with help of Professor F, E. Relton to cover oase of flexible rafts
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stress below raft oorner; depth "z".
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& * = sides of rectangular raft. 

P  = unit load on raft.

This formula was represented graphically, to simplify computations. (Fig, 16).
Q  corresponding to any value of "a” and no" is directly obtained. By subdivision of areas into 

reotadgles and addition or subtraotion of corresponding values, the stress below any point within or 
without raft area may be oomputed.

Computations of soil surfaoe settlement by this method necessitate lengthy determination of stresses 
at several levels below foundation. Comparison of theoretical settlement of soil surfaoe, along oenter 
seotion, with values of stresses at different depths, is shown on Fig, 17 in % of value at centre of 
flexible raft. The distribution of stress at about 0,6 of the depth of oompressible layers does not 
differ by more than 10$ from distribution of surfaoe settlements.

Therefore, to simplify computations in investigating causes of unequal settlements, comparisons on 
similarity basis between observed equal settlement lines and lines of computed pressures at about 2/3 
of depth of oompressible layers below foundations were considered possible.

A publication by Dr, Steinbrenner in "Die Strasse" Oct. 193̂ -» containing a similar graph and also 
very handy direot settlement computation graphs for varying values of Young's modulus "E" and Poisson 
index nmn beoame known later. Comparison of my previous results with computations from these new graphs 
showed that, with same ooeffioients, the absolute settlement values from both methods agreed for 
"m" =.00 and beoame smaller for latter with decreasing nm". The relation of settlement at oorners and 
in middle of sides to those at oentre remained approximately unchanged in both methods and all values 
of "m". This further justified method of relative comparison applied.

For first computations superstructure assumed flexible along length of walls and footings assumed 
rigid transversally. Average transversal stress approximately estimated from valúas of flexible footing. 
(See Fig. 18). This method gives values slightly too high.

Comparison to observations on rafts and spread footings. Following diagrams give comparative results 
obtained in this manner for buildings observed. (See paper No. F-l). To facilitate comparisons, lines 
of equal settlement or stress are given in % of maximal value.

Building "I". Fig. 19, equal pressure lines for flexible superstructure. Fig. 20 obtained, as per 
Fig. Í8, assuming silos rigid, rest flexible. It shows certain similarity of shape of lines with those 
observed (Fig. 21). Effeot of partial rigidity and small area of remaining superstructure aooounts for 
difference.

Building "II", Rigid foundation, small area, settled almost uniformly with 3™  greater settlement 
on one side, ooinoiding with direction of prevailing winds, (high water tower in open spaoe).

Building "III”. Stress and settlement distribution affeoted by weight of new fillings. Good agree­
ment between lines of stress for flexible superstructure (Fig. 22) and observed settlements (Fig. 23), 
considering that partial superstructure rigidity slightly equalises settlements.

Building "IV". Similar effeot of filling. Long flexible building. Fairly good agreement between 
lines of stress and observed settlements. (Fig. 2b & 25). The two halves of building had different 
soil types at surfaoe whioh oaused about 10$ settlement difference between two ends. This proves that 
shape of settlement lines is mainly due to stress distribution on deeper layers, here fairly uniform 
horizontally. Partial superstructure rigidity also slightly equalises settlements in each half.

None of these b buildings showed cracks.
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Stress computation method below piles. Investigations of pile foundations were neoessary. Stress 
distribution around a pile is an extremely oomplex problem not yet brought into both rapidly applicable 
and mathematioally exaot form. To allow a preliminary estimation of degree to whioh settlements of pile 
foundation correspond to stress intensity below pile groups, the following method was tried as first 
approximation.

Assuming that the pile is infinitely thin; that surfaoe load npn is uniformly distributed and trans­
mitted to the soil along length of pile; that eaoh load element oauses stresses in layers below acoording 
to Boussinesq formula for concentrated load applied to soil surfaoe; that tensional stresses in upper 
layers can be negleoted; - I obtained by integration the following expression for stress at distance "a" 
from base of pile in its plane: „ _

O '  m JL i n
z z t t L o  l a + x y v j  z j

where: X  =  “> P = IE

This formula oan be applied along length of pile; also below it, by subtraction of stresses, Very 
dose to pile, stresses obtained are too high. Its use should not be extended from groups to single or 
to end-bearing piles, nor above value of "p" at which, as determined from load tests on given site, no 
appreciable shear deformations ooour, i.e. not over proportionality limit of load-settlement ourve.

Fig, 26 shows deorease of stress with distance "a" at depth 1,5 metr. below 8.5 metr, long pile and 
computation graph, based on reciprocity of aotion, for above dimensions. By applying oentre nB" of graph, 
drawn to soale on transparent paper, to point on plan where stress required, number of piles along eaoh 
oiroular line is oounted and corresponding coefficients multiplied by vdues "p" of the piles.

Comparison to observations on pile foundations. Building "T", investigated prior to creation of labora­
tory afforded a good opportunity for ohecking method just desoribed. Data oonoerning this building was 
published by Dr, Kambo in "11Ingegnere", Deo.1933 and Professor deThierry in "Bautechnik", No, 8, 1935«

Fig. 27 shows soil formation. The dark d a y  layer is weakest and the most stressed. Pile load 
tests showed only slight movements up to I4O tons. This value distributes in soil as per graph Fig. 26. 
Exoess assumed transmitted by base, for whioh similar graph to Fig. 26 prepared from Fig. 16.

Fig. 28 shows equal pressure lines of heavier part of building along center of oompressible layer 
for longitudinally flexible superstructure; transversal rigidity estimated after method of Fig. 18.

Fig. 29 attempts to take account of partial longitudinal rigidity assuming load distribution through 
rubble masonry walls stressed to 1 .0kg/om2 shear and reinforoed oonorete floors stressed to rupture.

C o n s i d e r i n g  n u m e r o u s  a p p r o x i m a t i o n s  m a d e , f a i r  a g r e e m e n t  w i t h  o b s e r v e d  l i n e s  o f  s e t t l e m e n t s  
( F i g .  30) o b t a i n e d .

The semi-rigid superstructure oould not follow deformations depending on stress distribution aiid 
considerable maximd settlement; oraoking resulted, mainly between zones of stress oonoentration in soil, 
as per Fig. 28,

Sheet piling. Fig. 31 shows development of formula (7) integrated by Professor F, E. Relton to oover oase 
of approximate stress distribution round sheet piling:

<5 * =  P. lsinh''¥  - s / n h ~ ' j = = = - - - - - - - - - - - - y  1  ( o\
z ™  L X  Yl+Xz 2 (H-Xz)ffi-Xz+yi I

x = %  > y = #> p = £
It lends itself to graphical representation similar to Fig. 16,

Further oases of pile foundations. Building nVn. Considerable rigidity, - big height, small area, - 
resulting small deformations. Fig, shows equal settlement lines, influenced by adjoining building, 
just oompleted. No computation made, because of preceding factors.

Building r,VI". Observed only on 2 points.
Building nVII". Irregular settlements. Deformed without oraoks. Piles penetrate by only about 

1 meter into sand. Above weak day. Under suoh conditions stress distribution alone oannot govern 
settlements (Fig. 33)*

Building "VIII". Investigations just begun. Seven stories; reotangular area about ?£) x L\0 metres, 
heaviest type of fairly uniformly loaded 8 metre piles; below them 6 metres dark d a y  and silt. Indin­
ation of numerous oraoks in partitions and external walls indioates smaller settlement of corners and 
greater settlement of internal columns, as should follow from stress distribution laws. Other similar 
cases observed.

Conclusions. Preceding oases of raft foundations show horizontal uniformity of soil compressibility in 
looal formations, in spite of vertical variations; exceptions may ooour, as indioated by another oase 
just undertaken.

S t r e s s  d i s t r i b u t i o n  a p p e a r s  t o  f o l l o w  B o u s s i n e s q  f o r m u l a s .
S e t t l e m e n t  d i s t r i b u t i o n  i n  p l a n  a p p e a r s  t o  b e  g e n e r a l l y  g o v e r n e d  l o o a l l y  b y  d i s t r i b u t i o n  o f  i n t e n s i t y  

o f  s t r e s s  i n  d e e p e r  s o i l  l a y e r s ,  e v e n  i f  l o a d s  p e r  p i l e  o r  p r e s s u r e s  b e n e a t h  f o o t i n g s  iu re  u n i f o r m .
M ore  a c o u r a t e  c o m p u t a t i o n  m e th o d s  f o r  s t r e s s  d i s t r i b u t i o n  w o u n d  p i l e s  a r e  n e e d e d .
C o n s i d e r a b l e  s e c o n d a r y  s t r e s s e s  a r e  o f t e n  o a u s e d  i n  s u p e r s t r u c t u r e ,  e s p e c i a l l y  a t  o o r n e r s ,  b y  i t s  

r e s i s t a n c e  t o  s e t t l e m e n t  d e f o r m a t i o n s  w h io h  a r e  i n e v i t a b l e  e v e n  w i t h  h o r i z o n t a l l y  u n i f o r m  s o i l  a n d  l o a d i n g .
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These superstructure stresses oan be at present roughly estimated as funotion of stress value and 
distribution in soil. Experiments to determine shearing resistance and deformation ooeffioients of 
different masonry types, with or without reinforced oonorete framework, are neoessary for further 
progress.

No. E-2 THE STRESS DISTRIBUTION ROUND A PILE
F. E. Relton, D.So,, M.A.

Professor of Mathematics & Mechanics,
Faculty of Engineering, Egyptian University, Cairo

1. In connection with this laboratory we have three purely mathematical methods under discussion 
for determining the stress distribution in the neighbourhood of a loaded pile. They are all based on 
the mathematical theory of elasticity. A feature oommon to all is that the load is regarded as divisible 
into three parts, these parts being borne respectively by the oapping beam, the foot of the pile and the 
sides of the pile. Exactly what proportion of the load is to be placed in eaoh of these categories is a 
matter for subsequent determination by trial and error in the light of praotical experience.

2. It is presumed that if the stress-distribution in the neighbourhood of a pile is determinable, 
some reasonable attempt at calculating the resulting settlements oan be made. Suoh attempts will no 
doubt be subjeot to a good deal of modification diverting us from purely mathematical considerations. It 
is further presumed that the stress-distribution due to the compressive aotion at the foot of the pile, 
together with the allied stress-distribution arising from the load on the oapping-beeun, oan be dealt with. 
additively by an application of the Boussinesq formula.

3. This leaves as the main problem the stress-distribution in the 60il due to a pre-assigned shear- 
distribution over the sides of the pile. Concerning this pre-assigned distribution of shear we know noth­
ing. It may be uniform; it may inorease steadily with the depth; it may vary down the length of the pile
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