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AN INVESTIGATION ON A HALF-LARGE SCALE. BY THE HARBOUR BUILDING DEPARTMENT 

OF THE PORT OF STOCKHOUi ANTHORITY

The nearest reason why th is  in ve stig a tio n  
of earth pressure on reta in in g  w a lls  has been 
made by the harbour bu ild in g department of 
Port of Stockholm Authority i s  the d ifferen ce  
between the standard s p e c ific a tio n s  o f the 
State and those o f the municipal a u th o rities  
in  Stockholm.

U ntil the 22nd o f May 19^5 the s p e c if ic a ­
tions o f the S tate  prescribed reta in in g  w alls 
to be ca lcu la ted  fo r  earth  pressure at re st  aM 
independent o f the b a c k f i llin g  m aterial,w here­
as the municipal a u th o ritie s  apply the up to 
now usual th eories o f f r ic t io n  fo r  ca lcu la tin g  
the earth p ressure. The earth pressure at re st 
i s  to be ca lcu lated  from the formula 0,45Jh2/2, 

x) where  ̂ = weight per u n it volume (t/mP), 
h = the height (mj o f the b a c k f i llin g .

The d iffe re n ce  between the pressures thus 
ca lcu lated  i s  e s s e n tia l. For a g r a v e l- f i l l in g  
with an angle of in tern a l f r ic t io n  o f about <f>
» 30 degrees the earth  pressure at r e s t  i s  
about 50 % la rg e r  than the a ctive  pressure c a l­
culated by means o f the theory o f fr ic t io n .F o r  
a f i l l i n g  o f stones from burstings with cp =» 45°, 
which i s  very usual in  Stockholm, the earth 
pressure at re s t  i s  not le ss  than 2* times 
la rg er than the a ctiv e  pressure.

The economical consequences o f g iv in g  up 
the c la s s ic a l  th eories o f f r ic t io n  are obvious 
to everyone, and as the assumptions fo r  the 
genesis o f  the earth pressure at re st  have been 
in s u f f ic ie n t ly  in ve stig a ted , th is  fa c t  was 
enough as a motive fo r  the here described tests  
on a h a lf- la rg e  sca le .

In 1945 the Harbour build in g department of 
Stockholm began to  plan such experiments a fte r  
conferences w ith the Bureau o f the P ublic Works 
Department o f Stockholm and the Royal Swedish 
Geotechnical I n s t itu te .

The extensive experiments performed by 
Terzaghi have made c le a r  that the pressure on 
a reta in in g  w all i s  a function  o f the movements 
of the w a ll. .Vhen the w all i s  com pletely immo­
vable the re st  pressure w i l l  a r ise . I t  requires 
however only a very l i t t l e  movement o f the wall 
in  the d ire c tio n  of the pressure to reduce 
th is  pressure at re s t  to  an a ctiv e  one.

With our economical resources, 22.000:- 
sw. crowns, i t  was not p ossib le  to make such 
arrangements as those o f Terzaghi. His experim­
ent w all could be given a rb itra ry  movements at 
the same time as the pressure was measured.

Instead i t  was decided to give the w all

such a shape, which (according to th is  s t i f f ­
ness) would give a good correspondence to prac­
t i c a l l y  constructed reta in in g  w a lls . By fu r ­
nishing the w a ll w ith b u ttresses  i t  i s  also 
p ossib le  to give i t  a g rea ter  s t if fn e s s .

Cross section  of te s t  w all

FIG.1

The appearance o f the w all i s  shown in  
f i g .  1 . 2 and 3» I t  is  two metres high and 6 
metres long and can f r e e ly  move between the two 
side w a lls . The space between the side w alls  
and the re ta in in g  w all i s  covered with c lo th , 
saturated with asphalt emulsion and formed as 
bellow s ( f i g .  4 ). As the length i s  large in  re­
la t io n  to the h eig h t, there w i l l  be very l i t t l e  
in fluence on the measured pressure from the 
f r ic t io n  along the side w a lls . Besides no arch­

ing e f fe c ts  can reasonably a r is e . Moreover the 
sid ew all are covered w ith 0,8 mm th ick  s t e e l -  
p la te s , coated w ith a mixture o f grease and 
grap h it. The in fluence of f r ic t io n  has been 
c lo s e ly  in v e stig a ted  as w ell by te s ts  as in  the 
theory.

The w a ll is  constructed in  rein fo rced  con­
crete  and formed as an angle. I t  i s  supported 
in  three p o in ts , namely two bearings B and the

x) per un it length
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Measur/na oo/'nts.

Elevation of te s t  w all

FIG.2

can be taken away. Hereby i t  i s  p ossib le  to 
give the w all a movement from the b a c k f i l l .A t  
the upper edge th is  movement can be as much as 
6 mm.

However, change o f temperature has a very 
great in fluence on the apparatus. The inner 
diameter o f the ring i s  60 mm, and an increase 
o f  temperature w ith 1 degree (C e ls iu s) causes* 
an expansion o f about 1 ,2  . 10? . 60 « 7 ,2 .1 0  
mm or 3,6 % o f the maximal d eviation  and 
about 10 % o f the d eviation  caused by a ctive  
pressu re. I t  i s  true that th is  expansion to 
some extent w i l l  be n eu tra lized  by the expan­
sion o f the instrum ents, but as the rin g  con­
s i s t s  o f a very th ick  m etal, the expansions 
w i l l  not be synchronous. To eleminate th is  in ­
fluen ce o f temperature as much as p o ssib le  both 
the rin g  and the instruments have been enclosed 
in  a w e ll is o la te d  box. An e le c t r ic  thermo­
element combined w ith a Sunvic-therm ostat, con­
t r o l l in g  the temperature w ith in  a range o f  + 
0 ,2° C provides fo r  a s u f f ic ie n t ly  constant 
h eat.

As an e x tra  con tro l the temperature in  the 
box w ith an accuracy of 0 ,1° C can be read on

FIG.4 FIG.3

th ird  point A, f i g .  1 , 2 and 3, where the in ­
struments have been placed. The bearings have 
the same tw istin g  a x is  ly in g  in  the plane form­
ed by the inner surface o f the w a ll. Hereby 
p o ssib le  fo rce s  o f f r ic t io n  along the innerside 
o f the w all w i l l  g ive  no moment round the a x is  
o f the bearings.

The measuring apparatus at A co n sists  of 
a s te e l-r in g  with two "m icrocators" made at 
the fa cto ry  o f C.E. Johansson in  E skilstun a, 
Sweden, f i g .  6, 7 .  They measure the deforma­
tio n  o f the ring at i t s  inner su rfa ce . For a 
force  o f 13 ton the ring w i l l  be compressed 
0,02 mm and th is  g ives a d eviation  of 200points 
on the instrum ents. Thu6 the force  can be de­
termined w ith an accuracy o f about 0,065 ton.

The connection between the d eviation  on 
the instruments and the fo rce  on the ring has 
been determined by loading the w all w ith water- 
p ressu re.

Between the rin g  bearing and i t s  p la te s  
there are two 1 mm th ick  s te e l p la te s , which

a m ercurial thermometer.
The whole establishm ent i s  contained in  

a fence-room b la sted  in  rock. Thus the p lin th s  
f o r  bearings end rin g  are founded d ir e c t ly  on 
the rock and th e ir  movements due to varying 
load w i l l  be as small as p o ss ib le . Another ad­
vantage i s  the very slow ly changing o f the tem­
perature in  such a fence-room.

With these arrangements we can measure 
only the moment on the w a ll. I f  as usual the 
d is tr ib u tio n  o f the pressure i s  assumed to  be 
tr ia n g u la r , the largeness o f the pressure a l ­
so can be c a lc u la te d . The in v e stig a tio n s  of 
Terzaghi show th a t the re su lta n t of the p res­
sure w i l l  f a l l  in  the lower th ird  p art point 
o f the height o f the w a ll. In  order to  diminish 
the in fluence o f a p o ssib le  divergence in  th is  
respect the bearings have been placed 0,85 m 
below the f lo o r  behind the w a ll, and thus the 
resu lta n t gets  a rath er long heaving arm 
( f i g .  1 ) .

The deflection of the wall is measured
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Bearings.

FIG.5

Fig. 6.

Section of the ring

FIG.6

FIG. 7

'ith  an accuracy of 0,01 mm in  16 p oin ts shown 
n f ig .  2. In t e s t  number 1 and 2 the d e fle c -  
ions were not measured in  the points n r .16, 
7 ,  1 8 .

E/evaf/on.
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Arrangement fo r  f r ic t io n  t e s ts .

FIG.8

gRICTION ALONG THE STPE-gAT.Lfi.
In order to  fin d  out the in fluen ce o f 

f r ic t io n  along the sid ew alls the fo llow in g 
t e s ts  were made

The f r ic t io n  c o e ff ic ie n t  fo r  stone ma­
t e r i a l  against a s te e lp la te  was determ ined,at 
f i r s t  with unprepared p la te  and then w ith the 
p la te  covered with grease and grap h it. The 
m aterials in vestig a ted  were crushed stone 
(gra in  s ize  32-64 mm) and a kind o f gravel 
w ith nearly  round grains (g ra in  s iz e  16 -  32 
mm). The apparatus co n sists  o f a box without 
bottom in  which the grav e l was f i l l e d  ( f i g . 8) 
The box was placed on a s te e l- p la te  and thus 
the g ravel rested  d ir e c t ly  on the p la te . The 
cover o f the box could s lid e  fr e e ly  between 
the sides o f the box, and on the top o f the 
cover the weights were placed by which d i f ­
feren t normal pressures against the p la te  
could be produced.

In one side o f the box a springbalance, 
graduated from 0 to 150 kg, was fastened and 
in  th is  a block  w ith a fo u rfo ld  gear. The 
f r ic t io n  force was determined by su c ce ssiv e ly  
in creasin g  the te n s ile  force u n til  the f i r s t  
movement o f the box could be observed. This 
was repeated 10 times fo r  each normal pres­
sure and the fo llow in g values on the f r ic t io n -  
c o e ff ic ie n t  are average values from ten obser­
vatio n s.

The te s t in g  r e s u lts  are summed up in  the 
ta b le  below.

c o e ff ic ie n t  o f 
____ P ill in g  m aterial________  f r ic t io n
1) crushed stone -  unprepared

p la te  M = 0,54
2) crushed stone -  greased

p la te  H = 0,26
3) round grain  gravel -  unprepared

p la te  M = 0,48
4) round grain  gravel -  greased

p la te  H » 0,24
While the f r ic t io n  c o e ff ic ie n t  between 

makadam and p la te  i s  only 10 % greater than 
that between th is  sp ec ia l g ravel and p la te , a 
preparation of the p la te  w ith grease and gra­
p h it i s  able to diminish the f r ic t io n  in  both 
cases w ith about 50 %.

ESTIMATION OF THE INFLUENCE OF FRICTION ON THE 
MEASURED PRESSURE UPON THE RING.

When ca lc u la tin g  a ctiv e  pressure i t  i s  
assumed that an earth  wedge s h a ll be prevent­
ed from s lid in g  away. The pressure from the 
wedge against the aide w a lls  i s  represented 
by a pyram idical body ( f i g .  9) and has a 
largeness o f c i_3*

— -h - tgco

where oo - 45° - ,
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0, 29 

0,53

(p * angle o f in tern a l f r ic t io n  and C=
I f  the fr ic t io n (F )  i6  com pletely developed i t  

i s :  JiQ
fo r  crushed stones((p-45°; J -  1 ,7  t/m^) 
fo r  gravel(<jp = 33°j g - 1 ,8  t/m?) ° '  
CALCULATION. °
A. q> -  45°.
A ctive  pressure on the w all

0 ,2 9 . 22 . 6/2 -  3,48 ton 
A ctive pressure on the sid ew all

0 ,29. 25 . 0,414/6 - 0,16 ton
f r ic t io n  along side w a ll

0,26 . 0 ,16  . 2 * 0,083 ton 
f r ic t io n  in  % o f the t o t a l  pressure on the 
w a ll 0,083 . 100/3,48 -  2,3 %.

However, i t  i s  the fo rce  upon the rin g , 
which i s  measured and i t  i s  therefore  the 
diminution (Xp) (caused by f r ic t io n )  on th is
force which ought to be compared with the 
force (X) upon the rin g  caused by earth  p res­
sure.

X -  3,48 . 1 ,52  - 5,28 ton 
0,083. 1,85 = 0,154 »

and in  % we have

.100 -  2,9 %.
B . 33°. *

In the same way we get 

XF. 100 - 3,8 %.

The in fluence on the measured pressure 
from the f r ic t io n  i s  consequently o f so l i t t l e  
importance th a t i t  can be n eglected.

EARTH PRESSURE.
Test nr 1.

The b a c k f i llin g  m aterial was crushed 
stones with a grain  s ize  o f  35 -  75 mm a^d 
weight o f 1,34  t/m3. The angle o f in tern al 
f r ic t io n  (40°) was determined by measuring 
the slope o f repose. The manner o f f i l l i n g  
i s  shown in  f i g .  10.

The earth pressure was measured during 
two months and diminished about 5 %. The co­
e f f ic ie n t  c in  the formula ”3 a = was de­
termined to c - 0-,22.

Following ta b le  shows the d e fle c tio n s  o f 
the w all given in  0,01 mm. The measured points 
are situ ated  as in  f i g .  2. ( ta b le l)
Test nr 2. T r a ff ic  load .

As t r a f f i c  load were used concrete cubes 
0,25 x 0,25 x 0,25 m, f i l l e d  with cut o f f  
p ieces o f iron . They represented a v e r t ic a l

/  2  3  4  5

FIG.10

9Q7G5432/
m r
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T h e  n u / 7 i6 e r m a r k s  jj
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r o w s  o f  cc/ A e s w e re

6 ro t/ q f> /  o n .___________

FIG.11

3

FIG.12

load o f 0,877 t/m2. The cubes were placed in  
rows p a r a lle l  to and beginning at the w a ll.
The pressure on th is  increased asym ptotic to 
an upper lim it  as the number o f rows increased. 
When the cubes covered a surface of about 1 ,8  
x  6,0 m2 the pressure did not increase any 
more. The t e s t  was fin ish ed  when the surface 
covered was 2,2 x 6,o m2.

The cubes were loaded and unloaded three 
tim es. I f  the measured pressures are assumed 
to correspond to a uniform load on the w a ll 
according to the formula Ph - C . Py where Pv

- v e r t ic a l  load, P  ̂ - h o rizo n ta l p ressu re,th e 
found values on the c o e ff ic ie n t  c were 

l : s t  time 0,216
2:nd „ 0,236
3:rd „ 0,221

The most remarkable thing at th is  te s t  
was the fa c t  th at a f te r  the cubes having been
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Table I

Point 1 2 3 4 5 7 8 0 10 11 13 14 15 Load

0 0 0 0 0 0 0 0 0 0 0 0 0 no b a c k f i l l in g

52 37 20 58 39 63 41 24 63 35 63 47 31 f u l l 1»

69 40 22 65 39 66 40 21 68 35 77 45 26 a fte r 1 week

71 41 23 68 40 71 42 22 68 3? 79 47 25 n 2 weeks

73 44 24 71 44 7P 47 22 68 35 79 50 23 f t 1 month

76 47 26 70 46 70 49 21 68 35 79 53 20 tr 2 months

Table I I
Following ta b le  shows the d e fle c tio n s  of the w all in  0,01 sun

Point 1 2 3 4 5 7 8 9 10 11 13 14 15 LOad

0 0 0 0 0 0 0 0 0 0 0 0 0 no load of cubes

39 28 14 43 28 44 27 14 34 42 30 12 cubes=0,88 t/m2

46 29 15 47 31 45 30 14 35 56 30 12 a fte r  1 week

33 25 14 36 27 36 27 15 31 43 31 22 cubes unloaded

41 34 21 50 39 52 39 20 34 46 34 21 load fo r  2nd time

36 28 20 35 33 32 31 18 29 36 30 21 " brought o f f

43 34 23 41 37 38 35 20 28 41 35 21 " fo r  3rd time

53 34 24 60 36 33 33 19 28 50 32 19 1 week la te r

49 34 26 57 35 29 33 18 25 45 35 21 load brought o ff

unloaded, about 60 % o f the pressure from the 
cubes remained. In sp ite  of th is  the pressure 
on the w all increased only very l i t t l e  when 
the cubes were brought on fo r  the second and 
th ird  tim e, (ta b le  I I )
Test nr 3»

The arrangement and the b a c k f i llin g  ma­
t e r ia l  were unchanged and the f i l l i n g  manner 
as in f i g .  12. The earth  wedge ABC was brought 
on in  la y ers  marked in  f i g .  12 , where AC marks 
the slope of repose. The re st  of the f i l l i n g  
was brought on in  la y ers  p a r a lle l
and so on u n til  f u l l  h eigh t. The f in a l  p res­
sure was3a = 0,276 . ^h2/2.
Test n r .4. T r a f f ic  load.

T r a ff ic  load was applied in  the same man­
ner as in  te s t  nr 2. Following values on C were 
found

l : a t  time C » 0,212
2:nd " 0,228
3*rd " 0,230

The remaining pressure a fte r  the f i r s t  
time o f loading and unloading was 66 %, a fte r  
the second time 65 % and a f te r  the th ird  time 
69 % of the t o t a l  pressure caused b y ’the cube 
load.

CONCLUSION.
Test nr 1 shows that in th is  cese the 

earth pressure against the reta in in g  w all was 
in average 3a = 0.22<fh ^

According to the c la s s ic a l  wedge theory 
the pressure can be ca lcu la ted  by the formula

I f  (p • 40 i s  substituted  we get

3 = 0.2 1 7 . ^  
a 2 

The agreement between theory and te s ts  is

evid en tly  very good. The d e fle c tio n  o f the w all 
at the upper edge at the beginning o f the t e s t  
was 0.60 mm in  average and at the lower edge 
0,25 mm. Thus the re la tio n  between d e fle c tio n  
and height of the w all was 0,60/2000 = 1/ 3300. 
This d e fle c tio n  i s  then s u f f ic ie n t  to reduce 
earth  pressure at re s t  to a ctiv e  pressure.

Test nr 3 shows the importance o f the 
manner, in  which the b a c k f i l l in g  i s  brought on. 
The la rg e r  pressure i s  probably caused by some 
wedge e f fe c t  from the la y ers  D-E. A la t e r  t e s t ,  
not described here, has namely given the same 
r e s u lt  as te s t  nr 1 . The assumptions were the 
same.

Test nr 2 and 4 also  show good agreement 
with the wedge-theory. I t  i s  evident th at fo r  
w alls  with analogous s t if fn e s s  as the te s t  
w a ll the wedge-theory w ell co in cid es w ith re a l 
circum stances.

The t e s ts  are to  be.continued, and as 
said  in  the introduction  the pressure on a 
w a ll furnished with b u ttresses w i l l  be examin­
ed.

SUMMARY.

When the a u th o ritie s  of the S tate  in 
Sweden began to p rescrib e  ce rta in  re ta in in g  
w alls  to be constructed fo r  earth pressure at 
r e s t ,  the municipal a u th o ritie s  decided by 
means o f t e s ts  to in v e s tig a te , i f  there on a 
w all o f in  p ra ctice  usual s t if fn e s s  r e a l ly  
would be an a c tiv e  pressure or an earth  p res­
sure at r e s t .

The te s t  arrangements con sist o f  a 2 m 
high and 6 m long re ta in in g  w a ll, which can 
fr e e ly  move between two side w a lls . The w all 
re s ts  at two bearin gs, s itu ated  in  the same 
plane as the inner surface o f the w a ll ,  and is  
in  a th ird  point supported by a ring o f s t e e l .  
The deformation o f the rin g , le s s  than 0,02 
mm at maximal load (13 ton ), i s  measured by 
two "m icrocators". From the load on the ring
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the moment on the w all can he determined. I f  
tr ia n g u la r  in te n s ity  o f pressure i s  assumed, 
also the magnitude o f the earth pressure can 
be determined.

Up to  now t e s ts  have been done w ith  crush­
ed stones o f a grain  s iz e  35 -  75 and an 
angle o f in tern a l f r ic t io n  <p » 40°. I f  the 
f i l l i n g  was brought on su cce ssiv e ly  against 
the w all (see f i g .  10), the pressure was 3a =
- 0,22 . ¿f. h2/2. According to the f r ic t io n  
theory i t  would have been 0,217<fh2/2. The 
d e fle c tio n  o f the w all was 0,60 mm at the up­
per edge and 0,20 mm at the lower one. The 
r e la tio n  between the d e fle c t io n  at the upper

edge and the height of the w all was then
1/3300.

Tests have also  been made w ith load on 
the f i l l i n g .  I f  the measured moment on the 
w a ll i s  assumed to  be caused by an uniform 
h orizon ta l pressure on the w a ll the horizontal 
pressure was equal to 0,22 tim es the v e r t ic a l  
load. When the load was taken away 60 -  70 % 

o f the pressure caused by the load s t i l l  re ­
mained.

Up to now a l l  the te s ts  have shown that 
e la s t ic  and p la s t ic  d e fle c tio n s  o f the 6 lze 
mentioned above are s u f f ic ie n t  to reduce 
earth  pressure at re s t  to  a c tiv e  p ressure.

—O—O—O—0—0—0—

SUB-SECTION V b

EARTH PRESSURE AGAINST FLEXIBLE VERTICAL WALLS

MEASUREMENT OF PRESSURE IN TTMTTORTNff OF A TRENCH IN CLAY 

HUGH Q. GOLDER, M.Eng., A.M.Inst« C.E.

This paper describes some measurements 
of the pressure in  the tim bering o f a deep 
excavation behind a re ta in in g  w a ll in  the 
London Clay.

The plan and sectio n  of the w all are 
shown in  f ig u re s  la  and b. The w a ll, which 
was about 4 0 -ft high, was b u ilt  in  1901-02.
In 1920 serious movement of the w all was no­
t ic e d  and s ix  coun terforts were constructed 
behind the w a ll. Movement o f the w a ll was 
thus almost arrested  u n til  1939 when fu rth e r  
movements occurred. I t  was decided to con­
stru ct a continuous counterfort behind the 
w a ll jo in in g  fo u r of the previous is o la te d  
co u n terfo rts and extending beyond them as 
shown in  the p lan . The new counterfort was to  
be 6 - ft  deeper than the e x is tin g  w a ll founda­
tio n s  and was to  be constructed in  seven sec­
tio n s , each about 25- f t  long ca rried  out in  
the order shown in  fig u re  la .

The opportunity was taken to  measure the 
pressure in  some of the timber s tr u ts  support­
ing three of the excavations.

METHOD OF MEASUREMENT.
One of the conditions la id  down by the 

Railway Company was th a t any work ca rried  out 
should not in te r fe r e  in  any way w ith the Con­
t r a c t o r 's  progress on the jo b . This ruled out 
the use of s te e l  s tr u ts  and elaborate p ress­
ure measuring d evices.

Prelim inary lab orato ry  t e s ts  w ith  a sur­
fa ce  s tra in  gauge had shown th at t h is  method 
was of no use w ith tim ber s tru ts  since the 
drying tensions in  the surface of the tim ber 
sometimes exceeded the compression due to the 
applied load. I t  was decided th erefo re  to  a t­
tempt to  measure the reduction in  length  of a 
la rg e  length  of the s tru t under applied  load. 
The measurements were made over a gauge length 
o f 5 - f t  w ith a micrometer reading to 0.0.1 mm.

The technique of measurement had been 
developed at the Building Research S tation  to  
measure the shrinkage of.brickworic aifl was 
applied w ith one or two minor m odifications 
to  the present problem. The micrometer was

Nos■ 1,2, ETC.. EXISTING COUNTERFORTS.
Nos. I,E, ETC.. ORDER OF CONSTRUCTION OF NEW COUNTERFORTS.
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