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Measurements of the Pressures of Filling

Materials against Walls

Preface

During the course of years the Swedish Geotechnical Institute has dealt with
various cases of measurements of carth pressures. The process often involves

great difficulties, and experiments on large struclures are also very cxpensive.
It would, therefore, appear to be of value to report case records obtained.

A nnmber of tests and measurements on an abutment on half scale were per-
formed by the Stockholm Harbour Board and supervised by the Institute. The
reporl. is entitled “Tarth Pressure from Friction Soils. A Report on Half Scale
Tests”, by Arne Rinkert, constituting the first part of the present publication
(p. 8 to 46).

Since case records on silos are relatively rare in geotechnical hiterature the
Institute has decided to publish the results of certain full scale tests in its
Proceedings series. The report is entitled “Measurements in Grain Silos during
Emptying and Filling”, by Werner Bergau (p. 47 to 70).

For practical reason, the two reports are issued in one publication under a
comimon title, viz., “Measurements of the Pressures of Filling Materials against

Walls™.
Stockholm, October, 1959

SwipIisH GEOTECHNICAL INSTITUTE
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Other definitions of the carth pressure at rest have also been suggested. IFor
example, JAKY (1937/38) and Brsuopr (1958) consider the earth pressure at rest
to be a function of the angle of friction, i.e.,
yh?

2

Suggestions pnt forward by TSCHEBOTARIOFT (1957) and ScHMID (1957} con-
cerning cohesion soils are of interest in this connection since they contend that
there is a relation between the pressure at consolidated equilibrium and plasticity
index. Schmid suggests that the earth pressure at consolidated equilibrium in
cohesion soils be defined as the earth pressure developed when the time-rate of
the strain is zevo, i.e.,

E,=(1—sing)

E = E,_, when 28 =0
dt

In this case, g; is the total strain at point ¢ in the arbitrary direction j.

In the same volume Bisuopr (1957) protests the definition used by Schmid
aud claims that it cauunot give the same results as the classical definition that
the earth pressure at rest is the earth pressure at no lateral strain. In a later
work (Bismop, 1958), Le gives cerlain test results for the vatio E_/E, which
agree closely with the theoretically caleulated values, if E, is assnmed to follow
Jaky’s expression.

OsTERMAN (1958) advances the opinion that, as vegards the pressure from
friction soil against a non-yielding wall, the values may he between the active
and the passive and, in exceptional cases, even beyond these limits. Iowever,
it should be possible to assmne that especially high valnes would change very
quickly in the event of a movement of the wall.

As mentioned before it is only in recent years that it has been possible to

. . . . 1
determine some approximations of the ratic = (KJELLMaN and JAKOBSON,
m

1955; Jaxonsow, 1857) in the above formula and, in this way, to get an indi-
cation of the magnitude of the earth pressure at resk. On the other hand, some
tests involving direct measurement of the earth pressure against a non-yiclding
wall have been carried out. The best known of these investigations are probably
the works of TErzaGHT (1920) who made a number of tests, although only on
a small scale. The test wall was about 10 em high, and the earth pressure at
rest was found to be 0.4z - » - 2%/2, New comprebensive tests, on a much Jarger
scale, were later carried out by TErRZAGHT (1930, 1934) and the carth pressure at
rest for the material investigated (sand) was then found to be 0O.0s - ¥ - h2/2.
The height of the wall was about 1.5 metres and the mean movement of the wall
at active earth pressnre was abont 1/3000 of the wali height.

KigtnMaw (1936) studying the deformation properties of certaiu soils with
cubes of dimensions 62 ¥ 62 3¢ 62 mm found an at rest coefficient of about 0.5

According to tests made in 1948 by GRADOR, the coefficient of the earth
pressure at rest should first reach the value of 0.45 when the material was densely
compacted. With loose material he arrived at a value of 0.20. However, it should
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However, as has been mentioned, the object of the tests was to determine
the magnitude of the horizontal component of the earth pressure acting on the
wall. Even if this component—owing to the friction along the wall—should
prove to be smaller than the earth pressure at rest value K — 0.4 4 0.5, we are
generally erring on the safe side by using the pressure value obtained as the
basis for caleulating the stability of the wall against overturning if the vertical
component is disregarded, as is often the casc.

The above line of reasoning is based on the assumption that the carth behaves
as a friction soil and not as an elastic body. But it is assumed that the above
gives at least some idea of the conditions involved.

3 ¢. Influence of Friction along Side Walls

The magnitude of the friction along the side walls was determined by Lests.
The material investigated was macadam, size 32-64 mm, and pehbles, size
16-32 mm. The angle of friction for both the macadam and the pebbles was
about 40°. The surfaces of the side walls were faced with untreated metal
sheeting and of metal sheeting coated with Glansoline and oil, respectively.
Glansoline contains grease and graphite.

The tests apparatus consisted of a Dottomless box (Figs. 9a and 9b) into
which the slone material was poured. The hox was placed on a steel plate of
thickness 075 mm, t.e., the stones were thus in direct contact with the metal.
A smooth bed was provided by laying the thin stcel plate on a picce of an 8 mm
steel plate. The box cover was free to slide between the walls and thus rested
direct on the stones. By placing various weights on the cover, it was possible
to ohtain varying normal pressures.

A spring balance, graduated from 0 to 150 kg, was fixed to one side of the
box, and a block and 4 cables were attached to the balance. The friction was
determined by increasing the tensile force until the first travel of the box could
be observed. This action was repeated ten times for each normal pressure. Tt
was found that the friction coefficient ;¢ defined as the ratio between the
horizontal tensile force (F) and the novmal force (), was practically inde-
pendent of the magnitude of the normal force.

The vesults of the tests can be summarized as follows:

Material | Metal surface of plate i

t
1. Macadam | untreated ...... ... .. ... s 0.4
2. " i fubricated with graphite and 0.26
3. Pebbles ‘F untreated ... | 0.48
d ., i lubricated with graphite and 0.24

* Average values [rom ten tesls.
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Fig. 9 a. Photo of friction test arrangement.
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relatively good—although the measured value of K seemed to be a lhittle large—
we wished to obtain a value for the earth pressure when the movement of the
wall was greater than in the case of Test No. 1. In this test the reaction force
at 4 was in the test measured by a pressure cell, type C. E. Johansson, Eskilstuna
(the pressure ring in the macadam tests was thus nol used here).

This was achieved by placing a jack under the pressure eell and allowing the
jack to be compressed. The following results were obtained:

Movement of wall at top edge ...... 19.6 mn
" s s » botlomedge ... G5 mm
Average movement of wall ... ... ... 131 mm

Ratio between average movement aud height of wall — T%—;f, ie. 65 - 101,
54

The following values were read on the pressure cell (T').

Date (1940) T { K
7/2 0 0
20/2 i 3.80 0.16
a1/2 ; 4.55 ! 0,19
23/2 4,65 f 0.19

The low value recorded on 20/2 was probably due to two causes, viz.: the
filling close to the wall had settled and perhaps the friction in the bearings,
ete., had not been completely relicved. On 21/2 the filling had been completed
and the friction had obvionsly been reduced. The difference between the readings
on 21/2 and 23/2 is so small that the reading obfained on the latter date can
be accepted as definite,

The coefficient of the horizontal component of the active carth pressure should
thus be K, == 0.19. The corresponding angle of friction (@) of the material is
shown in the table below, which also indicates the effect of varying degrees of
wall friction (8). The {able has been compiled with the aid of IKrey's earth
pressure tables.

K 8 ®°
0.9 j 0 42.8
0.19 10 41.1
0.t9 i 20 39.¢
0.19 30 37.9

The influence of the wall friction is thus not much larger than the uncertainty
involved when determining the angle of friction of the material.
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5. Earth Pressure from Pebbles

5 a. Properties of Pebhles Used

Since the difference between earth pressure at rest and active earth pressure
could be expected to be especially pronounced in the case of macadam, the
original intention was that the investigation shouid be confined to this material.
Later, when it had been found, among other things, that the measured earth
pressure at rest was cousiderably lower than had been expected, it was con-
sidered desirable to augment the investigation by tests on another common
material which could be expected to have other values of the matertal properties,
such as concerns modulus of elasticity and internal friction. This means that
sand or gravel would have been the most Interesting inaterials to investigate
but, since the shelter was very moist—with water running from the walls and
ceiling at times~-these soils were out of the question. Asis known, these materials
are supposed to be more or less cohesive when damp and thus the results could
be expected to be wisleading, Instead, we chose pebbles of size 16-32 mm, The
stones were rounded and, in general, oval, The unil weight was detecrmined as
1.58 t/m"®, in loosc state.

As had been the case with the macadam, the angle of friction was determined
by shear tests carried out at the Swedish Geotechnical Institute and by measur-
ing the angle of repose.

The table below shows the resulls of the shear tests.

g T °
kg/em® kg/em® ‘ /5 2
| |
0.91 {0'81 C0ss6 41.9
0.82 i
1.67 1.36 i 0.814 39.1
2.15 2.01 0.820 39.4

The average value for ¢ is thus 40.°1, i.e. about 40°.

The angle of repose was determined by shovelling the pebbles nto a heap,
so that the sides were on the verge of failing. Determinations were made at
seven points on the circuinference (Fig. 20).

Fig. 20. Measuring the angle of repose.
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f [43 b o
Test No. E mm mm b/a @
1| 66D 540 | 0818 | 393
2 © 690 532 G772 37.7
3 i 690 b4 0.785 38.2
4 i 618 HHh 0.808 42.0
5 | 680 590 0.868 41.0
6 | 648 590 0.910 42.3
7 LoGo6 570 | 0.820 39,3
Average l i [ 0.x38 ' 40.0

Most of the shear tests showed swelling of the material. Thus the resulks
corrected for dilataney ought to have been lower than the figures above, How-
ever, as the angle of repose was as high as 40°, no reduction of the angle has
been made in the following treatment. (Cf. Bismorp, 1950.)

The results of the experiments carried out with pebbles are shown in table
form in Appendix 2 and in § 5ec.

5b. Tests

Test data can be found in Appendix 2.

In Tests Nos. 1 and 5 the wall was allowed to move as the filling was applied.

In Tests Nos, 2, § and 4 the stays of the wall had been prestressed Lo varying
degrees and the earth pressure was therefore obtained as a function of different
movements of the wall which were less than those obtained in the case of Tests
Nos. 1 and 5.

In Tests Nos. 6 and 7 a jack was placed under the cell, so that the wall could
he made to move both towards and away from the filling. This gave a number
of relations between the movement and the carth pressure. Since the filling
behind the wall was not vemoved after Test Nao. 5, the cell was unloaded by
means of a jack placed beside the cell. The whole wall was lifted under the hase
50 that another, small jack could be placed under the cell. As a result, the earth
pressure against the wall rose slightly towards the passive value. The pressure
measured at 4 is the total load, and the force determining the magnitude of
the ecarth pressure was calculated by reducing the reading shown on the cell
by 7.z tons, which is the calculated reaction of the weight of the wall.

A series of values obtained on movement from the filling are given in the
tables for Tests 6 and 7 (Appendix 2).

Since the displacement A was not determined in relation to any basic value,
the curve showing the relation between K and A/ has been so arranged that
the K-value for earth pressure at rest obtained from earlier tests—Nos. 3.
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Appendix 1

Earth Pressure from Macadam - =184 t/md
Test No. 1 Lo Kg -y - h¥/2
[ Temperature Wall movement
2}[ lgill)\?; in rock [ zlrmm(‘l fa i fm | fu K %L H1o
- shelter t, | Prossure !
o cell §;
i °C 0.01 mm i

0 9.9 0 0 0 0 0
1 11.7 21.0 60 40 25 0.222 2.1
9 8.6 21.5 70 40 23 0.218 9.2
19 9.9 215 ¢ 13 1 42 23 0.2t2 2.3
31 116 2ls T | 44 | 98 0.209 2.4
42 107 0 2l 19 44 . @2 0.201 2.4
52 108 ¢ 2ty 77 6 21 0.205 2.4
59 122 25 | W | 46 | 20 | 0200 2.4

Earth Pressure from Overload (q = 0.88 1/m?) on macadam

Test No. 2 E=K;-q-h
Temperature ! fo £ j By
Number . : around .E T 7 - ; fav < Numl;)er
of days in rock | pressure 061 mm P Ky SR 107} of eune
shelter ty ! ol b { | rows
°C i cel i : :
[ °G I :

—1q 127 1.8 ! B

—3 122 | 215 0

-1 11.7 208 | 0

0 14.2 21.0 0 0 i 0 0 0 0

14.7 2L.6 10 T2 0.057 0.8 1

15.0 20.4 22 13 i 6 0.112 0.7 2

14.9 20.6 24 17 [ 6 0.115 0.8 2

14.9 20.2 81 21 | 9 0.141 Lo 3

15.0 20.8 3% 24 10 0.159 1.2 4

15.3 — 38 27 | 12 . 0.7 1.3 5

15.3 21.8 40 28 . 13 0.17% 1.4 6

15.5 20.8 40 28 . 13 0.183 1.4 i

0 15.5 20.5 40 95 | 13 0.187 1.4 8

1 12.5 20.8 44 27 1 12 0.101 1.4 5

2 i 1920 21.8 44 | 98 | 12 0.205 1.4 8

3 11e  2Ls 45 29 | 13 0.205 15 8

6 12.4 20.3 46 29 | 13 | 0198 1.5 8
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Earth pressure from pebbles

Wall initially loaded by prestressed stays.

Test No. 3
i i ]
; Temperalure fo fin fu ! |
. ‘ ;
Number | - Hay
of days | nrock | o enmm o KpogEe10f Notes
i shelter ty . cell t: ;
i o 1 H
eC !
0 & 17.7 0/ 0] 0 0 0 |Nobackilling
78 . 178 117 80 50 | : Do, Prestressed stays.
2 7.8 17.8 115 8t | 47 | 081 Backfilling to full
! E i ! height, Stays dis-
' i ! ; conneeled.
—1 1 E — 3 0.31 ;-— 0.05 | Wall movement after
; 2 days.
Earth pressure from pebbles
P ?
Wall initially loaded by prestressed stays.
Test No. o
[ ! | .
! Temperature fo | fm i fy |
Number . u - Fav J
of days | inrock l [;llleuslsl::gc 0.0 mm I (V) ”ﬁ“h 10" Notes
i shelter ty E It : ]
o iocell t i
| °C
1} H
0 | 7.7 17.7 0 0 0 0 0 No backfilling.
i 7.9 17.8 117 80 50 Do. Prestressed stays.
2 7.8 17.8 115 82 47 .51 Backfilling to full
; height. Stays dis-
i _ connected.
13 i 7.5 17.7 112 80 46 0.29 Backlilling to full
; height. Stays dis-
connecled,

18 7.0 17.7 111 80 45 0.29 Backfilling to full
height, Stays dis-
connected.

f P—1 1 3 -—3 0.306 |- 0.05 ] Wall movement alter
i : 2 days.
| — G 0 —4 == (.15 | Wall movement after
‘ 13 days.
—7 0 | —5 —- (.20 | Wall movement after
: 18 days.
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Synopsis

In view of recent discussions on silo pressure, results from grain silo measurements in
1931 and 1952 are presented. The measurements were carried out on a conerete silo by
means of & hydraulic pressure cell and on a riveted sleel plate silo by clectrical wire strain
gauges. The tests show that when emptying a silo wall pressure and strains are higher
than when filling.

1. Introduction

On several occasions damage Lo silos has led to discussions as to what extent
the silo formulas, generally based on Janssen’s equation (JaNssEN, 1895), can he
applied when designing silos. Even if Janssen had carried out his experiments on
models it had been realised prior to this that more valuable knowledge would
be gained by cavrying out measurements on full-scale silos.

For the purposes of this report reference will be made only to such carlier
investigations which consider not only the pressure conditions when filling and
when the silo is filled but also the pressures arising when emptying. Horr-
MANN (1916), who described Jaussen’s model tests in detail, has pointed out
Pranre (1896) as the person who made the first measurements on full-scale
silos. These showed a lower wall pressure during filling than had been computed
from Janssen’s formula. The most noticeable factor, however, was that pressure
rises during emplying were five times as great as those recorded when filling.
Hoffmann commented that no one else had ever observed such pressure increases.

Subscquent investigations (Bovey, 1904; LUrrFr, 1904, sce Hoffmann, p. 186)
led to the conclusion that Janssen’s formula, as supplemented by KGNEN in 1896
(see Ioffmann, p. 202), could, provided that the component coelficients were
suitahly choseu, be considered to indicate the wall pressure when filling. In most
cases only moderate increases were noted when emptying although in one case
(Lufft) the emptying pressure was double the filling pressure.

Since, gradually, further progress has been made into the techuique of meas-
uring pressure exerted by granular masses (see, e.g., KALLSTENTUS & BERGAT,
1936) it scems now, to some extent at least, as if the above variations were due
to relatively primitive measuring methods. It had not been previously appreci-
ated that movements of the measuring organ greatly influenced the results of
such measurements,

A few years ago it was still considered thal the problem of measuring pressure
m silos had not been solved satisfactorily, and large-seale investigations were
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w=135% of dry substance). At the same time measurements on a similar
type of wheat were made at the Institute laboratory. The values obtained were
y == 0.83 loosely filled and y == 0.0 densely compacted. A check on the unit
weight of the mass which is filled into the silo above zero level gives an average
value of y = 0.8, but this value is surely too high in view of the fact that the
underlying layer has been compacted by the filling. Which of these values is
represcutative for the conditions within the silo is difficult to say. On the other
hand, recent tests at the Institute have shown that a certain degree of com-
paction occurs when a thin stream of granular material is allowed to fall freely
onto a large surface.

The silo was filled by steps. The wheat was first filled up to the pressure
cell and the surface levelled by hand. The level of the cell was used as zero for
height measurements. 100 tons of wheat were than added and the height above
the cell and the pressure recorded hefore and after the levelling of the surface
of the grain, Table 1. The surface of the filling was not levelled after the next
filling steps except after the last one. Consequently the height of the fill above
the cell, measured with the plumbline, and also that of a corresponding plane
(assuming -the grain surface being levelled) have been indicated.

05 | 7 Iﬁ\
\ M

o5¢ N/
Emplying ‘_\/

Q 0.4
> /
g /
'5. 03 r / /
o= \F. .
$ o2 ‘ N /V iling

o -

0 5 10 G 20 m

Height of fill above cell

Fig. 3. Wall pressure in the concrete silo.

At cach filling step the pressure was measured immediately after filling and
mmediately before next step. The latter measurement showed somewhat higher
values in the higher pressure ranges than the former. This was due in part
to a time-influenced lag, hysteresis, in the Bourdon manometer since a similar
tendency was noted when calibrating on the same time programme as was
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Fig. 5. General dimensions of the steel plate silo.

The silo in questionn was one unit in a double row of 20 silos at the Tre
Kronors Kvarn, Stockholm (Fig. 4). The silo was made up of riveted over-
lapping steel plate rings. The height of the eylindrical section of the silo was
21.4 metres and the diameter 4 metres (Fig. 5). Bach silo was welded to the
adjacent ones and consequently the silo under examination was only accessible
over three-quarters of the cireumference.

In the middle of four plates (two belonging to an inner ring and two to an
outer) strain gauges (type Gustafsson, Iength 100 mm, 2000 Q, gauge factor 2.49)
were affixed vertically and horizontally (Fig. 6). Tt was not possible to place
gauges inside the silo. The passive dummy gauges, intended for temperalure
compensation, were placed on an angle profile fixed between the four mneasure-
ments points in such a way that the profile was not subject to stresses. The
gauges were protected against moisture by a layer of lacquer and the gauge
groups were covered hy rubber sheaths glued to the sleel plate and containing
silica gel as the moisture absorbant. The moisture protection was found to be
reliable over the course of several wnonths, even when exposed to driving rain.

Every gauge was checked as regards insulation resistance and stability and
more than half of the number used were replaced before the gauges were accepted
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Fig. 6. Arrangement of measurement points at the steel plate silo
{A~D measurement points; TC gauges for temperature compensation).

as reliable. Changes in the zero readings were observed between the tests.
Whether these were due to creep of the gauges or stress changes in the steel
plates could not be established sinee the strains in the empty silo were affected
both by temperature and stress changes in the adjacent silos. Zero travel due
to creep had probably not influenced the test results since the measuring time
was short, To some extent the zero travel was checked by making comparative
measurements on the unloaded passive gauges. In the casce of the third test all
the gauges were doubled to reduce the influenee of gauge errors.

Changes in the gauge resistance were measured with the aid of a DC bridge
{type Gustafsson) which enables measurements regardless of the wire resistance
in that double wires are led to each gauge contact. A light spot galvanometer
{type Norma) was used as the zeroing instrument,

The temperaturce of the steel plates of the silo was determined with a mereury
thermometer, the lower part of which was in contact with the steel and insulated
from the air.

2 ¢ 2. Performance of the Tests with the Steel Plate Silo

The tests were carried out between July and September 1952, Both filling and
emptying proceeded continuously and measurements were taken throughout
these processes. The level of the material in the silo was checked by measure-
ments with a plambline and the quantity of the mass by time-recording auto-
matic scales, Strain measurements were made in such a way that the gauges
were successively connected to the DC bridge. In Tests Nos. 1 and 2, a rapid-
action switch was used, and the time interval between the measurement series
was 3-15 nunutes. In Test No. 3 the wires were connected direct to the bridge
and the interval was 10-15 minutes. Thus the measurements at the single points
were not continuous.

The unit weight and water content of the grain were determined in the aiil
laboratory. Much higher values will be found when computing the unit weight
from filling and empiying rate values in Table 2.
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It may be further noted that, when emptying, the discharge in the middle of
the upper surface is not always even. It appears at times as if the veriical centre
movement had ceased altogether. It is probable that arching then takes place
in the mass. As discharge proceeds the archings will collapse. These collapses
are followed by marked *“shocks™ in the mass which can be distinctly heard.
These sounds were heard on several oceasions in the conerete silo at Uppsala
but seldom in the steel plate silo at Stockholm.

One can imagine two hypothetical extreme cases as to the way in which
a granular mass could move downwards when a silo is emptied via a central
discharge shaft (Fig. 8), viz., A: the whole mass moves downwards in parallel
to the vieinity of the bottom cone where the travel is concentrated by the dis-
charge tube, and B: the outer part of the mass adheres to the walls and cmptying
Is going on from above as through a pipe passing through the material.

In reaiity it can Le thought that both cases are dominated by wall friction.
In case A, where the wall friction is insufficient to prevent the travel, it should
be possible to assume that the wall pressure—if friction is neglected—was equal
to pressure at rest. Such a pressure is suggested by, for instance, WASTLUND
(1939). In case B the wall friction is sufficient to prevent movement at the wall
and the movement of the mass is in the cenire where forces arise producing
horizontal supplimentary forces on the wall, especially in the case of compacted
dilatant material.
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Fig. 11 a. Fig. 11°b.

FPig. 11 c. Fig. 11 d.

The shape of the bulb is dependent on the packing of the sand. Fig. 12 shows
another test at a phase corresponding most to Fig. 11b and it is evident that
the diameter-height ratio of the bulb is variable as well as the steepness of the
gradients of shear deformation in the zone intermediate hetween flowing and
remainiug material,
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Figs. 11-13. Flow patierns when emptying
a vessel.

Figs. 11-12. Vessel opening v = § mm.

Fig. 13. Vessel opening r = 50 mm.

Fig. 12,

Fig. 13 a. Fig. 13 b.

Fig. 13 a—b show the corresponding flow patterns when using an opening with
radius 50 mm. It will be observed that the size of the opeuning has a certain
influence,

By studying the curvature of the surfaces in the bulbs, and by measuring the
thickness of the sand layers in the different parts of the pictures, one is able
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to deterniine the behaviour of the sand i +] feren  arts of the vesse
pictures have been used for such purpor L suany cases in our researcl
intenltion has been to repeat the tests wion more carefnl determination of

ties, weights and volumes than was done in the ab..e preliminary tes

this has not vel been done, and we take the . portunity to present so... ..
the pictures in connection with the report of the silo measurements.
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