Bl e

Acquisitions and

tibliotheque nationale
du Canada

Drrection des acouistions et

Bibliographic Services Branch  des services bibliographiques

385 Weliington Street
Ottawa, Ontano
K1A ON4 K1A ON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original ‘hesis
submitted for  microfilming.
Every effort has been made to
ensure the highest quality of
reproduction possible.

If pages are missing, contact the
university which granted the
degree.

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c¢. C-30, and
subsequent amendments.

Canada

395, ue Wellington
Qttawa (Ontano)

Your B Votie 1o, e

w e Notre 1o o

AVIS

La qualité de cette microforme
dépend grandement de la qualité
de la thése soumise au
microfiimage. Nous avons tout
fait pour assurer une qualité
supérieure de reproeduction.

S’il manque des pages, veuillez
cocmmuniquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont eté
dactylographiées a l'aide d’un
ruban usé ou si l'université nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amenrlements subséquents.



Experimental Investigation of the
At Rest and Active Lateral Earth Pressure of

Overconsolidated Sand

Riad Al-Romhein

A Thesis
in
The Department
of
Civil Engineering

Presented in Partial Fulfillment of the requirements

for the Degree of Master of Applied Science at
Concordia University

Montreal, Quebec, Canada

October 1995

© Riad Al-Romhein,1995




National Library
of Canada

R |

Acquisitions and
Bibliographic Services Branch

395 Wellington Street

Ottawa, Ontario

K1A ON4 K1A ON4

THE AUTHOR HAS GRANTED AN
IRREVOCABLE NON-EXCLUSIVE
LICENCE ALLOWING THE NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF HIS/HER THESIS BY
ANY MEANS AND IN ANY FORM OR
FORMAT, MAKING THIS THESIS
AVAILABLE TO INTERESTED
PERSONS.

THE AUTHOR RETAINS OWNERSHIP
OF THE COPYRIGHT IN HIS/HER
THESIS. NEITHER THE THESIS NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REPRODUCED WITHOUT HIS/HER
PERMISSION.

ISBN 0-612-05132-3

Canadi

Bibliothéque nationale
du Canada

395, rue Wellington
Ottawa (Ontano)

Direction des acquisitions et
des services bibliographiques

Your e Volrs reldience

Our e Noire rélérence

L'AUTEUR A ACCORDE UNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERMETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES COPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES EXEMPLAIRES DE
CETTE THESE A LA DISPOSITION DES
PERSONNE INTERESSEES

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SA THESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE-
CI NE DOIVENT ETRE IMPRIMES QU
AUTREMENT REPRODUITS SANS SON
AUTORISATION.



ABSTRACT

Experimental Investigation of the
At Rest and Active Lateral Earth Pressures of

Overconsolidated Sand

Riad Al-Romhein

The present study is an experimental investigation on the effect of soil stress
history expressed in terms of the overconsolidation ratio, on the at rest and active earth
pressures.

Prototype cxperimental model was instrumented to measure the total and the
distribution of the earth pressure on the retaining wall as well as the vertical and the
horizontal stresses in predetermined points in the sand mass, behind the wall.

In order to produce an overconsolidated sand mass in the lab, two sand placing
techniques were developed. First, the sand was overconsolidated by applying a surface
static uniform load for a period of time (In order to allow the consolidation process to be
completed) and then unloading. Second, the sand was overconsolidated by means of
placing the sand in layers, and compacting each mechanically by an air compressor.

The results revealed that the overconsolidation ratios affect substantially the values
of the carth pressure at rest, while they have no effect on the active earth pressure.

Semi-empirical formula and design charts were developed to predict the
cocfficient of earth pressure at rest for a given angle of shearing resistance, ¢, and

overconsolidation ratio, OCR.
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CHAPTER 1

INTRODUCTION

1-1 GENERAL.

The technology of construction shows that old scientists had good common sense
in dealing with geotechnical problems. However, documents in this field started carly in

the nineteenth century when major geotechnical problems were solved.

Few attempts were made to evaluate the earth pressure either theoretically or
experimentally by means of laboratory testing. These kinds of rescarch continuc to
advance due to the development of instruments and powerful computer facilitics.
However, due to the difficulty in duplicating overconsolidated cohesionless soils in the
laboratory, the effects of overconsolidation ratios in the performance of this sand mass

under loading and unloading remain undefined.

In the literature the lateral earth pressure on retaining walls has been studied by
several researchers. However, it was limited to the case of normally consolidated sand or
normally and overconsolidated clay. Some attempts were made on overconsolidated sand
which was overconsolidated by means of compaction in the laboratory. This proven to be
not simulating the field condition. Furthermore, there is no available literature showing the

effect of the stress history on active lateral earth pressure.




1-2 RESEARCH OBJECTIVES

The objective of this research program is to study the influence of the stress history
in the case of homogeneous sand on both the at rest and active lateral earth pressures
behind retaining structures. For this purpose, a prototype experimental set-up was
developed to allow the measuring of the earth pressure on a retaining wall subjected to at

rest or active condition, as well as the overconsolidation ratio of the sand.

Chapter one represents an introduction to the subject and the objective of this
thesis. Chapter two reports the literature review. The properties of the sand, the
cxperimental Set-UP and the laboratory test techniques are shown in chapter three. In
chapter four the experimental results are recorded together with the analysis and
discussion. Finally, in chapter five the conclusion is given and the recommendation for

future rescarches is presented.



CHAPTER 2

REVIEW OF PREVIOUS STUDIES.

2-1 GENERAL.

The stresses in soil mass are the result of the soil’s own weight and any other
external loading. These stresses are function of the cxisting loading condition as well as
the ones imposed on this soil in the past. Evaluation of these stresses under any existing
loading condition is well documented in literature., However, such evaluation is rather
complicated for the case of previous loading. The stress history plays an important role in

the determination of the earth pressure on the walls.
2-2 Active Lateral earth pressure.

The problem of earth pressure generated on retaining structures was studied in 1776
by Coulomb C.A. (8), who presented the theory of lateral earth pressure for both the active
and the passive lateral cases. In developing his theory hc assumed that the soil is
homogeneous i.e 7= G tang ¢, (where:T is the shearing resistance of the sand, ¢ is the
normal pressure on the failure plane and ¢ is angle of shearing resistance) and the friction
forces either in the soil or on the wall are uniform and finally the rupture surface is a plane

surface. Figure (2- 1) shows the equilibrium of the free body where:

cos Z (P -0)

sin (8 + ¢) sin (P — o) ]2
cos (0+6) cos (0 — o)

cos 2((9) cos (6+9) [1 +J
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B w
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Figure 2-1 Coulomb’s active earth pressure. a) trial failure wedge, b) force polygon



Where Ka is Coulomb’s active earth pressure coefficient. The maximum Pa could be

calculated by making several trials with different values of B.

In 1857, Rankine, W. J. M. (22), presented his theory to predict the carth pressures
by assuming that every point in a soil mass is on the verge of failure (state of plastic
equilibrium). In this theory the failure mechanism is developed simultancously through
out a semi-finite mass of soil subjected to its own weight and the wall is frictionless and
extends to infinite depth. Fig (2-2) illustrates the Rankine states where the considered
element has a unit cross section. The normal stress on the clement base

is:

The state of plastic equilibrium is represented by the Mohr circle where the
vertical stress could be either the minor or the major principal stress according to the
situation of the retaining wall, i.e (the wall is pushed by the sand or the wall is pushing the
sand). Pv is the major principal stress and Ph is the minor principal stress in the case when

the retaining wall is pushed by the sand as a result, the following equations can be

developed:
ooa . OaA -
sind = m .......................................................................... (2 4)
G;-C
Gl+03

where G’ is the major principal effective stress and 6’4 is the minor principal effective

stress and By rearranging the last equation we can get:

P, ©
h 3
Ka=P—=——,— ...................................................................................................... (2'6)
\ %4
1
X = (1-sind)
a - m-uu.......................-...........................-............ (2-7)
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Which is the maximum value of Ka, orin another way we can express it by:

_ (l-i-sind))>< e
G, = m o Y e (2-8)
’ | - sin® ’
Y e (299)

3 = mxcl... veves

For the passive case i.e the wall is pushing the sand and accordingly ¢’y is The major

principal effective and Kp reaches its maximum value, thus:

O 1 = KX PHoee i (2210)
%)
D o, (2-11)
3
(]+sm(I))
P (l-sin®) ( )

Furthermore, Ka and Kp represent the lower and higher limits of the sand cquilibrium
states. The iniermediate states are the states of elastic equilibrium which include the

condition of the at rest state that is the subject of the following paragraph.

In 1957, Janbu, N (16). Proposed, according to his study of lateral earth pressure
by generalized procedure of slices, a method to evaluate lateral forces for both the active
and passive conditions: Pa = Ka(0.5 y H 2 + qH) where Ka could be taken from his

proposed graph.

In 1963, Rowe. P. W. (23) demonstrated that the force on a smooth retaining wall
behind dense sand is less than the case of loose sand. This is due to the fact that the failurc
wedge which is directly supported by the wall is relatively smaller for the case of densc

sand as compared to loose sand.

In 1971, Clough G.W & Duncan J. (7) according to their finite clement analysis



performed for smooth walls translating away from the backfill, the active condition was

reached for displacement equal to A/H = 0.0026

In 1984, Rahardjo, H. & Al (21). According to their study using General Limit
Equilibrium method for lateral earth forces for horizontal cohesionless backfill against
vertical wall they found that all: Coulomb (planar slip surface), Krey (curved slip surface)
and GLE (Circular slip surface) are similar. Besides, they studied the location of the
critical center of rotation and they found that the wall friction angle results in an increase

in the curvature of the critical slip surface.

2-3 At Rest Lateral Earth Pressure.

2-3.1 General.

Historically, when natural supe:rposition of soil layers occurred in a large area, it
couldn’t exist a lateral movement or horizontal compression between soil elements this
condition is known as the at rest condition or Ko condition where Ko is the coefficient of
at rest carth pressure. For sand layers where there is no external forces during formation,
Ko will be within a range of 0.4 and 0.5. On the other hand, Ko could reach higher value if
there were a load in the past i.e. additional overburden without pressure dissipation (i.e

completion of the consolidation process).
2-3-2 Theoretical Estimation of Ko

The first trial to theoretically estimate Ko was done by Jaky, (15) In 1944: who
assumed a semi-infinite granular mass and divided it into Rankine zone and transitional
zone as shown in Figure(2-3), and that the shear distribution on any horizontal plane is
parabolic. Based on these assumptions Jaky was able to express the coefficient of earth

pressurc Ko as a function of angle of shearing resistance, ¢.




I - Rankine Zone

II- Transitional Zone

Fig 2-3 Jaky’s solution

1 —sind

2.
0= m X (l + =X Sln(b) e e e 2 — 13 )

K 3

Later on, Jaky proposed another simplified formula without giving any explanation

K,= (1=8n®) oo (2 14)

The second attempt to evaluate Ko theoretically was done in 1963 by Hendron,
A.(14). He assumed that a rounded, uniform and dense sand could be simulated to a face-
centered array of equiradii spheres. Having subjected the array of spheres to one

dimensional compression, then Ko can be evaluated by the following equation:

6 6
1 l+%—‘—3%—(sin¢‘)
KO = | o | e e e e e (2-15)
2 6 6
1—%+3-§ (sin®*)



He also reported that Ko is also influenced by the shape of the granular soil. For
example round sand having similar angle of shearing resistance to angular sand has a

smaller value of Ko.
2-3-3 Experimental estimation of Ko.

In 1883, G.H. Darwin.(10) studied how a talus will stand and he defined the angle
of repose as the inclination to the horizontal (in this way it has uninteresting meaning from

the geotechnical point of view).

In 1891, A. Donath. (11) was the first who introduced Ko as the coefficient of the
lateral carth pressure at rest, which is the ratio of the horizontal to the vertical stresses

under no lateral deformation.

In 1920, Terzaghi.C. (27) conducted his tests in the field accordingly he could
estimate Ko. Then he reported the value of Ko = 0.42 for coarse sand. Later on, in 1923 he

introduced the empirical equation

K = ] - sin® 916

Besides, he studied in details the importance of no lateral movement in retaining
wall where he called the ratio of the horizontal to vertical stresses Ko in such situation and

he reported that the Ko increases with the increase of the degree of the sand compaction.

In 1936, Kjellman, W. (17) found that Ko has an amount between 0.5 and 1.5 by

using a complicated triaxial device on sand samples.

In 1957, Bishop, W.A. & Henkel.D.J. (5) found that Ko =47 for loose sands

and.38 for dense sands which depends on the soil type, stress history and pore water

10




pressure.

In 1958, Bishop, W.A (4) gave Ko more deep explanation by using the ratio of the

horizontal effective stress to the vertical effective stress.

In 1961, Bjerrum, L. & Al (6) provided a plot of Ko against initial porosity

where Ko is equal to 0.25 in dense sands and to 0.654 in very loose sands.

In 1966, Schmidt. B. (24) in his discussion on the results of Brooker and Ireland

proposed a simplified relation:
a

63 ’ Glmax
—|=K =Ko TR ¢l )|
o d °

where OCR is = S max’C1 (a) is the slope of the straight line showing in

logarithmic scale OCR vs.6 3/ 0. And K’0 is the intercept with © .« / ©)=1. Besides,
he suggested to carry out tests with different values of & |;,4x, to demonsirate the results
of unpublished tests on sand which states that the  curvature of odometer load-
deformation curves in rebound is independent of Gy, this means that the factor (a) in the

proposed relation in rebound is also independent from Gy ax-

In 1967, Alpan. 1. (2) proposed this empirical relation for overconsolidated sands
where the exponent n for sands could be determined from a special
graph:

— n —
KO(OCI‘) = KO(nC) XOCR .. i e e e, (2= 18)

In 1973, Andrawes, K. & El-Sohby, M. (3) declared that in the triaxial test there is

no lateral strain when the axial strain equal the volumetric strain, i.e E, = sawhich is

measured from the burette:

dv _ dHxA
V T v THxA a



Furthermore, when the triaxial tests are done with constant R= Ga/cr
First, it can be exccuted with ev/ea >1 next, with ev/ea <1 then we can

find the quantity of R for €,7€, = 1 which gives Ko=1/R.

In 1975, Saglamer, A. (24) mentioned that OCR has big influence on Ko and gave

the following equation for normally consolidated sand:

K = 09711 =097SIM0] oo et iieiiiiriee e ireiieeeiiierencaieee e e (2 220)

0 nce)

In 1976 Meyerhof, G. (20) proposed the following equation:

K = (1=siNd) JOCR......ccviiiiiiiiiiiiiiiiiiiiieniineeneee e (22 21)

0{0C)

In 1980, Daramola, O. (9) developed Wroth's(1973) formula:

_ H
000) = Ko(;w) X OCR - [T:EJ (OCR=1) eiiiiiiiiiiiiieeieee e (2 22)
to
Ky ey = Kooy XOCR=A(OCR=1) oo (22 23)
1-p ,
where, A= TP and B could be taken from his proposed graph.

In 1982, Mayne, P.W. & Kulhawy, F.H. (18) presented the following relation according to

statistical analysis  conducted on  Ko(nc) for  cohesionless  soils:
K()("C) = 1 =0.998SINM ... et e e i ennaeen (22 24)
Besides, from linear regression analysis for clay and dense sands he suggested  the
following equations:

Ky oney = 1= 1003800 (22 25)
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. OCR \ 3 OCR
K - (l—sm¢)[————)+—¥(l~—————) ..................... (2 - 26)
o(o0) OCR"lax 4 OCR"lax

In 1983, Handy, R. (13) stated that Ko decreases when densification continues and

he proposed the following:

I —sin(¢d+a)
= —')
Ko(nc) TSI (G G) s (2-27)

Where, o is the diversion of the slip angle due to densification.

In 1984, Sherif, M.& Fang,R. (26) recommended based on their Laboratory tests
Jacky relation for loose sands. But, for dense sand backfill they proposed the following

relation

Ky, = (1-sind) +( Va —1)x55(2—28)

min

where Yy is the field actual unit weight and ¥,;,, is the minimum unit weight.

In 1984, Feda, J (12) declared based on his results that Ko(oc) increases until a
maximum value with OCR increasing then decreases with increasing OCR. Also he
studied the relation between porosity and relative density and Ko(nc) and he found that
maximum Ko(oc) corresponds to Rankine coefficient of passive earth pressure.Finally, he

proposed the following equation:

1 1 1
Konc— Tk’ d) + (D ........................(2“29)
21T, B en 2(§+-—C")
tan Z+—2— a4 2
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where ¢, is the angle of interangular friction, and ¢, is the angle of inter angular friction

with constant volume test and k is the coefficient from Rowe’s stress dilatancy which is

de
cqual to 0.5 (l s

v

) Where de, and de, are the plastic volumetric and axial strain
a
increments in the triaxial test.

In 1993, Ting.C. M. & Al (28) declared according to their experimental results on
Kaolin the sedimentable samples differ from remolded samples and they provided the

cquations: Ko = -0.22¢ + 0.9 for remolded Kaolin........cooeeveiinriiiencnnns (2-30)
and Ko = -0.25e + 0.87 for sedimentable Kaolin.........cccceenneee (2-31)

In 1993, Mesry.G. & Hayat. (19) In their experimental study during the decrease of

', on granular soils they provided the following equation:
Ko=(1-Sin) OCR SO Y erecssnrsisnenssssnn (2-32)
2-4 Stress History of the soil represented by OCR.

A soil in the field at some depth has been subjected to certain maximum effective
overburden pressure in its geological history. This maximum effective overburden
pressure may be equal to or less than the existing overburden pressure at the time of
sampling. The reduction of the pressure in the field may be due to natural geologic process
or to human process. During the soil sampling, the existing overburden pressure is also
released, resulting in some expansion. When this sample is subjected to consolidation test,
a small amount of compression (that is a small change in void ratio) will occur when the
total pressure applied is less than the maximum effective overburden pressure to which the
soil has been subjected in the past. When the total applied pressure on the sample is
greater than the maximum past effective overburden pressure, the change of the void ratio
is much larger, and the log p relationship is practically linear with a steeper slope. Such

plot is used by Casagrand for the estimation of OCR for clayey soils. But, for a specific

14



sand deposits there is no known technique to predict OCR maximum other than a

knowledge of the local geology and the stress history of the soil deposits.
2.5 Discussion and Scope of the Present Research.

It can be noted that most of the theories reported in literature to predict the Active
and At Rest lateral earth pressures are based on the study of normally consolidated sands.
Besides, mostly experimental studies were focusing on normally consolidated or
compacted soils. Furthermore, some scientists during their special triaxial tests for the
evaluation of Ko during loading and unloading assume that OCR is the ratio of the
maximum vertical pressure to the available vertical pressure in that specific point of the
test graph. Others assume that OCR is the ratio between the maximum confined pressure
applied to the sample and the minimum confining pressurc applied to the tested sample in

the triaxial tests.

In addition, no trial has been made to study the effect of OCR that is caused by the
extended superficial static loads on the lateral earth pressure of overconsolidated sand

under the at rest or active conditions.

The present analysis is directed to evaluate the cocfficients Ko and Ka of

overconsolidated sand as a function of OCR and ¢.
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CHAPTER 3

EXPERIMENTAL INVESTIGATION

3-1GENERAL.

In order to achieve the objectives mentioned in chapter two in this thesis, an
cxperimental set-up was designed to simulate the condition of a retaining wall subjected to
at rest and active carth pressures. Measuring devices were installed to record the pressures
on the wall and in the sand mass.The pressures measured on the wall will be the at rest or
active pressures which depend on the movement. The pressures measured in the sand mass
allow for the calculation of the overconsolidation ratio.The case of the active earth
pressure condition was produced by allowing the wall to move horizontally without any
rotation. Figure 3-1 presents a schematic flow chart of the experimental set-up. Figure 3-2
presents the general view of the experimental set -up, while figure 3-3 shows a photograph

of the executed set-up.

3-2 EXPERIMENTAL SET-UP.
A- The Tank.

The inner dimensions are 1080 mm, 197 mm and 405 mm length, width and
depth respectively. Figures (3-4) and figure (3-5) show a sketch and photo of the tank used
in the present investigation. The longitudinal sides are manufactured from sheets of
Plexiglas (Acrylic Cast Sheet) which is transparent in order to show the sand movement
behind the retaining wall and, accordingly, the failure mechanism. The plexiglas sheet has

a thickness of 10 mm and a Tensile Strength of 65 MPa. The tank is reinforced from
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outside by a steel frame to prevent deflection under the maximum loading condition.
Mechanical dial gages are installed to measure the deflection of the sides of the tank if
there is any. The results showed that tiie sides of the tank do not deflect, and, accordingly,

the retaining wall is considered to be loaded in a two dimensional condition.
B- The retaining wall.

A steel plate was manufactured with the dimensions 197mm x 215 mm x 19 mm
width, depth and thickness respectively. The retaining wall was allowed to move
horizontally and no rotation was permitted. Five displacement transducers were installed
firmly within the wall to measure the horizontal soil pressure on the wall. Figure (3-6) to
(3-8) show a sketch and the photograph of the retaining wall with the transducers in
location. For easy reference the transducers were given the symbols
(WI1,W2,W3,W4,W5). These pressure transducers are manufactured by Data Instruments
Lexington, USA. The transducers were connected to the data acquisition system(D.A.S.)
which allows registering the transducers’ reading at predetermined intervals. DAS was
consequently connected to a personal computer to record and print the transducers’

pressure readings according to their calibration in Kpa.

The wall movements were measured by the electrical sensor (Linear Variable
Displacement Transducer LVDT) which is manufactured by Sangaho Schlumberger. The
LVDT after calibration was connected to the D.A.S. and the personal computer. The
displacement was recorded in mm. Figure (3-9) shows the Dial Gage (LVDT) used in the

present investigation.
C- The Loading System.

The loading system consist of a gear box which was manufactured by Wikehan
Farranc Eng. LTD. Slought England. The fixed gear box will generate horizontal force

which will produce a horizontal movement along the axis which is connected to the
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retaining wall. Figure (3-10) shows the Gear Box used in the present investigation. The
forces generated by the gear box are measured by a Load cell whichis connected on one
side to the horizontal retaining wall axis and on the other side to the gear box horizontal
axis. The load cell is also connected to the Data acquisition system which registers these
forces according to the calibration factor previously established. Figure (3-11) shows the
Force transducer (Load Cell) used in the present investigation. The wall movements could
be forward movements i.e towards the sand mass which generate compressive force on the
soil mass (Passive condition) or backwards movements i.e away from the sand mass
which generate tensile force on the soil (Active condition) or no movement at all (At rest

condition).
D- Laboratory production of Overconsolidated sands.

In this investigation, the sand was overconsolidated by two different techniques.
First, by applying an external static load on the surface of the sand in the testing tank for a
period of time and then unloading, the stresses in the sand mass were measured by a set of
transducers cmbedded in a predetermined locations at three different levels. The
transducers were given the symbols of bl,to b9 (see figure 3-4). Special boxes were
manufactured to house such transducers. Figure (3-13) and (3-14) show these boxes units
for vertical, and vertical and horizontal transducers respectively. Second, the sand was
overconsolidated by means of compacting the sand mechanically for each sub-layer of

100mm.
E- Sand placing technique.

The sand placing technique was developed to minimize the sand disturbance and
to produce the requested unit weight. The equipment used for placing the sand is presented
in Figure (3-15). The sand was placed in the tank in the form of layers suitable for

placing the transducers in the predetermined levels. The containers of measuring the unit
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weight were also placed in their designed levels. Figure (3-16) shows the location of these

containers.

Each layer was compacted by an air compressor with an end steel plate. The range
of the compact duration varied from 1 to 11 seconds, depending on the required unit
weight of the sand. Figure (3-17) shows the compact duration versus unit weight. The

thickness of the sand layers was fixed to be 100mm for the entire experimental program,

In case of surfaced loads, the sand was placed in the tank by spreading it in its
loose state for the entire height of the tank. Next, the sand was covered by sheet of
Plexiglas to ensure a uniform distributed stress on the top layer of the sand and to allow
the settlement of the static loads user to overcousolidate the sand. Afterwards, the static
loads were applied for a period of time (For test No 3 the period of loading and unloading
the static loads took more than three months.) Afterwards, the sand was overconsolidated
due the residual plastic deformation in the sand mass which increased the interlocking

between the sand particles.

3 - 3SAND CHARACTERISTICS.

A-General.

The sand used in the present investigation was a 99.9% high Silica sand “MORIE
Sand” imported from the United States.The MORIE sand was sclected due to its

homogeneous quality.
B - Grain size distribution (Sieve analysis).

Figure (3-18) represents the grain size distribution curve of the sand used in the
present investigation. From the grain-size distribution curves the following parameters

were determined:

a) The Uniformity Coefficient Cu:
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C = ————.. .. e e (322)

For the sand used in this investigation Cc was found to be 1.63 and Cu to be 5.5.

According the Unified Soil Classification System the sand is WELL GRADED CLEAN

SAND.
C - The Shear Strength.

The shear strengths of the sand were determined from the results of Direct Shear
Tests. Figure (3-19) shows the shear strengths of the sands and the corresponding unit

weights.
D- Particle shape

The shape of the individual particle is at least as important as the grain size
distribution which affect the engineering response of granular soils: in our case it is
angular, clean, cohesionless, homogeneous and quartz sand. This shape affects the

frictional characteristics of the investigated sand.
E - The Unit Weight.

The unit weight was measured before and after loads application by placing

containers having 62.7 mm as diameter and 45 mm as depth. Table (3-1) shows the results.
F- The Relative Density

There are two possibilities to evaluate the relative density either by:
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e e

maxv.

ema\ €min
or from:
O € T

Ymax - Ymin Yf
According to The American Society for Testing and Materials (ASTM) D-2049

procedure for the estimation of the minimum and the maximum dry unit weights of
cohesionless granular soils, the following characteristics of the soil used in the present

investigation were obtained: 1741 KN/CMand vy 1995 KN/ C.M.

nin = mas =

Figure (3-20) shows Angle of shearing resistance versus relative density.

Table (3-1) The physical properties of the tested sand (where ¢°is computed from the

shear box test results).

SAND PROPERTY Y /KN ¢° SRRy
LOOSE 17.67 31 12
LOOSE 17.90 33 21

MEDIUM 18.32 36 39
MEDIUM 18.80 40 58
DENSE 19.02 22 67
DENSE 19.25 45 75

3-4 Computer and Data acquisition system.

The Data Acquisition System (D.A.S) Figure (3-21), which is designed by H.P
(H.P 3852 A), gets voltage signals from the transducers that differ according to the
intensity of the stress applied on each transducer. The computer translates the signals to
stresses according to a program that has the scales of transformation. This program should

be prepared according to the requirement of the tests. All the signals arc memorized
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according to chosen intervals for all connected transducers where the capacity of the panel

is 200 transducers.
3 - § Test Procedure.
A)- Transducers calibration:

Transducers were calibrated individually. Figure (3-22) illustrates the lay-out of the
transducer method of calibration. Each transducer was subjected to different levels of air
pressurc through plastic pipe that could be measured by a pressure test gauge. The
excitation power was 5 Volts according to the manufacturer’s recommendation. The
output signals were recorded for each level of pressure. According to the results, the
calibration factor was calculated for each transducer. These factors were entered in the
computer program to convert the output signals registered by the D.A.S. to pressures.

Figure (3-23) shows the instrument used for the transducers’ calibration.

After installing all the transducers, the conrection of each transducer was checked
with its characterized computer output data, and they were initialized by giving them zero

values as an initial pressure.
B - Applying static loads.

In this case the tank was filled up by spreading sand in its loose state. The plexiglas
cover overlaid by a rigid cover was put in place to ensure the uniform distributior of the
load on the entire sand mass. Then, the static load was applied on the rigid cover gradually
to achieve different levels of pressure. For each individual static load pressure the change
of the horizontal and vertical pressures in transducers were monitored until no change was
recorded with time. The next increment of static pressure was added after the stabilization
of the previous pressures in the transducers. The same process was used during unloading

where the increments of unloading were similar to the loading increments.
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C - The test records.

C -1 General.

The Data Acquisition System is programmed to read and record the output
voltages from the transducers and the load cell according to the predetermined interval
periods. Furthermore, the Data Acquisition System has the possibility to record results

manually at a given time which was used during the application of the static loads.
C - 2 Computer records.

During loading the following measurement were recorded and printed by the
computer system for each level of static pressure where the registration intervals were

controlled manually:
- All transducers pressures “in Kpa *;
- The horizontal displacement of the plate (the retaining wall) “in mm”;
- The forces inside the load cell ““in Newton *‘.
C - 3 Manual records.

During loading the following displacements were measured and recorded

manually:
- The horizontal Displacement of the tank side walls;
-The vertical displacement of the tank upper cover;
-The horizontal displacement of the gear box axle.
D -The records of the Displacement of the wall and the applied forces.

The wall was pulled backwards away from the sand by the gear box according to

the displacement steps of approximately 0.5 mm in order to generate the active earth

23



pressure condition. The deviation of stresses on the wall and in the soil mass, the wall
displacement, and the total force on the wall were recorded. The test was ended when

there were no changes in the forces deduced by the load cell.
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Figure 3 -13 Transducers box unit to measure vertical stresses
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Figure 3 -14 Transducers box unit to measure Vertical and Horizontal stresses.
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Figure 3-17 Unit weight of the sand versus duration of compaction
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N.B: D1,D2, etc. are the given symbols for displacement dial gages 1,2 etc...

Figure 3-24 Location of the displacement dial gages.
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CHAPTER 4

TEST RESULTS AND ANALYSIS

4-1 GENERAL

In this chapter, a summary of the test program is given as well as the experimental
test results and analysis for the cases of the retaining wall subjected to at rest and active

conditions.

4-2 Test Program

The following table show the test program followed in this experimental

investigation:

Table (4-1) Schedule of the experimental investigation program.

Test No maximum load (Kpa) Tables No. Results
1 0.0 Kpa 4-2t104-4 & A-110 A-3 Ko, OCR, Ka
2 13.7 Kpa 4-5t04-9 & A-4 10 A-7 Ko, OCR, Ka
3 26.2 Kpa 4-10t0 4-15 & A-8 10 A-14 Ko, OCR, Ka
4 26.7 Kpa 4-17 Ko,OCR
Test No. compaction duration Table No. Results
5 | second 4-18 Ko, OCR
6 2 seconds 4-18 Ko, OCR
7 4 seconds 4-18 Ko, OCR
8 6 seconds 4-18 Ko, OCR
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4-3 Test results
4-3-1 At rest condition

The test results are given in Tables for the at rest condition during and after the

overconsolidation processes of the sand by both techniques:

For overconsolidation by means of applying surfaced loads the results are given in

tables 4-2, 4-5, 4-6, 4-12, and 4-16;

For overconsolidation by means of compacting the sand by an air compressor the

results are given in table 4-18.

The changes in the horizontal rressures on the wall as deduced from the transducer
readings during each increment of loading and unloading for a period of 48 hours were
also recorded. The results are given in tables: (4-10) & (4-11). Typical results are
represented in a graphical form in fighres: (4-1) and (4-2). The initial and the final
readings registered on the transducers were plotted against load increment in figure (4-3).
In this figure, the upper part shows the sequence of loading and unloading which was used
to overconsolidate the sand. In the lower part of this figure, the transducer readings were
given in the form of initial and final reading for every load increment. From the deduced
pressure diagram on the wall, the earth pressure and the coefficient of earth pressure for

the cases of the at rest and active cases were calculated.

Figure (4-4) to (4-6) show graphically the relation between the vertical pressure O,
which is measured in the sand mass at the same level of the transducer in question versus
the horizontal pressure measured by the transducers on the wall during loading and
unloading. It can be noticed that the relationship during loading is linear, but, during
unloading, is polynomial. Besides, the at rest lateral earth pressure, Ko increases due to

the increase of the over consolidation ratio, OCR, which will be well documented in the
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test results analysis.

Furthermore, the displacements measured by the dial gages during loading and

unloading of the surfaced loads are given in tables 4-9 and 4-15.
4-3-2 Active condition

The test results for the active case during retaining wall movement for both the
pressures on the retaining wall and for the vertical and herizontal pressures in the soil

mass are given in tables 4-3, 4-4,4-7, 4-8, 4-13, 4-14, and 4-17.

Figures (4-7 shows the variation of the horizontal pressures measured by
transducers on the wall versus the displacement of the wall. It can be noticed that the
horizontal pressure decreases in proportion with the depth. Furthermore, the horizontal
pressure decreases sharply at the beginning of the wall displacement until a minimum

value which represents the active carth pressure on the wall.

Figure (4-8) shows a typical relationship for the displacement of the wall versus
the horizontal force on the waill measured by the Load Cell. It can be noticed that the
horizontal force decreases sharply at the beginning of the wall displacement until a

minimum value which represents the active earth force on the wall.

Finally, all the deduced stresses of the transducers embedded in the sand mass are

presented in appendix I tables A-1to A-14.
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Experimental Results of Test Nol

Table (4-2):Horizontal pressure measured by transducers on the wall at the at rest
condition (Test No.1)

Ps NS .
prsct;’:::‘rc Time Horizontal pressure ?v];ﬁs(ul?l:)(; )by transducers on the
(Kpa) (hour) Wl* W2* W3* W4 * WS5*

0 0.25 0.61 0.79 1.05 1.29
4 0.25 0.62 0.8 1.05 1.29
8 0.25 0.62 0.81 1.08 1.29
0 24 0.26 0.64 0.83 1.1 1.35
28 0.27 0.65 0.83 1.11 1.36
32 0.28 0.66 0.85 1.13 1.38
48 0.28 .66 0.85 1.11 1.58

* For location of the transducers see figure (3-6).

Table (4-3):Horizontal pressure measured by transducers on the wall during displacement
of the wall during the Active Case (TestNo.1).

Displacement

of the wall (mm) 0.0 0.5 1.0 1.5 2.1 2.51 29 8.4

Horizontal pressure measured by transducers on the wall (Kpa)

Wi * 028 | 020 { 0.13 | 0.12 | 0.12 | 0.115 | 0.115 } 0.115
W2 066 | 052 | 0.38 | 0.37 | 0.37 0.37 | 037 | 037
W3 * 085 | 0.70 | 0.65 0.64 | 062 | 0.62 | 0.60 | 0.60
W4 * 1.19 | 098 | 0.93 089 | 0.88 | 0.87 | 0.85 | 0.85
W5 * 1.58 1.3 1.25 1.24 1.2 1.15 1.10 1.10

* For location of the transducers see figure (3-6).
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Table (4-4): Forces measured by the load cell during displacement of the wall during the

active case (Test No.1).

Displacement

5
of the wall (mm) 0.0 0.5 1.0 1.5 2.1

2
19,
—
v
o

8.4

Load cell force | 40.43 | 3522 | 32.33 | 29.15 | 28.33
(Newton)

to

7.20 | 26.04 | 25.95
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Experimental Results of Test No.2

Table(4-5):Horizontal pressure measured by transducers on the wall during
loading at the at rest condition (Test No.2).

Slr:tsic Time Horizontal pressure measured by transducers on the
pressure wall (Kpa).
(Kpa) (hour) WI* W2* W3* Wa* W5*
0 0.2 0.68 0.95 1.22 1.46
4 0.2 0.68 0.94 1.21 1.46
8 0.2 0.68 0.94 1.21 1.45
0 24 0.2 0.67 0.91 1.16 1.38
28 0.2 0.66 0.91 1.16 1.38
32 0.2 0.65 0.9 115 1.35
48 0.2 0.65 0.9 1.15 1.35
0 3.45 3.71 3.99 445 4.71
4 3.45 3.70 3.90 4.45 4.71
8 3.45 3.70 3.90 4.41 4.65
6.3 24 3.33 3.55 3.65 4.08 4.35
28 3.31 3.55 3.62 4.08 4.31
32 3.30 3.50 3.60 4,00 4.25
48 3.30 3.50 3.60 4.00 4.25
0 6.73 7.04 7.45 7.71 7.98
4 6.73 7.02 7.35 7.64 7.98
8 6.68 7.00 7.35 7.61 7.98
13.7 24 6.56 6.91 7.15 141 7.66
28 6.54 6.83 7.15 7.35 7.63
32 6.50 6.80 7.10 1.31 7.62
48 6.50 6.80 7.10 7.30 7.60

* For location of the transducers see figure (3-6).
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Table (4-6): Summary of the test results during loading and unloading at the at rest
condition (Test No.2).

Stlz)ltic Time Horizontal pressure measured by transducers on the wall (Kpa).
pressurc
(Kpa) (day) Wi W2 W3 W ws*
0.0 2 0.2 .65 9 1.15 1.35
6.3 4 33 3.5 3.6 4.0 4.25
13.7 6 6.5 6.8 1.1 7.3 1.6
6.3 8 3.8 4.1 4.9 4.8 54
0.0 10 0.34 1.53 1.84 2.62 3.36
* For location of the transducers scc figure (3-6).
Table (4-7): Horizontal pressure measured by transducers on the wall during the
displacement of the wall during the active case (Test No.2) .
) 3:1551»32?1"(]::;) 00 | 05 | 10 | 5 | 21 | 251 | 29 | 84
Horizontal pressure measured by transducers on the wall (Kpa)
W1t 34 0.2 0.13 0.12 0.12 0.11 0.11 0.11
W2 1.53 0.55 0.37 0.36 0.36 0.36 0.35 0.35
W3 1.85 0.98 0.65 0.62 0.63 0.58 0.58 0.58
W4 * 2.62 1.2 1.1 0.87 0.86 0.85 0.82 .82
WS * 3.36 1.7 1.12 .11 1.09 1.08 1.05 1.05

* For location of the transducers see figure (3-6).

Table (4-8): Forces mecasured by the Load cell during displacement of the wall during the

Active case (Test No.2).

Displacement
of the wall (mm)

0.0

0.5

1.5

2.1

251

29

8.4

Load cell force
(Newtons)
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31.25

27.75

25.15

24.75

24.00

24.00




Table (4-9): Displaccment measured by dial gages during loading and loading of the
surfaced loads at the at rest condition (Test No.2).

Ps Displacement measured by dial gages
(17100 mm)
Static Time
pressure D1* D2* D3* D4* D5* D6* D7*

(Kpa) (day)
0.0 2 9.51 5.92 XX XX XX 6.05 11.00
0.0 4 9.54 5.93 XX XX XX 6.05 11.00
1.0 6 9.55 5.93 7.18 0.44 1.2 6.05 11.00
6.3 8 9.55 593 6.89 0.14 09 6.05 11.00
13.7 10 9.55 5.93 6.73 1494 1 0.72 6.05 11.00
6.3 12 9.55 593 6.79 0.04 0.81 6.05 11.00
1.0 14 9.54 593 6.85 0.07 0.87 6.05 11.00
0.2 16 9.54 593 6.86 0.11 0.88 6.05 11.00
0.0 18 9.54 5.93 6.87 0.14 0.89 6.05 11.00

* For location of the dial gages see figure (3-24)
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Experimental Results of Test No3.

Table(4-10): Horizontal pressure measured by transducers on the wall during
loading at the at rest condition (Test No.3).

Stl: ?ic Time Horizontal pressure m'cusurcd by transducers on the
pressure wall (Kpa)
Kpa hours Wi* W2 w3+ W* W5+
0 0.3 0.6 0.8 1.0 i3
4 0.3 0.61 0.80 1.0 23
8 0.3 0.62 0.81 1.05 1.31
0 24 0.3 0.63 0.84 1.08 1.37
28 0.3 0.64 0.845 1.09 1.38
32 0.3 0.65 0.85 1.1 1.4
48 0.3 0.65 0.85 1.1 1.4
0 3.0 33 35 4.2 4.3
4 3.0 33 348 4.15 4.25
8 2.95 3.8 34 4.1 4.2
54 24 2.94 3.15 3.25 3.85 3.91
28 2.92 3.12 3.22 3.82 3.89
32 2.9 3.1 32 3.8 3.86
48 29 3.1 32 3.8 3.86
0 5.7 6.0 6.3 6.9 6.9
4 5.7 6.0 6.3 6.9 6.85
8 5.65 5.9 6.2 6.85 6.7
11.3 24 5.58 5.85 6.05 6.6 6.65
28 5.55 5.82 6.03 6.55 6.62
32 5.5 5.8 6.0 6.5 6.6
48 5.5 5.8 6.0 6.5 6.55

* For location of the transducers see figure (3-6)
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Table(4-10)continued: Horizontal pressure measured by transducers on the wall

during loading at the at rest condition (Test No.3).

S t}z)xfic Time Horizontal pressure measured by transducers on the
pressurc wall (Kpa)

Kpa hours B Wi W2* W3* w4* Ws*
0 8.6 9.0 9.0 9.6 9.8
4 8.5 8.9 9.0 9.6 9.7
8 8.5 8.85 8.9 9.5 9.6

16.9 24 8.3 8.6 8.5 9.2 9.3
28 8.25 8.55 8.45 9.1 9.3
32 8.2 8.5 8.4 9.0 9.2
48 8.2 8.5 8.4 9.0 9.2
0 10.3 10.6 10.8 11.2 11.33
4 10.2 10.6 10.7 11.1 11.21
8 10.2 10.5 10.6 11.0 11.19

20.5 24 2.9 10.1 10.3 10.6 10.85
28 9.85 10.1 10.25 10.58 10.75
32 9.8 10.0 10.2 10.5 10.73
48 9.8 10.0 10.2 10.5 10.73
0 13.0 13.7 14.0 14.3 14.7
4 129 13.6 13.8 14.1 14.5
8 12.8 13.5 13.€ 13.9 14.3

26.2 24 12.2 12.8 12.7 13.0 13.6
28 12.1 12.7 12.5 12.9 13.5
32 12.0 12.3 12.4 12.8 13.4
48 12.0 12.3 12.4 12.8 13.4

* For location of the transducers see figure (3-6)
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Table(4-11): Horizontal pressure measured by transducers on the wall during unloading at

the at rest condition (Test No.3).

Stl: iic Time Horizontal pressure m'cusurcd by transducers on the
pressure wall (Kpa)

Kpa hours Wi W2* W3 W4 W5*
0 IS5 1.8 12.0 12.7 13.0
4 114 1.7 11.9 12.6 13.0
8 1.3 11.6 11.8 12.5 129

20.5 24 11.25 1.4 11.7 11.8 12.85
28 11.2 11.35 11.65 11.7 12.83
32 11.2 11.3 11.6 11.6 12.8
48 11.2 11.3 11.6 1.6 12.8
0 10.9 10.9 11.1 117 12.7
4 10.8 10.9 11.0 1.6 12.7
8 10.7 10.7 109 1.5 12.6

16.9 24 10.3 10.4 10.5 10.7 12.4
28 10.25 10.3 10.3 10.6 12.4
32 10.2 10.2 10.2 104 12.3
48 10.2 10.2 10.2 10.4 12.3
0 8.8 9.0 9.3 9.6 11.0
4 8.7 9.0 9.2 9.5 1.0
8 8.6 8.9 9.1 94 109

11.3 24 8.5 8.7 8.9 93 10.7
28 8.5 8.6 8.8 93 10.7
32 8.4 8.6 8.7 92 10.6
48 8.4 8.6 8.7 92 10.6

* For location of the transducers see figure (3-6).
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Table (4-11) continued: Horizontal pressure measured by transducers on the wall during
unloading at the at rest condition (Test No.3)).

S llz)lfic Time Horizontal pressure measured by transducers on the
pressure wall (Kpa)

Kpa hours WI* Ww2* W3 W4 W5*
0 6.4 6.8 7.1 7.2 8.3

4 6.3 6.2 7.0 7.1 8.2

8 6.0 6.2 6.9 6.8 8.1

5.4 24 4.8 4.8 5.1 6.0 6.9
28 4.5 4.7 4.9 5.9 6.7

32 44 4.6 4.74 5.8 6.4

48 4.4 4.6 4.74 5.8 6.4
0 2.73 2.6 2.85 3.6 443

4 2.6 24 2.6 34 4.2

8 2.2 2.2 24 3.2 4.0

0 24 1.05 1.4 1.9 29 32
28 0.65 1.3 1.7 25 3.0
32 0.45 1.2 1.65 2.3 2.93
48 0.45 1.2 1.65 2.3 293

* For location of the transducers see figure (3-6).
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Table (4-12): Horizontal pressure measured by transducers on the wall during loading and
unloading of the static pressures at the at rest condition (Test No.3).

P Time Horizontal pressure measured by transducers on the
Static pressure wall (Kpa)

(Kpa) (day) Wi* W2* W3 W W5
0 2 3 65 .85 1.10 [
1.0 4 75 1.1 1.4 1.6 1.85
3.2 6 1.76 2.1 2.2 34 2.76
5.4 8 2.9 3.1 3.2 4.2 386
9.5 10 4.7 4.9 5.1 5.7 5.72
11.3 12 5.5 58 6.0 6.5 6.55
13.2 14 6.3 6.6 6.9 7.2 74

15.15 16 1.2 7.6 7.7 8.3 8.0
16.9 18 8.2 8.5 8.4 9.0 9.2
18.7 20 9.3 9.2 9.4 9.75 9.9

20.5 22 9.8 10.0 10.2 10.5 10.73

239 24 11.4 1.4 11.5 118 1222

26.2 26 12.0 12.3 12.4 12.8 13.4

239 28 1.8 11.9 12.0 12.2 13.0

205 30 1.2 1.3 11.6 11.6 12.8
18.7 32 10.3 10.4 10.2 10.5 12.6
16.9 34 10.2 10.2 10.2 10.4 12.3
15.1 36 10.0 10.0 10.0 10.3 1.7
13.2 38 8.9 8.7 8.9 9.9 11.2
11.3 40 8.4 8.6 8.7 9.2 10.6
9.5 42 19 8.0 8.2 8.8 9.8
1.1 44 6.8 7.1 7.3 7.4 1.5
5.4 46 4.4 4.6 4.74 5.8 6.4
32 48 2.7 2.8 3.74 4.8 54
0 50 55 1.71 2.44 4.14 5.16

* For location of the transducers see figure (3-6).
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Table (4-13): Horizontal pressure measured by transducers on the wall during the
displacement of the wall during the active case.(Test No.3)

Displacement | 05 1.0 1.5 2.1 2.51 29 8.4
pf the wall(mm)

Horizontal pressure measured by transducers on the wall (Kpa).

Wi * 0.55 | 0.23 0.17 0.12 | 0.12 | 0.12 | 0.115 | O.1

W2* 1.71 0.63 0.46 039 | 036 | 036 | 035 | 0.34
W3 * 2.44 1.02 0.64 0.59 | 0.55 | 055 | 051 0.50
W4 4.14 1.3 0.9 085 | 079 | 079 { 075 | 0.74
W5 * 5.16 1.81 1.32 1.14 1.0 1.0 0.99 | 0.98

* For location of the transducers see figure (3-6)

Table (4-14): Forces measured by the Load cell during displacement of the wall during the
Active Case (Test No.3).

Displacement

of the wall(mm) 0.0 0.5 1.0 1.5 2.1 2.51 2.9 8.4

-~ e

Load cell force 82 51.5 37.3 32.2\ 244 23.3 23 21
(Newtons)
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Table (4-15): Displacement measured by dial gages during loading and unloading at the at
rest condition (Test No.3).

Ps Displacement measured by the dial gages 17100 min)
Static Time
pressure D1+ D2+ D3 D4 DSt Dot D7+
(Kpa) (day)
0 2 10.03 | 8.15 XXX XX XX 0.73 4.78
1.0 4 10.07 | 8.21 5.50 3.78 0.00 0.7 +.78
32 € 10.07 | 8.21 5.35 3.74 1496 073 478
54 8 10.07 8.21 5.18 3.69 14.88 0.7} 478
9.5 10 10.07 | 8.21 4.99 3.62 1-4.65 0.7 +.78
11.3 12 10.07 | 8.21 4.91 347 14.58 0.7 +4.78
132 14 10.07 | 8.21 4.86 3.41 14.51 0.73 +4.78
15.15 16 10.07 | 8.21 4.80 3.3 4.8 0.73 +4.78
16.9 18 10.07 | 8.21 4.606 3.22 14.37 0.73 4.78
18.7 20 [ 1007 | 821 | 467 | 306 | tas0 | o | 47
20.5 22 10.07 | 8.21 4.66 3.08 14.27 0.73 4.78
239 24 10.07 8.21 4.57 2.90 14.10 0.73 4.78%
26.2 26 10.07 | 8.21 4.51 2.76 1:1.01 0.7 4.78
23.9 28 10.07 | 8.21 4.51 2.76 14.01 0.7 4.78
20.5 30 10.07 | 8.21 4.51 2.76 14.02 073 4.78
18.7 32 10.07 | 8.21 4.5] 2.76 14.03 0.73 4.78
169 34 10.07 | 8.21 4.52 2.76 14.03 0.73 4.78
15.1 36 10.07 | 8.21 4.52 2.7 103 0.73 4.78
13.2 38 10.07 | 8.21 4.53 2.77 14.03 0.73 4.78
11.3 40 10.07 | 8.21 4.54 2.78 14.04 0.73 4.78
9.5 42 10.07 | 8.21 4.56 2.78 14.06 0.73 478
1.7 44 10.07 | 8.21 4.57 2.81 14.10 0.73 478
5.4 46 10.07 | 8.21 4.60 2.82 14.12 0.73 4.78
32 48 10.07 | 8.21 4.66 2.83 14.17 0.73 4.74
0.2 50 10.07 | 8.21 4.81 3.01 14.36 0.73 478

* For location of dial gages see figure (3-24)

63



Experimental Results of Test Nod.

Table (4-16): Horizontal pressure measured by transducers on the wall ¢ iring
loading and unloading of the static pressures at the at rest condition (Test No.4).

Ps Horizontal pressure measured by transducers on the
Static pressure wall (Kpa)

(Kpa) W1* W2* W3* Ww4* W5*
0 S5 81 1.16 1.39
233 9.9 10.4 12.2 12.3
26.78 11.4 11.9 13.3 13.7
14.7 . 9.5 10 104 10.8
9.81 ' 7.1 7.6 8.1 8.6
7.30 5.9 6.5 7.1 71.55
5.89 53 5.8 6.5 7.0
491 47 53 6.0 6.5
4.43 4.5 5.05 5.8 6.3
3.94 4.15 4.8 5.5 6.05
345 39 | 455 | 53 58
2.96 3,6 4.2 5.0 5.6
247 33 39 47 | 53
1.98 29 3.6 4.4 5.05
1.49 2.6 33 4.1 4.8
1.0 22 29 3.8 4.45
0386 Y 25 35 | 42
0.155 1.45 2.3 33 4.0
0.0 1.35 2.15 32 3.9

* For location of the transducers see figure (3-6).
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Table (4-17): Summary of the test results performed on the wall during the active case.

Test No. 1 ?_-‘-.3__
Maximum Ps (Kpa) 0 13.7 - 26.2
¢ (Degree) 30 32 i3
W1* (Kpu) 0.115 0.11 0.10
W2 *(Kpa) 0.37 0.35 0.34
W3 *(Kpa) 0.60 0.58 0.50
W4 *(Kpa) 0.85 0.82 0.74
| W5 *(Kpa) 1.1 1.05 0.98
Load cell force 25.95 25.00 21.00
P (Newtons)

*For location of the transducers see figure (3-6)

Table (4-18): Test results performed on the compacted sands at the at rest condition.

C’(’;Effﬁg;’" TIE‘ST Deillnh Anrilcizs?: ns::uqr)i’ng Unit v\\(/ci 3ght li:;'gg:};"
~ ) (mm) (Degrees) (KN/m?) (K}I)la)
144 30.5 17.55 1.60
1 5 265 31 17.75 3.52
365 32 17.80 5.72
"_1L44 34 18.25 1.73
3 6 265 36 18.7 3.76
365 42 19.02 6.4
144 36 18.69 1.82
4 7 265 433 19.2 3.87
365 45.5 19.6 6.49
144 41.3 18.92 T
6 8 265 44 19.35 3.9
365 46 19.7 6.6
e m—— —————

65



16 '
*For location of trarjsduc:ers see Fig:3-6
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Figure 4-1 Horizontal pressure measured by wall transducers
versus time during loading of ps= 26.2 Kpa
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Figure 4-2 Horizontal pressure measured by wall transducers
versus time during unloading ps=20.5 kpa
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ov was measured in the sand mass at the same Ievel
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Figure 4 - 4 Vertical pressure ov versus horizontal pressure ch
measured by transducer W1.
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Figure 4 -5 Vertical pressure ov versus horizontal pressure ch

measured by transducer W4.
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Figure 4 - 6 Vertical pressure 6v versus horizontal pressure ch
measured by transducer W5.
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Figure 4-7 Horizontal pressure versus displacement cf the wall
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Figure 4-8 Displacement of the wall versus force on the wall

as measured by the load cell
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4-4 Analysis of the test results
4-4 -1 Geneval

In the present investigation the at rest lateral earth pressure and the active earth
pressure for homogeneous sand behind the retaining wall were studied as a function of the

overconsolidation ratio, OCR, and the angle of shearing resistance, 9.

In this section, the experimental results for the homogenous normally consolidated
and overconsolidated sands were compared with the available theories for the case of at
rest and active earth pressures. A semi-empirical formula is proposed to predict the vaiues

of the coefficient of earth pressure at rest, Ko, for normally and overconsolidated sands.
4-4-2 Determination of OCR.

In this analysis the overconsolidation ratio, OCR, as a result of surfaced load for a

given element at a depth h from the surface is defined as:

OCR = __(‘ ................................................................................. 4‘ l
v
where, o is the maximum vertical pressure ever applied on this element.
c, is the existing vertical pressure on the samie element.

Besides, for overconsolidated sand by means of compaction OCR is

calculated from Wroth’s equation (2-22).
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where,

4-4-3 Determination of Ko

The earth pressure cocfficient at rest, Ko, for a given element is given by:

is the horizontal pressure as deduced from the transducer reading

at this element (At the rest condition).

4-4-4 Analyzing the Lateral earth pressure results for the case of at rest

condition.

The test results were analyzed and compared with the available theories. The

results are presented in tables: (4-19) to (4-22).

Table (4-19): Analysis of the test results for the lateral earth pressure of at rest condition,

for overconsolidated sands by means of surfaced loads(Test No.2)

Static l;‘:essure OCR
Kpa)
0 1
6.3 1
13.7 1
6.3 1.44
0.0 6.35 0.97- _i
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Table (4-20): Analysis of the test results for the lateral earth pressure of at rest condition,

for overconsolidated sands by means of surfaced loads(Test No.3)

Static l;);cssure OCR Ko
(Kpa)
0 1 4
239 1 44
| 26.2 1 45
| 239 109 | 47 1
| 20.5 1.27 5 J
| 18.7 1.4 5
| 16.9 1.53 53
15.1 1.71 .57
13.2 1.96 62
11.3 2.37 .66
9.5 2.69 72
1.7 3.29 72
5.4 4.61 72
3.2 7.47 81
0.0 11.5 1.47 I
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Table (4-21): Analysis of the test results for the lateral earth pressure of at rest condition,

for overconsolidated sands by means of surfaced loads(Test No.4)

Ps ]

Static p}essure OCR Ko
(Kpa)

0 l 4
233 1 a1
26.78 1 41
14.7 1.7 6
9.81 2.37 65
7.36 2.95 7
5.89 3.47 75
491 3.93 78
4.43 4.2 8
3.94 4.51 82
3.45 4.89 85
2.96 5.32 87
2.47 5.84 90
1.98 6.48 93
1.49 7.26 97
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Table (4 -22): Analysis of test results for the lateral catth pressuie of at rest

condition, for overconsolidated sands by means of compaction,

Compacton | TEST || P | RGN | ocw | K
) ' (mm) (Degrees) WYH
144 30.5 1.37 02

i 5 265 31 1.78 a5
365 32 222 .88

144 34 1758 .66

3 6 265 36 2.34 76
365 42 4.7 9

144 36 2.03 .68

4 7 265 43.3 4.35 76
365 45.5 8.0 91

144 41.3 352 .07

6 8 265 44 5.18 76
365 46 8.11 92

The vertical pressures ¢, deduced by the transducers within the sand mass for the
case of normally consolidated sand is represented in figure (4-9). The results showed good
agreement with the classical evaluation of 6, =y H. This confirm the suitability of the use

of transducers in this investigation.

The lateral earth pressures on the wall for the case of at rest condition, for normally
consolidated sand are represented in figure (4-10) the results are in agreement with Jaky

equation (1944).

The lateral earth pressure on the wall for the case of at rest condition, for the

overconsolidated sand are represented in figures (4-11). It can be roticed that the
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honizontal pressures for overconsolidated sands are higher than those for the normally
consohdated sand This confirm that the overconsolidation ratio, OCR. has gieat effect on the

lateral earth pressure for the at rest condition.

The changes of the lateral earth pressure on the wall during static loading are presented
n figuies (4-12) to (4-15). From thesc figures it can be noticed that the changes of the lateral
carth pressures on the wall during loading are in agreement with jaky equation and with the
available methods for estimating the lateral carth pressure for normally consolidated sand. 6}, =

Ko(yH + Ps).

The deformation of the sand during loading and unloading are represented in figure (4-
16). It can be noticed that the sand doesn’t 1eturn to its original state, and further the sand
hehaves as clastic-plastic material. There is some recovery due to the elastic properties of the
sand, and there s 1esidual plastic deformation due to its plastic properties. This residual plastic

deformation is locked into the sand particles and results in the overconsolidation of the sand.
4-5-5 Proposed method

The analysis of the test results are presented graphically In Figures: (4-17) to (419) for
test No. 2,34 respectively These  graphs enabled to propose the following semi-empirical
formula  to predict the coefficient of lateral earth pressure at rest condition for the

overconsolidated sand by means of surfaced loads :

K = K OCR e eeeeee e 4-6

ac [}
Where the exponent m could be estimated from Figure: (4-20) and Ko is the coefficicnt

of carth pressure at rest condition which is evaluated from Jaky’s equation: (Ko=1- sin ¢)

Figure (4-21) shows graphically the test analysis of the test results of the

overconsolidated sand by means of compaction.

Figure (4-22) present design charts showing the lateral earth pressure coefficient for the
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at rest condition. as function of the angle of sheating resistance, ¢, and the overconsolidation

ratio, OCR. for sand which was overconsolidated by means of sutfaced loads.
4-5-6 Determination of Ka

[n the present investigation the active lateral carth pressuie Ka is caleulated fiom the

following
a

0.h
G‘_

where, O}, is the horizontal pressure deduced by transducer on the wall under the active

condition.

Furthermoie, the lateral carth pressure could be calculated from the following equation:

where. P is the total load deduced by the load cell after reaching its minimum value;
b is the width of the retaining wall 197 mm;
H is the height of the retaining wall 215 mm.
4-5-7 Analysis of the lateral earth pressure for the case of active condition,

The test results were analyzed and compared with the available methods. The results of

the active condition analysis are presented in table (4-23).

The minimum lateral earth pressures deduced by the wall transducers due to the wall
displacement are plotted against the depth in figurc (4-23) which shows that the test results are

in accordance with Rankine’s theory for the active condition.
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Table (4 -23) Analysis of the test results for to- case of active lateral earth pressure.

Pso(Kpa) 0 13.7 26.2
o 30 32 33
Tiansdu. er Ka
Wi 0.33 0.30 0.28
w2 0.33 0.30 0.29
W3 0.32 0.29 0.26
w4 0.32 0.29 0.274
W5 0.32 0.29 0.282

Table (4 -23) continucd: Analysis of the test results for the case of active lateral

carth pressure.

Test No. 1 2 3
Ka calculated from best fitting line 0.32 0.29 0.28
Ka calculated from the total load 0.33 0.302 0.289
deduced by the load cell

a)-The Coulomb’s and Rankine’s methods:

Both Rankine’s and Coulomb’s method are similar for the case of no friction on the
vertical retaining wall and horizontal backfill which is the case of the present

investigation. Using equation 2-1, 2-2 and 2-7 we get:
P,=.5x.197x.2948x17.75x.215%= 0.0238 KN. or 23,8 N.
b)-The trial wedges method.

Let us take as a first trial the plane on which failure occurs the plane that has
8 cquals to 60°. Then, by increasing it until 64°, we find that Pa is maximum at a 6

cquals to 62°. Figure (4-24) and tables (4-24) shows ail the results and calculations.
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W=5vdh * cotf

Pa=W tan P

where. $=90-(0+90-0) = 6-9¢
=Wtan (0-9)

=5 yd h*cot 6 tan (8- 9)

Table (4-24) Trial wedges method for loose sand. ¢=33 y=17.9 KN/c.m

0 cotd tan(6-33) product Pa/KN

60 57735 509 204173 | 0239 |
61 5543 532 204473 | 02403

62 5317 5543 2947313 | 02403

63 509 578 204175 | .02399

64 4887 60 2868 023178 |

From table 4-24 it can be noticed that the experimentally calculated Ka is in
accordance with the Rankine values. This result means that the interlocking between the
overconsolidated sand particles returns to its previous consolidation state after the

movement of the wall.

The importance of studying the influence of OCR on sands is represented in figure
(4-25) where the influence of OCR on the earth pressurc is illustrated. As the OCR
increases Ko and Kp increase, but, Ka doesn’t change. This imply that all sands with
same 6 and different OCR have the same Ka. Furthermore, in the case of overconsolidated
sand, higher OCR necessitates a longer displacement for the wall in order to achicve cither

the minimum or the maximum earth pressures which represent the case of Ka or Kp

respectively.
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consoildated sand versus depth
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° For location of transducers see Fig:3-6
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Figure 4-10 Horizontal pressure on the wall for the Ko Condition
for normally consolidated sand versus depth.
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~ For location of transducers see Fig:3-6
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Figure 4-13 Horizontal pressure on the wall versus
depth during loading ps=9.5 Kpa.
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Figure 4-14 Horizontal pressure on the wall versus depth
during loading ps=15.15 Kpa.
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Figure 4-15 Horizontal pressure on the wall versus depth

during loading ps=26.2 Kpa.
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Figure 4-17 Coefficient of the at rest lateral earth pressure Ko versus
OCR for over consolidated sand by surfaced loads ¢ = 31 Degrees
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Figure 4-18 Coefficient of the at rest lateral earth pressure Ko versus
OCR for overconsolidated sand by surfaced loads ¢ = 32 Degrees
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Figure 4-19 Coefficient of the at rest lateral earth pressure Ko versus
OCR for over consolidated sand by surfaced loads ¢ = 33 Degrees

93



0S

8v o9y

¢ snsiap W jusuodxe poyjaw pasodoid Og-t anbi4

(seaiboqg) o

ey oy 8¢ ot 12 ce

0e

B oo - e e m e g = e e e e e e e m e e e e e e e e e e
a N - P T
. [
' ' . '
' . ' .
.
) N . 1
'
v .
v
' ' ' .
.
1 *
[
.
s

80

w usuodx3y

94



Coefficient of at rest lateral earth pressure Koc

1.8

—
»

—
=N

-
N

—

o
o0

e
o

0.4

. Best fitting lines
0.2 : : S -+ -+ - & % - Presenttest results-

o Lt vy

2 4 6 8 10 12 14
Overconsolidation ratio OCR
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- Rankine equation
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Maximum Pa is 24.03 Newtons
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Figure (4-24) Trial wedges method
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CHAPTERS

CONCLUSION

Based on the results of the present experimental investigation on at testand active

carth pressures of overconsolidated sand, the foHlowing can be concluded:

I-The coefficient of lateral earth pressure (at rest condition) depends on the angle

of shearing resistance ,¢, and the overconse'idation ratio, OCR.

2-The coefficient of lateral earth pressure for the active case Ka, 18 independent of
the overconsolidation ratio OCR. This is based on the fact that due to the displacement ol
the wall, the particles interlocking which was produced during the overconsolidation
processes 1s destroyed and accordingly the OCR is reduced to a value of one. At which,
the overconsolidated sand behaves similar to that of normally consolidated sand under the

active condition.

3-A semi-empirical formula was developed to predict the lateral cath pressue
coefficient (at the rest condition), Ko, as a function of the overconsolidation ratio, OCR

and the angle of shearing resistance, ¢.

4- A design chart was developed to provide dircctly the Ko value for given values

of the angle of shearing resistance, ¢, and the overconsolidation ratio, OCR.
RECOMMENDATION FOR FUTURE RESEARCH.

Based on the results of the present experimental investigation on the at rest and

active earth pressures of overconsolidated sand, the following can be recommended for
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future investigation:
I- Conduct ficid test on full-scale retaining wall,

2- Develop numerical models such as a finite clement model to study the stresses

in the soil mass as well as on the wall.

3- Conduct tests on diffeient types of sands, and on partially or fully saturated

sunds.

4- Extend the study to include cohesive soil.
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Experimental Results of Test Nol

for the transducers’ measurements in the sand mass

Table (A-1): Vertical pressure measured by transducers i the soil mass at the at iest

condition (Test No.1).

Ps Vertical pressure measured by transducers in the sand (Kpa)
Static Time | Bl B3t | B4 || BSH || Bot || B7¢ || BS* || Bo*
pressure
(Kpa) (hour) \Y% \Y% A" \Y \Y \Y \Y \Y
0 2.15 285 | 3.85 ] 391 ] 3.7 |S535 | 502 ) 495
4 2.15 287 | 3.87 | 391 | 3.72 1 535 | 5.02 | 495
8 2.25 29 | 3921 395 | 375 ] 538 | 512 | 498
0 2 | 23 205 | 3.95 | 396 | 381 [ 542 ] 52 | 500
28 2.33 297 § 398 | 3.97 | 387 | S [ 5.25 | 5.05 -
32 2.35 3.00 | 4.1 40 1 39 | 545535 5.1
48 2.40 255 44 | 43 | 42 | 5455351555

Table (A-2): Horizontal pressuic measured by transducers in the soil mass at the At rest

condition (Test No.1).

Ps Horizontal pressure measured by transducers in the sand (Kpa)
Static Time B4* B5* Bo6* B7! By BY!
pressure
(Kpa) (hour) H H H H H H
0 1.85 195 1.82 1.92 2.05 1.96
4 1.90 1.98 1.85 1.95 2.10 1.99
8 1.92 2.05 1.93 1.95 212 2.02
0 24 1.99 2.20 2.01 2.05 2.25 2.10
28 2.05 222 2.04 2.07 2.2% 2.13
32 2.10 2.25 2.05 2.10 2.30 2.15 4
48 2.10 2.09 2.05 2.40) 2.55 2.45

* For location of the transducers see figure (3-4)
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Table (A-3): Pressures measured by transducers in the sand during displacement of the

wall during the Active Case (TestNo.1).

Displacement

(mm) 0.0 0.5 1.0 1.5 2.1 2.51 29 8.4
Pressure measured by transducers in the sand (Kpa)
Vit 2.40 2.40 2.40 2.40 240 2.40 2.40 2.40
\A 2.50 240 | 2.38 2.37 2.36 2.35 2.35 2.35
V3+ 2.55 2.35 2.30 2.27 2.26 2.25 2.25 2.25
V4 440 | 4.40 | 440 440 | 4.40 4.40 4.40 4.40
V54 4.3 4.18 4.17 4.16 4.15 4.12 4.10 4.10
V6! 4.2 4.07 3.99 3.95 3.89 3.85 3.85 3.85
V7 545 5.45 5.45 5.45 5.45 5.45 5.45 5.45
V8* 5.35 5.27 5.26 5.25 5.25 5.25 5.25 5.25
Vo 5.55 5.41 5.39 5.37 5.36 5.35 5.35 5.35
H4! 2.10 2.10 2.10 2.10 2.10 2.10 2.10 2.10
HS* 2.09 1.95 1.92 1.90 1.89 1.89 1.89 1.89
HG6* 2.05 1.89 1.84 1.81 1.79 1.77 1.75 1.75
H7* 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40
H8* 2.55 2.45 2.38 2.37 2.36 2.36 2.35 2.35
H9* 2.45 2.32 2.30 2.27 2.26 2.25 2.25 2.25

* For location of the transducers see figure (3-4)
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Experimental Results of Test No.2

for the transducers’ measurements in the sand mass

Table (A-4): Vertical pressure measured by transducers in the sand during 'sading of the
static pressurc on the sand mass (Test No.2).

Ps Pressure measured by transducers in the sand (Kpa)
Static Time § B1* {i B2+ || B3+ | B4 | BS* || Bor || B7' || B8t || B+
pressure
(Kpa) (hour) \Y \Y \Y% \Y/ V \Y \Y \Y \Y B
0 228 ) 237 | 241 1 401 | 3.8 | 371§ 5.25 | S.00 | 481
4 2281 245 | 247 [ 401 | 38 [ 375 53 | 5.05 | -LRS
8 228 | 2451 247 1403 | 39 | 377 ] S35 ] 5.09 | 490
0 24 231 1 2591 250 [ 4.08 | 395 | 391 | 5451 520 | 495
28 232 | 254 | 253 1 4.09 {397 | 393 ] 547 1 525 | 4.99
32 23312562501 4.1 | 401 {395] 550 ] 5.30 | 5.00
48 2331256 | 2501 4.1 [ 400 | 3951 550 | 5.30 | 5.00
0 7851 795 84 | 6.7 | 690 [ 690 1 840 | 8.61 | 8.55
4 7.85 790 | 83 6.7 | 6.90 | 6.80 | 8.30 | 8.61 | 8.45
8§ |780] 79 | 83 | 6.6 | 690 | 680|825 ] 852835
6.3 24 760 | 775 | 8.0 | 6.0 | 6.30 | 6.20 } 7.90 | 8.057| 7.92
28 7.57 1 773 [ 795 1 595 | 6.20 | 6.10 § 7.80 | 7.85 | 7.83
32 | 755770 [ 790 [ 590 [ 6.10 | 600 | 773 | 792 [ 781
48 7551770 [ 790 1 590 | 6.1 | 6.00} 7.70 | 7.90 | 7.80
0 12.61112.95]11.85110.00 | 10.10 1 10.10] 10.30 | 10.40 | 10.50
4 12.45(1 1292 11.65] 9.95 [ 10.05] 10.05§ 10.15] 10.35] 10.40
8 12.25{12.90 | 11.61] 9.92 | 9.95 | 9.95 1 10.05{ 10.05] 10.35
13.7 24 F11.82)11.85]11.45] 9.70 | 930 | 9.20 | 9.50 | 9.60 | Q.80
28 11.74 [ 11.65 { 11.39] 9.60 | 9.20 | 9.05 1 940 | 935 | 9.65
32 11.55| 11451 10.37( 9.40 | 9.00 | 890 | 9.20 | 930 | 9.50
48 1.5 [ 11.45110.357 940 | 9.00 | 890 | 9.20 | 9.30 ‘).50—

* For location of the transducers sce figure (3-4)
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Table (A-5): Horizontal pressure measured by transducers in the sand during loading
of the static pressure on the sand mass.(Test No.2).

Ps Piessure measured by transducers in the sand (Kpa)

Static Time B4+ B5* B6* 37* B8~ Bo*

pressure

(Kpa) (hour) H H H H H H
0 2.11 2.0 2.15 2.90 2.83 2.90
4 2.0l 2.05 2.17 2.90 2.83 2.90
8 2.12 2.07 2.19 2.95 2.85 2.90
0 24 2.18 2.21 2.28 3.05 2.96 2.94

28 2.19 224 2.29 307 2.98 2.94
32 2.20 2.25 2.30 3.10 3.00 2.95
48 2.20 2.25 2.30 3.10 3.00 2.95

0 292 315 3.28 4.62 4.73 5.15
4 2.92 3.12 3.17 4.62 4.71 5.10
8 2.85 310 3.13 4.5: 4.71 5.02
6.3 24 2.60 2.78 2.95 4.22 4.34 4.89

28 2.57 2.73 2.93 4.16 4.27 4.86
32 2.55 2.70 2.90 4.10 4.20 4.85
48 2.55 2.70 2.9 4.10 4.20 4.85

0 5.11 4.86 4.92 1.75 7.93 7.99
4 5.02 4.85 4.90 7.75 7.90 7.98
8 4.95 4.80 4.88 7.71 7.88 7.90
13.7 24 4.58 4.55 4.57 7.45 7.65 7.80
28 4.55 4.48 4.38 7.42 7.55 7.78
32 4.50 4.46 4.36 7.40 7.50 1.75
48 4.50 4.46 4.36 7.40 7.50 7.75

* For location of the transducers see figure (3-4)
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Table (A-6): Summary of the test results in the sand mass during loading and unloading

test (No. 2).

Ps Vettical pressure measured by ttansducers in the sand (Kpi
Static pressure | Time | BI* || B2' || B3* | B4* || B5* || B6* || B7* || B8t || BY*
(Kpa) dapy | v [ v v v viivivivl]v
0.0 2 233 | 256 | 25 4.1 40 | 395 ] 55 53 50
6.3 4 f7ss| 7719 5o et oo )77 ] 79| 78
3.7 6 | 105 [1nas|03s] oa [ o0 [ so [ o2 | o3 | s
6.3 8 83 | 825 | &1 74 | 723 1 7.0 8.0 8.7 8.9
0 10 | 398|375 3.6 | 555 | 545 | s4 | 72 | 705 | 1.1
static gsessurc Time Horizontal pressure measused by transdacers i the sand (Kpa)
B4+ B5! B6* B7! BY* B!
(Kpa) (day) T H H T T T
0 2 2.2 2.25 2.3 KN 3.0 2.95
6.3 4 2.55 2.7 29 4.1 4.2 4.85
13.7 6 4.5 4.45 4.35 7.4 1.5 7.75
6.3 8 4.3 4.25 4.1 54 53 5 84
0 10 3.16 3.14 3.13 382 385 368

* For location of the transducers sce figure (3-4)
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Table (A-7): Pressure measured by transducers during the displacement of the wall (Test

No.2).

Displacement {4 g5 | 1o | 15 | 21 | 251 | 29 | 84

(mm)
Pressure measured by transducers in the sand (Kpa)

Vit 3.98 3.98 3.98 3.98 3.98 3.98 3.98 3.98
V24 3.75 3.18 3.10 2.96 2.93 2.89 2.86 2.86
V3+ 36 3.69 3.69 3.6 35 3.5 3.5 35
v4* 5.55 542 5.39 5.39 5.39 5.39 | 5.39 5.39
Vst 5.45 5.36 | 5.30 5.25 520 | 5.19 | 5.15 5.15
Vo 54 53 5.25 5.20 5.15 5.10 5.0 4.9
V7+ 7.2 6.95 6.85 6.84 6.84 6.84 | 6.84 6.84
Vg* 7.15 7.15 7.10 7.10 7.10 | 7.10 { 7.10 | 7.10
Vo* 7.1 6.95 6.90 6.85 6.85 6.85 6.85 6.85
H4* 3.16 2.85 2.85 2.85 2.85 2.85 2.85 2.85
HS5* 3.14 2.52 2.46 2.46 2.46 246 | 2.46 2.44
Ho6* 3.13 270 | 2.67 2.67 2.67 2.67 2.67 2.67
H7+ 3.82 3.63 3.53 3.51 3.51 3.51 3.51 3.51
HE* 3.85 3.60 | 3.05 3.05 3.05 3.05 3.05 3.05
H9* 3.88 3.6 2.06 3.06 3.06 3.06 | 3.06 | 3.06

* For location of the transducers see figure (3-4)
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Experimental Results of Test No.3

for the transducers’ measurements in the sand mass

Table (A-8): Vertical pressure measured by transducers in the sand during loading of the

static pressure on the sand mass (Test No.3).

Ps Pressure measured by ttansducers in the sand (Kpa)
Static Time | BI' ¢ B2t {| B3t | B4+ || BS* || B6Y || B7* || BS* || BO*
pressurc
Kpa hours \Y% \% \Y \% A% \' \% \% \%
0 22212441295 39 | 38 | 36 ] 53 | S 4.9
4 22212451297 § 39 | 38 | 36 }S3S {515 49
8 2251 25 1301 40 | 39 | 37 | 54 | 52 [ 492
0 24 23 | 253 1304 ) 42 | 40 | 38 | 545 525 | 498
28 2312541305 42 | 40 | 38 | 548 | 528 | 499
32 233 1256 1306) 42 [ 40 | 38 F 55 | 53 | 5.0
48 233 12561306 42 | 40 | 38 | 55 | 5.3 | 5.0
0 7.1 72 1 82 175 | 79 | 82 | 85 | 82 | 84
4 7.1 72 1 82 | 74 | 7.8 | 8l 85 | 8.1 8.3
8 7.1 72 | 82 ) 73 | 78 8O | 84 | B.OS | 825
5.4 24 69 [ 70 | 80 { 70 | 73 | 75 | 80 | 7.7 | 19
28 69 | 70 | 80 695 | 7.3 74 } 7.9 | 7.65 | 7.85
32 69 | 70 [ 8O 1 69 | 72 { 73 1 78 | 7.6 | 78
48 69 | 70 | 80 } 69 | 72 | 73 78 | 1.6 | 78
0 11.8311038f 124 p 11.6 { 127 | 129 ] 97 | 9.2 | 95
4 11.6 | 10.1 120331155 12.6 | 128 1 9651 9.17 1 94
8 114 | 10 (1225 LS 125 [ 127 961} 9.1 | 935
11.3 24 10| 93 | 1IL8 | 112 { 120 [ 120 J 905 88 | 9.0
28 1081 90 | IL.8 111 | 11.8] 12001 90 | 87 | 89
32 107 | 89 | 1E7 11O | 11T | 119 ] 89 | 86 | 8K
48 107 89 1 N7 110 117 [ 119 ] 89 | 8.6 | 88

* For location of the transducers see figure (3-4)
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Table (A-8) continued: Vertical pressure measured by transducers in the sand during
loading of the static pressure on the sand mass (Test No.3).

Ps Pressure measured by transducers in the sand (Kpa)
Static Time | Bi+ || B2+ || B3* | B4+ || B5* || B6* || B7* || B8* || B9*
pressure

Kpa hours \Y% \% \% \Y \' \Y V \Y A%
0 1S3 [ 126 | 162 | 150 | V7.7 | V7.7 | 122 1 12,6 | 125
4 152 125 162151 {174 | 17.6 } 12,1 | 125 | 124
8 15.1 [ 1245] 16.1 J15.05) 17.3 | 175 12.0 | 124 | 123

16.9 24 149 | 124 | 158 | 15.05] 16.8 | 169 ] 11.7 | 120 | 119
28 149 1 124 1 158 ] 150 | 164 | 16.7 }11.68|11.95]11.85
32 148 | 123 | IS8} 150 [ 163 | 165 11.6 | 11.9 | IL8
48 148 | 123 { 158 150 | 163 | 165 | 11.6 | 11.9 | 118
0 177 {15951 17.6 | 182 ] 207 | 203 | 149 | 145 | 145
4 17.6 | 159 | 1751 18.1 | 20,6 | 202 } 149 | 1445 144
8 1755 158 | 1751 180 | 205 | 20.1 § 148 | 144 | 143

20.5 24 173 [ 1551 175} 176 195 | 195 143 | 142 | 14.23
28 17.251 154 | 175 }17.55| 193 | 19.4 11425} 14.15 | 14.11
32 172 (153 | 175 175 | 19.1 | 193} 142 | 141 | 140
48 172 | 153 [ 175 4175 ) 19.1 | 193 } 142 | 14.1 | 140
0 22.35(19.55) 213 | 228 | 24.7 | 252 | 20.6 | 20.3 | 20.2
4 2221194 | 212 1227 | 245 250 | 204 | 20.2 [20.15
8 221 | 193 [ 201 226 | 242 | 249 1 20.3 | 20.1 [20.02

26.2 24 214 118951206 | 214 [ 233 | 24.1 | 193 1 193 | 19.1
28 213 | 18.8 120550 213 | 232 | 240} 19.2 { 19.25(18.95
32 210 | 187 1 205 21.1 | 23.1 [ 2391 19.0 | 19.2 | 189
48 21.0 [ 187 | 205 ) 21.1 | 23.1 | 239} 19.0 | 19.2 | 18.9

* For location of the transducers see figure (3-4)
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Table (A-9): Vertical pressure measured by transducers during unloading of the static

pressure on the sand mass (Test No.3)

Ps Piessure measured by transducers in the sand (Kpa)
static | Time | B1* || B2+ || B3¢ | B4+ || B5* | Bo* || B7+ || B8 || BO®
prcssurc
Kpa Jhous | vV I v v ] v]vi v ]v]v]v
0 203|178 | 184207220 23420188 | 190 | 187
4 203 78] sa] 20728234 188] 100 187
g |203 1785 184207 [ 228 [ 233187 ] 180 ] 187
20.5 24 [ 204 [ 1790185207 | 226 [ 231 | 185 | 1ss [ 187
28 | 204 [17.92] 185 | 207 [ 2255|2305 1845 187 | 187
32 [ 204 [17.92] 185§ 207 | 225 | 230 | 184 | 1806 | 187
a8 | 204 [17.92] 185 [ 207 | 225 [ 230 | 184 [ 1806 | 187
o |196 170172197221 (223} 183|185 180
4 | 196|170 172 V196 | 221 [ 222 1825|1845 1806 |
8 |196| 170 172] 195 | 220 | 22.1 | 18.2 | 184 [ 1855
16.9 24 196 [ 170 ] 172193 [ 212 ] 215 [ 18.08] 1838 | 18.52
28 | 196 | 170 172 ]1925] 210 | 21.4 | 18.02] 1835 ] 18.51
322 196|170 172192208 212180 183 | 185
a8 l1os| 17 172192208212 180 183 | 185
o V172159162 f185]203 207 175] 174|176
4 V21590160185 203 (206|174 173|175
8 | 172|159 | 161 [18.45[2025| 205 |17.35] 172 | 174
1.3 24 172158159 182|200 [ 197 170 170 | 173
28 | 172 | 158 1 159 J18.15]20.05| 19.0 | 17.05]17.05 | 17.25
32 | 172158 | 158 181|200 195 1701 170 | 17.2
28 | 172 | 158 | 158 | 181 | 200 | 195 | 170 | 170 | 172

* For location of the transducers see figure (3-4)
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Table (A-9) continued: Vertical pressure measured transducers in the sand during
unloading of the static pressure on the sand mass (Test No.3).

Ps Pressure measured by transducers in the sand (Kpa)
Static Time | B*1 || B2+ || B3* | B4* || BS* || B6* || B7* || B8 || B9*
pressure

Kpa hours \% \Y% | \Y \% \Y \" \Y% \Y% \Y
0 122 | 125 {124 F i58 | 17.1 [ 172 ] 169 | 168 | 16.5
4 123 { 124 ) 123 } 157 | 17.0 | 17.15}) 16.7 | 164 | 163
8 123 1 124 123 ) 157 | 169 | 17.1 ] 165 | 16.1 | 16.1
54 24 124§ 12 12 § 154 | 168 | 16.95] 16.0 | 155 | 155
28 124 1 119 | 12 }1535] 168 |16.95]| 155 | 152 | 153
32 124 ( 119 ] 12 1153 [ 167 | 169} 152 | 150 | 152
48 124 [ 119 12 1153 [ 167 | 169 ]| 152 | 150 | 152
0 52 5911 59 p 101 1 103 | 10.2 ] 138 | 142 | 138
4 5.1 581 58 | 100 ] 102 | 10.1 } 134 | 140 | 134
8 50 | 5.7 | 57 100 101 | 100} 132} 13.6 | 13.1
0 24 4.7 52 153197 |100] 98 121 | 122 | 123
28 4.6 | 5.1 53197 | 100 98 J 120 | 120} 120
32 14558 50 { 52 96 | 99 | 97 | 119 11.8 | 11.7
48 44 [ 50 | 52 1 96 | 99 | 9.7 119 | 118 | 1.7

* For location of the transducers sce figure (3-4).
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Table {A-10): Horizontal pressure measured by transducers in the sand duning loading
of the static pressure on the sand mass (test No.3)..

Ps Pressure measured by transducers i the sand (Kpa)
Static | Time | B4 Bs! B6 | B7 BY BY"
pI'CSSUI‘C
Kpa hours H H H tH H i>l -
0 1.9 2.0 1.6 1.8 2 L8
4 1.9 21 L7 1.8 a2 | s
8 20 22 1.7 185 | 216 | 182
0 24 2.1 23 | ¥ 195 | 218 | 18y
28 2.1 23 1o § 20 209 | 1o
32 2.1 23 19 2.0 22 1.9
a8 2.1 2.3 1.9 2.0 22 1o
0 5.0 1.4 39 3.5 3.6 3.0
4 5.0 4. 3.9 3.4 3.6 295
8 4.9 4.4 3.8 135 3.5 29
5.4 24 4.8 43 3.6 30 3.45 28
28 4.8 4.3 3.6 308 | 348 | 275
3 4.7 4.2 3.0 30 3.4 2.7
48 4.7 4.2 3.6 3.0 3.4 2.7
0 7.5 6.3 5.6 4.3 4.9 35
4 7.4 6.3 5.5 425 | 485 3.5
8 7.3 6.2 5.4 4.2 4.8 3.45
1.3 24 7.2 6.0 5.2 4.1 4.65 34
28 7.0 6.0 5.1 403 | 462 | 337
3 7.0 59 5.1 4.0 4.6 33
48 7.0 5.9 5.1 4.0 4.6 33

* For location of the transducers see figure (3-4)
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Table (A-10) continued: Horizontal pressure measured by transducers during loading
of the static pressure on the sand mass (Test No.3).

Ps Pressure measured by transducers in the sand (Kpa)
sttic | Time | B4+ | Bs* || Ber || B7* | B8* || B9
pressure
Kpa hours H H H H H H
0 9.4 8.4 7.6 59 6.3 4.7
4 9.4 8.3 75 58 6.2 4.6
8 9.3 8.3 74 5.8 6.15 4.5
16.9 24 9.25 8.0 7.2 5.6 6.0 4.0
28 9.25 8.05 7.15 5.55 5.9 3.9
32 9.2 79 7.1 5.5 5.8 3.8
48 9.2 7.9 7.1 5.5 5.8 3.8
0 11.6 9.6 8.6 6.5 6.9 5.1
4 1.5 9.5 8.5 6.45 6.9 5.1
8 11.45 2.4 8.4 6.41 6.8 5.02
20.5 24 1.3 9.0 8.2 6.12 6.65 4.5
28 11.25 8.95 8.15 6.09 6.62 4.45
32 1.2 8.9 8.1 6.0 6.6 4.4
48 1.2 8.9 8.1 6.0 6.6 4.4
0 14.1 10.9 9.7 7.4 8.95 5.75
4 14.0 10.8 9.6 7.3 8.9 5.7
8 14.0 10.7 9.5 7.2 8.7 5.6
26.2 24 13.8 10.3 93 7.0 3.4 5.2
28 13.75 10.25 9.25 6.9 8.32 5.1
32 13.7 10.2 9.2 6.8 8.3 5.0
48 13.7 10.2 9.2 6.8 8.3 5.0

* For location of the transducers see figure (3-4)
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Table (A-11): Horizontal pressurc measured by transducers in the sand during
unloading of the static pressure on the sand mass (Test No.3),

Ps Pressure measured by transducers in the sand (Kpa)
Static Time Bt B5+ Bo* B7* B8+ Bu+
pressure
Kpa hours H H H 11 t it
0 13.6 10.2 9.2 KR 8.2 5.0
4 13.6 10.2 9.2 375 8.2 408
8 13.6 10.1 9.1 37 8.15 4.92 ~
20.5 24 13.55 10.05 8.95 3.66 8.12 .85
28 | 135 [ w00 | s9s | 362 | s07 | 4s1
32 13.5 10.0 8.9 3.6 8.0 4.8
a8 | 135 | 100 | 89 36 8.0 18
0 13.4 9.9 8.8 32 7.8 4.0
4 134 9.9 8.8 3.1 7.7 4.55
8 13.4 9.9 8.8 3.05 7.6 4.5
16.9 24 13.3 9.85 8.7 2.9 7.3 4.4
28 13.3 9.85 8.7 2.85 7.25 4.35
32 13.3 9.8 8.7 2.8 7.2 4.3
48 13.3 9.8 8.7 28 7.2 4.3
0 12.7 9.7 8.4 38 6.8 4.1
4 12.7 9.7 8.4 3.75 6.7 4.1
8 12.7 9.6 8.35 3.7 6.6 4.0
1.3 24 12.65 9.5 8.25 3.66 6.48 3.95
28 12.65 9.45 8.25 3.62 6.45 3.93
32 12.6 9.4 8.2 3.6 64 3.9
48 12.6 9.4 8.2 3.6 6.4 39

* For location of the transducers see figure (3-4)
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Table (A-11) continued: Horizontal pressure measured by transducers during unloading
of the static pressure on the sand mass (Test No.3)..

Ps Pressure measured by transducers in the sand (Kpa)
Static Time B4+ B5~ B6* B7+ B8* BOo*
pressure
Kpa hours H H H H H H
0 11.7 7.2 7.1 4.8 6.2 3.8
4 171171 7.2 7.1 4.7 6.1 3.75
8 11.65 7.2 7.05 4.6 6.05 3.7
5.4 24 11.6 7.15 7.0 4.55 5.9 3.66
28 11.6 7.15 7.0 4.52 5.85 3.62
32 11.6 7.1 7.0 4.5 5.8 3.6
48 11.6 7.1 7.0 4.5 5.8 3.6
0 +.8 4.9 4.0 4.2 55 3.2
4 4.8 4.9 4.0 4.1 54 3.1
8 4.8 4.8 4.0 4.0 53 3.05
0 24 4.6 4.84 39 3.8 52 29
28 4.55 4.75 3.85 3.6 5.15 2.85
32 4.5 4.7 3.8 35 5.1 2.8
48 4.5 4.7 3.8 35 5.1 2.8

* For location of the transducers see figure (3-4).
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Table (A-12): Vertical pressure measured by transducers in the sand mass during louding
and unloading of the static pressure (Test No.3).

Ps Vertical pressure measured by transducers m the sand (Kpa)
Static pressute] Time | B1Y | B2 || B3* | B4+ i B5* || Bo* || B7Y || BS* || BY*
(Kpa) (dayy| Vv \Y% \Y% \Y \Y% \Y vV V Vv
0 2 233 0256 258 ) 42 | 40 0 38 ]SS | S350
1.0 4 32 34 (35849 [ 43 4516564 70
3.2 6 | ss|s7]emsfox]|soler|r0]72]74
54 8 6.9 7.0 | 8.0 6.9 7.2 7.3 7.8 7;; 78
9.5 10 94 | 85 | 105 ] 94 10221 103 ] 84 | 8.2 | 8.4
1.3 2 7] so|nzfnol ]| inof so|se | ss
13.2 14 1191 97 [ 139 1123 ) 134 13.6] 91 | 9.1 9.3
15.15 t6 | 133|109 143 139 ] 145 ] 7] 109] 05 | 96
16.9 18 fras | 123 153 150|163 ] wes| e o] s
18.7 20 PIS7 1130167 IS8 [ 172 [ 1751 13.0) 129 | 128
20.5 22 P 1720153175 P75 ) 190 | 193 F 142 ) B 140
239 24 11901166 [ 195 190 | 200 [ 212 ] 1SS | 16.0 | IS8
26.2 26 1210 187205 1210 | 231 | 239 190 192 | 189
239 28 208 | 1811202 1 21.0 | 228 | 234 ] 18.6 | 189 [ 188
20.5 30 1204 179 i8.5 1207 ) 225 | 230 184 | 18.6 | 187
18.7 32 12000 | 1751 18.0 | 19.5 ] 22,1 j 225 | 183 | 184 | 186
16.9 34 1196 17.0 182 ] 192 | 218 2i.2 i%.0 ] 183 | I85
15.1 36 J 194 165|167 | 188 | 212 | 205 17.9 [ 18.1 | 183
13.2 33 11781601163 185 (208 {200} 1781178 180
11.3 40 172 (158|158 1181 1200 1951 17.0117.0 | 172
9.5 42 150 | 1431150 P 17.1 [ 189 | 1821168 | 169 | 17.0
7.7 44 § 1421139140 166 | 178 | 175 154|153 lS.()H
54 46 1124 [ 1191120 {153 ] 167 | 16911521150 [ 15.2
32 48 95 1 99 7.0 | 134 ] 133 131} 138] 133 137
0 50 56 | 55157 19699 | 97 119|118 117

* For location of the transducers see figure (3-4).
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Table (A-13): Horizontal pressure measured by transducers in the sand mass during

loading and unloading of the static pressure (Test No.3).

Jatic g:c“urc Time JHorizontal pressure measured by transducers in the sand (Kpa)
B4+ B5+ B6* B7* B8+ B9*
(Kpa) (day) H H H H H H
0 2 24 23 2.3 3.0 2.95 2.7
1.0 4 2.6 24 2.5 33 3.2 3.1
3.2 6 3.8 3.0 3.1 4.4 4.3 4.2
54 8 4.7 4.2 4.4 5.35 5.2 5.1
9.5 10 6.3 6.3 6.1 7.3 7.2 7.1
1.3 12 7.0 7.1 6.9 8.0 7.9 7.65
13.2 14 8.1 8.13 7.9 8.8 8.7 8.55
15.15 16 8.7 9.1 8.6 9.1 9.05 8.95
16.9 18 9.2 9.8 8.9 10.15 10.2 9.9
18.7 20 10.1 10.75 9.9 10.7 11 10.3
20.5 22 11.2 11.6 10.9 1.1 11.2 10.6
239 24 12.9 13.1 12.8 12.1 12.3 11.85
26.2 26 13.7 14.1 13.5 12.9 13.1 12.7
239 28 13.6 14.0 13.5 12.9 13.0 12.7
20.5 30 13.5 13.9 13.5 12.8 12.9 12.6
18.7 32 13.4 13.9 13.4 12.8 12.8 12.5
16.9 34 13.3 13.8 13.2 12.7 12.7 12.4
15.1 36 13.0 13.2 12.9 12.5 12.4 12.3
13.2 38 12.8 12.7 12.8 12.3 12.1 12.0
.3 40 12.6 12.2 12.7 11.7 11.6 11.1
9.5 42 12.0 11.7 12.1 10.9 11 10.4
1.7 44 11.7 11.3 11.6 9.5 9.6 9.3
5.4 46 11.6 10.2 11.5 8.6 8.65 8.5
32 48 9.6 9.2 94 7.65 7.75 7.5
0 50 6.5 6.6 6.4 7.51 7.55 7.42

* For location of the transducers see figure (3-4).
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Table (A-14): Pressures measured by transducers in the sand during the displacement of
the wall (Test No.3).

Displacement

of the wall 0.0 0.5 1.0 1.5 2.1 2.51 2.9 8.4

{(mm)
pressure measured by transducers in the sand (Kpa)

Ak 5.6 5.6 5.601 5.62 5.62 5.0 5.0 5.0
v2r 55 | 552 | 554 | 533 | 533 | 481 | 478 | 457
V3 57 | 53 | St | 50 | 49 | 455 | 435 | 41
V4 9.6 9.6 9.55 | 9.52 9.52 9.52 9.52 | 9.52
V5* 99 99 9.9 9.9 9.65 9.40 942 | 9.23
V6* 9.7 8.94 822 | 7.88 7.65 7.25 ;.25 7.25
V7* 1E90 | 11.90 | 11.90 | 11.90 [ 11.90 | 11.90 | 11.90 | 11.90
vg* 11.8 11.8 1.7 | 11.65 | 11.51 | 1143 11.0 II.()_
VO* 1.7 | 11.35 | 1098 | 10.56 | 10.21 | 9.85 985 | 9.8S
H4* 6.50 6.50 6.50 | 6.50 6.50 6.50 6.50 | 0.50
H5* 6.6 6.47 6.17 | 5.95 5.57 543 SA43 | 543
H6* 6.43 6.21 5.89 | 3.89 3.40 343 343 3.41
H7* 7.50 7.50 7.50 | 7.50 7.50 7.50 7.50 | 750
H8* 7.45 7.45 735 | 6.54 h.15 6.07 S85 | 585
H9* 7.4 7.4 7.32 | 6.48 6.15 5.99 591 5.91

* For location of the transducers see figure (3-4).
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