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PREFACE

The publishing of Charles Augustin Coulomb's work
" Essai sur une application des régles de maximus et minimis
a quelques problémes de statique relatifs a l'architecture "
in 1776 marked the first rigorous analysis of thé lateral
earth pressure problem. Coulomb's consideration of a sliding
wedge behind a wall for the active ( wall yielding away from
the backfill ) and for the passive ( wall pushing agaiﬁst the
backfill ) cases gives useful results.agreeing with the expe--
rimental values for the lateral pressures with no wall frié—
tion, ie. smooth wall. On the other hand his results differ
considerably from reality when applied to a rough wall with
the backfill in a passive state.

Following this work other analyses were introduced
by various authcrs, such as : W. Rankine, H. Krey, J. Ohde,
K. Terzaghi, A. Caquot, Brinch Hansen, V. Sokolovski, N. Janbu
and P, Rowe, in order to estimate the lateral earth pressures
on structures. |

The principal contribution of the more recent
workers was to alter the plane shape of Coulomb's failure
wedée into the shape of a curved surface when there was wall
friction present. Different authors used different shapes for
this curved surface and calculated the latefal pressures

accordingly. These studies showed that there was no appreci-




. able disagreement between the valugs computed for the active
case and the Coulomb's values, but the passive pressure values
differed appreciably from Coulomb's calculations, in agreement
with the experimental findings.

A careful experimental study of the passive earth
pressure case for sands was carried out by K. Peaker in 1964
at the University of Manchester under professor P. Rowe. A
rough wall gave values of passivevearth pressure coefficients
( ratio of the horizontai force to the vertical force at the
wall; when the wall pushes towards the backfill ) lower than
the theoretical values available at that fime. Since for many
structures the passive earth pressure is relied upon at least
partially for stability, Peaker's results were very distur-
bing. All existing theories géve predictions which were unsafe
for rough walls.

Although Rowe had worked out a theory for the earth
pressure problem using the method of slices commonly employed
in slope stability work, only a limited number of calculations
appears to have been made and no comparison was made with
Peaker's results. In fact Rowe;s theory is as yet unpublished
except for a brief reference to the method in " Selected
Topics in Soil Mechanics " edited by I. K. Lee. It is this
method that is used in this study of the particular problem
of a rough, vertical wall pushing into a cohesionless, dry
backfill with a horizontal ground surface.

Passive earth pressure coefficients, KP' based on



" Rowe's method are presented for angles of internal friction,
¢', varying from 20 degrees to 45 degrees ( representing
loose to dense sand ) and for wall friction angles, 6, of
zero degrees to ¢' degrees ( representing smooth to rough
walls ). These results are consistantly lower than those of
previous theories and are quite close to the experimental

values found by Peaker.
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H' =

H, =

h, =

=

NOTATION

distance from the center of a logarithmic spiral
failure surface to the top of the wall.

slice width.

cohesion.

effective cohesion.

effective cohesion with factor of safety.

infinitesimal slice width.

verﬁical distance between two normal forces on each
side of a slice.

horizontal force on the slice.

summation of the horizontal forces on the slices,
acting at the wall.

base of the Napierian logarithms.

factor of safety.

coéfficient of friction.

height of wali.

perpendicular distance from the center of logarith-
mic spiral failure surface to ground surface.

height on which Rankine state of stress acts.

height of slice.

distance from the bottom of a slice to the point of

action of the normal force on the slice.



o4

coefficient of passive earth pressure, normal to wall.

length.

force normal to the shearing surface.

effective force normal to the shearing surface.
vertical external force.

passive earth force.
passive earth pressure.

passive earth force.exerted by a mass in Rankine
state. |
horizontal external force.

resultant of tangential and normal forces.
radius vector of a logarithmic spiral failure
surface.

radius vector of a logarithmic spiral failure
surface to the bottom of the wall.

radius.

shearing force.

pore pressure.

weight.

horizontal distance.

shearing force on the side of a slice.

shearing force at the wall.

vertical distance.

the angle between the tangent to the failure surface

and the horizontal.



0, = arctan(dyt/dx).

Cp™ Oy angle at the wall.

e, = o angle at the wall.
Y = unit weight of soil.
A8 =  angle between two radius vectors of a logarithmic

spiral failure surface determining the slice width.

¢ = wall friction angle.
6e = wall friction angle with factor of safety.
® =  the angle between two radius vectors of a logarith-

mic failure surface. .

em = maximum value of 9.

m = 3.14159

p = - inclination of the plane failure wedge to horizontal.
0 = normal stress.

o' = effective normal stress.

01 = major principal stress.

0; = minor principal stress.

Oy = horizontal normal stress.

o, = vertical normal stress.

T = shearing stress.

Te = shearing stress with factor of safety.

¢ = internal friction angle.

¢' = effective internal friction angle.

& = internal friction angle with factor of safety.
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the angle between a radius vector and the tangent

to the logarithmic spiral failure surface.
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CHAPTER 1. INTRODUCTION

The passive earth pressure problem gained consider-
able understanding with the pioneering work of Couloﬁb in
1776. For the case of a rough wall acting against cohesion-
less backfill, Coulomb's theory gives passive earth pressure

coefficient, K., values that are much higher than those given

p
by the other more recent theories. All theories consider a
failure surface of one shape or other and the location of the
failure surface is critical to the results. It is necessary
to find the location of the most critical surface by trial
and error.procedures.

After reviewing the more important theories in

chapter 2, published experimental results are collected in

chaptér 3 and compared with these theories. Only the rela-

tively simple case of a rough, rigid, vertical wall with

'horiZOntal backfill composed of cohesionless, dry sand is

considered in this thesis. !

Two theories, those of Janbu and Rowe, use the
method of slices cqnsidering inter-slice forces. A detailed
explanation of Janbu's slice method is given in chapter 4.
Rowe's method of slices is outlined in chapter 5.

Values of Kp based on Rowe's method are computed

and presented in chapter 6. The calculated values are compared



-with published experimental results and with the previous
theories in chapter 7.

Definitions of the terms used frequently in the
thesis are given below :

Earth pressure : the preésure exerted by soil on
any boundary.

Active earth pressure, P, ¢ the minimum value of
the horizontal earth preséure which can act on a veftical
retaining wall. This condition exists when a soil ﬁass is

permitted to yield sufficiently to cause its internal

shéaring resistance along the potential failure surface to be

completely mobilized.

Passive earth pressgre, pp : the maximum value of
the horizontal earth pressure which can be created by a
vertical retaining wall. This condition exists when a soil
mass is compressed sufficiently to cause its internal
shearing resistance along the potential failure surface to be
completely mobilized.

Coefficient of earth pressure, K : the ratio of the
horizontal to vertical pressures at a point in a soil mass.

Coefficient of passive earth pressure, Kp : the
maximum value of K under paésive pressure conditions.

Wall friction : frictional resistance mobilized
between a wall and the soil in contact with it.

Angle of wall friction, 6 : arctangent of the ratio

of the shear force to the normal force at the wall. For the



“case of a vertical wall, the resultant passive force will
make an angle of § with the horizontal. The sign convention

for 6 is explained in the accompanying sketches.

BRI >

§ positive § negative

Failure ( rupture ) surface : the surface within
the soil mass on which simultaneous, plastic failure is-

assumed to be taking place.
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CHAPTER 2, THEORETICAL REVIEW

Before Coulomb had published his paper on earth

-pressures in 1776 some French engineers had worked on this

problem, but their work was not sufficiently cohesive to
establish a theory. Among these engineers we can count :
Marquis de Vauban, Bullet, Rondelet and Coupiet (9).

Coulomb's theory is still useful in practice today :
and the earth pressure theories which followed this made ﬁse ,
of hls concepts whether the autho¢s were aware of them or
not. For these reasons Coulomb's earth pressure theory is
discussed briefly here. |

In his earth pressure theory Coulomb made the
following assumptions ( figure 1 )

The soil in qﬁestion, which is behind the rigid
retaining wall AB'is ideal, ie. dry, homogenous, isotropic,
elastically undeformable, granular, non-cohesive, resisting

only compressive and shear stresses.

Coulomb assumed a wedge shaped failure mass ABC
when the wall yields, and in the case of passive earth resis-
tance, the wall pushing against the soil, the soil wedge is
assumed to slide sideways and upward on the plane failure

surface BC.

The rupture surface is assumed to pass through the

heel of the wall, making an angle of p with the horizontal.
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The friction within the soil or in between the soil and the
wall is represented by the classical law of Newton, which is

_ stated as

£ = tanp = 5 N (2.1)

and being distributed evenly on the failure surface. This

equation was written in the form :
T = 0.tand (2.2)

When there is equilibrium, the resultant force R
makes an angle of ¢ with the normal to the failure surface.
The position and direction of the passive force, Pp, is
assumed to be known and Coulomb also assumed the angle of
wall frictidn, §, as zero. The solution is two dimensional,
and a unit width of wall and soil is considered.

With these assumptions, in order to find the force
exerted by the soil on the wall, Coulomb investigated the
minimum force Pp which gave the most dangerous plane ruétufe
surface. Therefore Coulomb uséd an extreme method of calcu-

‘ lating and achieved his fesults by considering the equilibrium
of the soil wedge which is failing.

This theory, although it gives admissible results
when there is no wall friction, is not able to treat the
earth pressure problem satisfactorily with wail frictién. In
the case of a wall friction the forces do not meet at a

common point and static equilibrium is not satisfied as shown




- in figure 2. Apart from this, Coulomb's assumptions of ideal

éoil and plane failure surfaces are.diversions from reality
(13).

However, in spite of these reservations, following
Coulomb, we can write the passive earth pressure formula for

a vertical wall with horizontal backfill as

P = % HZK .
b 3 Y p (2.3)

where, for 6=0

K = an® (45 + 8y (2.4)

The values obtained for Kp using an extension of
Coulomb's theory are given in figure 3 for various values of
¢ and § (19).

Graphical methods for determining the critical
failure surface and the force at the wall were given by
autﬁors such as Poncelet and Culmann. Tables to facilitate
earth pressure calculations based on Coulomb's method were
prepared by Jumikis in 1962 (10).

After Coulohb, the major contribution made to the
theory of earth pressures was by Rankine in 1846. Rankine in
his work used the common assumptions of Coulomb, but consi-
dered a point in the soil mass and determined the forces
acting at this point, A. The situation is shown in figure 4.

The point at rest is in an elastic state and by

horizontal compression it changes into a plastic state which
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- results in a passive Rankine state. The compression produces

shear stresses which are equal to the strength of‘the soil on
the paths shown in figure 4. The stress paths make angles of
(45 - g) degrees with the horizontal ( see chapter 5‘).
Having no shearing stresses on the horizontal plane, the
weight of the soil, yvh, above point A is the minor pfincipal
stress and the major principal stress is perpendicular to it
being o (13).

The situation is shown in figure 5, and with the
help of a Mohr diagram we can solve for the passive earth
pressure pp. The coefficient of passive earth pressure, Kp,

is defined as oh/oV and we have :

sing' = (0, -0 )/%(0, +0,)

(oh-cv) / 0h+crv)

]

{(Gh/ov)—l}/{(oh/ov)+l}

(X -1)/ (K +1)

therefore,

_+ ing' = K -1
(Lp 1)sind o

then,
1)

K, = (1+sing’)/(L-sino’) = tan? (45% )

which is the same as Coulomb's answer for the case of a
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GROUND SURFACE

COMPRESSION COMPRESSION

Figure 4. Stresses at a point in a semi-infinite

mass of cohesionless soil, Rankine's
analysis.
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Figure 5. Mohr diagram for Rankine's analysis.
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'smooth, frictionless wall.

Rankine's analysis does not consider the presence
of a wall and therefore it can not be used when there is wall
friction. However, failure according to Rankine takes place
on planes at a predetermined angle to the directions of the
principal stresses. The most important effect of wall
friction is that it will change the direction of the princi-
pal planes, and therefore the direction of the failure.
planes. Subsequent investigators have either assumed the
evolution of the failure planes in the soil or have attempted
to predict their generation.

Coulomb's and Rankine's methods were combined.by
Krey in 1936. In his 'friction circle' method Krey assumes a
failure surface composed of a circulér arc and a straight

- line ( figure 6 ). The wedge of soil bounded by the straight
line is assumed to be in a Rankine state. The resultant force
R acting on the circular part of the failure surface is drawn
tangent to the circle with the same center as the faiiure
surface and radius equal to (r'sin¢'). Investigation of a
failure surface which will'give the minimum value of earth
resistance follows the extreme method used by Coulomb. A
detailed explanation of the method is given in Terzaghi's

" Theoretical Soil Mechanics " (24).

K values obtained, using this method, are plotted
P

in figure 7 (12).
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The circular arc failuré surface of Krey was later
changed into a logarithmic spiral by Ohde. Although a
logarithmic spiral failure surface is thought to represent
more accurately the actual failure surface, Kp values
obtained for these two different surfaces do not vary largely
and it is easier to deal with a circular arc than a 1ogarith-
mic spiral (12).

Ohde also attempted in 1938 to combine Kotter's
equation ( Appendix A ) with general assumptions regarding
the earth pressure problem (13). If the soil is not failing
as assumed, then the calculations will not be correct (24).

Tt will be useful at this stage to see the differ-
ance between Rankine's state qf stress and Kdtter's equation.

Rankine as early as 1856 had treated the state of
stress of a point in the soil mass and had assumed families
of parallel straight lines as surfaces of slip. Using the

conditions of equilibrium in two dimensions,

¢

0

(aox/ax)+(8Txy/8y)

(acy/ay)+(3Txy/BX) Y

( see Appendix A ) and substituting the values of Oy Oy, Txy
he solved for the resultant of passive pressures.

on the other hand Kétter in 1903 was able to write
the differential equations of stresses on the rupture line,

which is very useful when the general shape of the rupture

line is known. By combining this equation with a boundaxry
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~condition at one end, the stress on the rupture line can be
determined. An earth pressure calculation can then be carried
out by means of the three equilibrium conditions for the
earth mass above the rupture line (5). Deri?ation of Kbtter's
equation is given in Appendix A.

In 1948 Caquot and Kerisel published passive earth
pressure tables based on a theory which Caquot had worked ouf
previously. In his theory Caguot defines an elliptic failure
line with its center at the top of the wall retaining the
mass. Considering a triangular slice with its vertex at the
center of the ellipse and writing the equilibrium equations
Caquot was able to derive the differential equations defining
the state of the mass (18,27). Hig solution of these
equations constitute the tables mentioned above and a
graphical representation is given in figure 8 (2).

Assuming a logarithmic spiral failure surface,
calculations of passive earth pressures weré made by Terzaghi.
This method is described in detail in Appendix B and the
values obtained :Eor'Kp for the cases where ¢'=6=3OO and
¢‘=6=409 are given at the end of this chapter for comparison
purposes.

Coulomb's assumptions and Kotter's equation were
used in Brinch Hansen's work in 1952 (5). His work based on
laboratory tests made him define the .ailure surface with a
straight line and two circles. From this Hansen developed an

_empirical formula for the passive earth pressure coefficient
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'KP for a rough wall. This formula is expressed as :

= etan¢'(%ﬂ+¢')

K .cos¢'.tan(45°+ $')+0.007(e95in¢.-l)

P
(2.6)

The values obtained for Kp uéing equation'(2.6) are
given in a graphical form in figure 9.

Hansen's, Ohde's and Kotter's works formed the
basis for Sokolovski's treatment of the passive earth
pressure problem. In his " Statics of Soil Media ™ quolovski
used the theories of plasticity. His method of solution‘for
plane problems is developed from two basic assumptions namely:
the sand is everywhere in equilibrium ( éqUation 2.5 ), and

the sand is everywhere yielding according to the Mohr-Coulomb

criterion, given by

- 2, 2 . 24302
(0X oy) 44rxy (0X+cy) sin“¢ (2.7)

If sufficient boundary conditions are known,
equations (2.5) and (2.7) may be combined and solved for any
region of the sand mass (6,17).

~In 1957 Janbu used a generalized procedure of
slices and considered the forces écting on an element of soil
in the rupture zone (8). This work Was similar to Bishop's
slope stability analysis in 1955 (1). With this analysis
Janbu could treat any shape of failure surface and he chose

one which is composed of a logarithmic spiral and a straight
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. line, in order to prepare his chart for the passive earth
éressure coefficient Kp. His failure line is shown in
figure 10 and a detailed explanation of his method is given
in chapter 4.

In 1962 Rowe,considering only particle movement and
volume change in the deformation of a soil element, ie.
stress-dilatancy, was able to treat the earth pressure prob-
lem from a different, non Mohr-Coulomb point of view. However,
it is Rowe's theory of the same era (14), using Mohr-Coulomb
criterion and the method of slices that is considered in
detail in this thesis, starting with chapter 5.

In recent years, investigators studying the passive
eérth pressure problem stressed the fact that the angle of
internal friction for the Sand, 6', and the wall friction
angle, §, are not constant and independent of strain. Experi-
ments of James and Bransby (6), for example, showed this as
weli as the large density changes which occur in fully
developed failure zones.

A simple velocity field was developed by James and
Bransby in 1971 in order to explain the passive earth
pressure problem (7). Their analysis studies the displacement
of a rough plane wall into a mass of dry sand. Three modes of
wall movements are conéidered : rotation about the base,
rotation about the top and translation. James and Bransby
attempt to idealize the material andvderive the velocity

field equations for the three modes of wall displacements.
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The strain fields associated with these derived velocity
fields are also given since they are very important in
predicting the rupture surfaces. The importance of the strain
is that the rupture surfaces will form only along regions of
high strain. These theoretical predictions were compared with
the experimental evidence obtained in 1970 by the same
authors.,

Later in 1971 Graham (3,4) looked for a new
solution of the passive earth pressure problem. This came
with the realization that assuming a constant ¢' and 6
together with the assumption of a failure occurring along a
line surface seperating two rigid bodies was not in agreement
with the observations. In his analysis Graham uses the
numerical plasticity analysis of soils as presented by
Sokolovski and calculates the passive pressures that are
mobilized in cohesionless sands by self weight forces alone.

The results obtained for certain cases, using
different theories are given in figure 11. From these resulﬁs
it is seen that when there is mno wa%l friction all the
tﬁeories givé the same result and with wall friction the
answers differ only slightly, with the exception of the
Coulomb values. Each of these theories had to assume a
failure surface. While it is obvious that a change from a
wedge type of failure ( Coulomb ) to more free-form failure
surfaces results in a dramatic change in Kp for rough walls,

there is no such corresponding change in this coefficient
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THEORY PROPERTIES OF VALUES OF Kp
FAILURE SURFACE o o
| J— | J—
oR ¢'=30 ¢ '=40
o . ' .0
METHOD §=0 $=¢" 8=0 §=¢"
Coulomb  Wedge 3.0 8.8 4.6 70.5
Rankine  State of stress 3.0 - 4,6 -
in soil mass
Krey Friction circle 3.0 5.7 4.6 14.6
Ohde Log-spiral 3.0 5.7 4.6 " 14.5
Caquot Elliptic 3.0 5.6 4.6 13.4
Hansen Curved 3.0 5.7 4.6 14.0
Janbu Log-spiral 3.0 6.2 4.7 14,9
use of slices
Rowe Stress- 3.0 6.2 4.6 13.9
dilatancy '
Terzaghli Log-spiral 3.0 5.7 4.6 14.0
sokolovski 3.0 5.7 4.6 14.0

Figure 1l.  Comparison of Kp values obtained by different

theories.
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among the non-wedge theories. It does not seem to matter
whether the failure surface is assumed to be circular,
circles and straight lines, logarithmic spiral or elliptical;
whether Kotter's equation, slices, or stress?dilatancy is

used also appears to have little influence on the results.

R R e

S

ST

A




24.

CHAPTER 3. EXPERIMENTAL REVIEW

Various experimental results are available for the
éase of a rotational movement or translation of a rigid wall
against a granulér mass. From these the value of the coeffi-
cient of passive earth pressure, Kp, may be deduced. The more
important of these experiments and their results are outlined
below.

The first properly executed experiments were
conducted by Terzaghi in 1920 (23). With a sand height of
5 centimeters ( approximately 2 inches ) behind the wall,
Terzaghi was able to measure the hdrizontal and vertical
components of the earth pressure. These experiments showed a
great difference in values of Kp for the loose and dense
states of the soil. According to Terzaghi the passive resis-
tance depended on two properties, the elastic properties of
the material and the structure of the sand. Also the 'slip'
if it occurred was of secondary importance and the ‘earth
pressure at first slip represented neither a maximum nor a
minimum but something in between. The test curves for passive
pressure of four materials are shown in figure 12.

Terzaghli's experiments were criticized because of
the depth of sand at the wall face, which was only 2-inches.
Later on in 1928 and 1929 Terzaghi used a large model to

study the earth pressure problem. This setup consisted of a
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-14x14x7 feet bin and Terzaghi's main interest was to investi-
gate the distribution of the lateral earth pressures with
depth. These crude experimehts.proved that the distribution
of pressures agéinst a retaining structure is a function of
the nature of the wall displacements (26).

In 1924 and 1928 Franzius used a rigid wall with
translatory movement and attempted to meésure the Kp values.
His experiments continued to 1934 and the model he used was
a wall 2 meters by 2 meters. Franzius reported that double
the Rankine coefficients could be used in designs for passive
earth pressure. Doubling the Rankine values however, does not
give the large differences between the loose and dense states
found by Terzaghi. The side f;iction of the bin influenced
the measurement of earth pressure and to compensate for this,-
Franzius reduced the measured values of Kp by 10 percent.

These test results were criticized from the point
of view of the percentage of load attributed to side friction
and the interpretation of the sand properties. Franzius' test
results were lower than the existing theoretical values for
Kp (13).

Tests by Tschebotaricff and Johnson using a large
apparatus which provided a ¢>0 boundary condition, in 1953,
éhowed that the Rankine values were not high enough to
represent these cases. Theoretical values of Caguot and
Kerisel were shown to be excessive by these experiments.

The inability to control the wall friction ox the



27.

.rotation of the wall during the tests was the main criticism

for these experiments. The side wall friction was measured
during the experiments, but was not considered in the
calculation of KP (13).

Terzaghi's results were confirmed in 1961 by
Schofield. Using a sharp edged, rigid, flat, 6 inches by 6
inches square plate Schofield studied the earth pressure
problem. After the experiments he concluded that calculating
passive lateral resistance of soil, assuming a unique value
of wall friction angle § , is not correct because in an
experiment § varied from +0.3 radians to -0.2 radians before
failure (16).‘ |

The passive earth pressure_in sands waé studied
carefully by Peaker in 1964. The results showed that simply
inserting the peak values of ¢' and § from independent tests
info theoretical expressions did not give correct results for
the passive earth pressure coefficients for rough walls.
Peaker stressed the fact that consideration of the wall
movement and the mobilization of ¢' and ¢ seemed-criticai to
finding a satisfactory theory and he recommended values for
Kp (13,15).

In 1969 Narain, Saran and Nandakumaran used a model
59x35%x24 inches and considered the translation of a wall as
well as its rotation about the top and boﬁtom edges. Their
aim was to determine the rupture surfaces and record the

pressures on the wall. After the tests they concluded that

ii?
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- the magnitude of the passive pressure and its distribution
6ver'the height of the wall and the shape of the rupture
wedge formed behind the wall depend on the type of displace-
ment given to the wall. Only in the case of wall translation
was the passive pressure distribution found to be triangular.
In the two other cases the distribution is close to a para-
bola. None of the more common theories was found to give the
passive earth resisténce or the size and shape of the rupture
wedge correctly. Part of their test results are shown in
figure 13 (11).

Experiments by James and Bransby in 1970 were
conducted with an initially vertical, rough, plane wall
rotated about. its toe into a mass of dry sahd. Their results
stress the difference in the values obtained for dense and
loose sands in passive pressure measurements as well as the
non~linearity of the normal stress distribution on the wall
with depth. Rupture surfaces were also studied by the authors
using an X-ray technique (6).

Tcheng and Absi in 1969 started conducting large
scale earth pressure experiments (20). Tcheng's continuing
work made him conclude that the passive earth pressure
coefficient is actually smaller than the value given by
theory (21). In fact, for a horizontal soil surface and a
vertical wall, the experimental value of the coefficient was

found to be half the value given by theory (22).
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CHAPTER 4. JANBU'S ANALYSIS

The stability analyses commonly used presently are
determinate analyses; that is, the equations of equilibrium
are combined with a failure critefion to obtain a bound solu-
tion. The strain state is not considered directly. The .
slightest movement is sufficient to develop the failure along
the proposed slip surface, showing the soil as effectively
rigid-plastic. In ﬁhese analyses ( for example Coulomb and
Rankihe ) the failure surfaces must be assumed and certain
boundary conditions must be stated.

In order to overcome the difficulties afising from
the application of the classical plasticity theory to hetero-
genous soil masses the method of slices was found to be
suitable as used by Bishop in his slope stability analysis
and Janbu in his earth presSures analyéis (1,8). The statical
equations of a slice can be written in a general form for
determining the earth pressures.

Consider the forces acting on the system and on the
slice in figures 14 and 15 respectively. The shearingbresis—
tance Te along an element of potential slip surface is given

in terms of the effective normal stress, ¢', by :

T, = ¢'+0'tano’ (4.1)

£
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(any shape)

Figure 14. Forces acting on a general passive earth

resistance system - Janbu's analysis.
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Figure 15. Forces acting on a slice element

Janbu's analysis.
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Along this element the shearing stress 1, necessary
to maintain equilibrium can be expressed as a certain portion

of 1

f

] =
|

= ce+o'tan¢e (4.2)

Considering the equilibrium for each slice :

Ivertical forces=0

dWw+dP+dX = dSsinoa+dNcoso (4.3)

thorizontal forces=0

dE-dQ = ~dScosa+dNsina (4.4)

Imoments about point M=0

Xdx+Edy, -dE.h +dQ.h = 0 (4.5)
also,
b! - b' _
fo dx = Xb and fo dE = Eb (4.6)
_aw , dp Lo dx
Let | P=izt ax and  t = 5= (4.7)

From equation (4.3) and noticing that, o'=%¥—u

RS

=

%
i

o' = (p+t-u)-ttana (4.8)
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.using equations (4.2) and (4.8) we will obtain :

} ce+(p+t-u)tan¢e

1+tanoc.tan¢e (4.9)

On the other hand, eliminating dN from equations

(4.3) and (4.4) :

dE = dQ+ (p+t) tano.dx-tcos 2. dx (4.10)

With this equation the horizontal force E at any vertical
section is obtained by integration between the limits.zgro
and x. The corresponding shear force X can be foﬁnd in terms
of E and Q, if equation (4.5) .is divi@ed by dx :

X = ~Etano,+h .95 -, 9Q (4.11)

t t'ds dx
From equations (4.6) and (4.10) the following

expression for the normal force at the wall can be written :

1
Eb = Q+f2'(p+t)tana.dx—f2 Tcos?a.dx (4.12)

Since in the above derivation no simplifying
assumption has been made regarding the shape of the potential
slip surface, the criterion is applicable to any chosen slip

surface.
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The stability criterion can be written considering
a specified value of ¥, by substituting the expression for Tt
from equation (4.9) into equation (4.12) and noting that

- tano.dx = dy. Then :

b bt _ ~ b
‘Eb—fo u.dy = Q+f0 { (p+t u)+cecot¢e}tan(a ¢e)dx fo cecot¢e.dy

(4.13)

If 1. = Fr is introduced into equations (4.9) and

£
(4.12) for determining F, the followihg working'formula can

be obtained for finite differences :

erco§2a.Ax

- QwEb+Z(p+t)tanu.AX

F

where, | (4.14) -

__ ¢'+(ptt-u)tand’
'f ¥ I¥fanc.tang'/F

The quantity t contained in the working formulae is
statically indeterminate when the actual stress conditions
are not known. By assuming the liné of.thrust, accurate
values of the corresponding internal forces E and X can be
obtained from equations (4.10) and (4.11) by successive
approximations. First EJ and X  are calculated for the condi-
- tion t=0. From XO, to=dXo/dx cah be obtained which when

introduced into equations (4.10) and (4.11) will lead to
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- improved values E; and X;, and so on.

In order to apply these equations to a passive
earth pressure problem, dry sand behind a vertical wall is
considered. Figure 16 shows the situation.

By introducing c¢'=§, u=0, 0=0 and Eb=Pp into

equation (4.13), the passive force is obtained as :

o
}

= fg'(p+t)tan(a+¢e)dx - (4.15)
also,

X
p

P_tané (4.16)
p e

The boundary -condition in the vertical direction
along b'~b' is established by introducing equations (4.16)

and (4.10) into equation (4.11)

H
t
tW+-P--—(yH+q+tw)tan(aw+¢e) | (4.17)

tanGe = —tana
p

To apply equations (4.15) and (4.17) to compoéite
failure surfaces, the line of thrust is drawn through the
lower third points of each slice. For the initial investiga-
tioﬁ, conditions t=0 and g=0 are considered.

Equations (4.15) and (4.17) can be written in the

following forms :
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X = o
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Figure 16. Passive earth pressure analysis with
dry sand behind a vertical wall,

Janbu's method.
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N :
Kp = §r fo h.tan(u+¢e)dx (4.18)
tand_ = -gtana +—2—tan(a +¢ ) '(4 19)
e 3 W 3Kp w e '

With these equations for a given value of ¢e
corresponding values of Kp and Ge can be obtained for any

chosen slip surface.

Kp values calculated by Janbu using a logarithmic
spiral and straight line composite surface are given in

figure 17.
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CHAPTER 5. ROWE-COULOMB METHOD

A second analysis using the method of slices and

* Mohr-Coulomb strength parameters is attributable to Rowe. it
will be referred to as the Rowe-Coulomb method in order to
distinguish it from Rowe's stress~dilatancy work.

The Rowe-Coulomb method is used to calculate.the
passive earth pressure coefficients for dry, ideal sands
represented by ¢' and y, behind a rough, vertical wall with a
wall-soil friction angle of §.

Rowe's work is not published and for that reason a
detailed derivation of his equation will be given here.

Consider the forces on a slice in the passive state
for a chosen a-line ( slip line ), and the force diagram
shown.-in figures 18 and 19 respectively.

From the geometry of the force diagram :

AB+BD = AI+ID

therefore,
(W+dx)sin(o+¢')+c'l.cosd' = dE.cos (a+d')+ul.sing’
where
1 = b/cosa
then,



—

T
X
W
E__) X+dx
h
st fnaemnmmas
E+dE

Figure 18. Forces acting on a slice in the passive state

for a chosen c-line.

-3

' dE

Figure 19. Force diagram for the slice.

41.
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+3X) 53 L 1,089 _ o sing'
(W+dX) sin(o+¢ ') +c bEBEE" dE.cos(a+¢')+ubEaga~

0 ! = 1 ' b
dE.cos (at+¢') (W+dX) sin (a+¢ )

(c'cos¢'~u.sing')

therefore,

b (c'cos¢'~u.sing’
cosa{ cos(a+d") } (5.1)

dE = (W+dX)tan(a+¢')+
For the special case of c'=u=0, equation (5.1)

becomes :
dE = (W+dX)tan(a+¢') (5.2)

It is of interest to note the derivation of the
special Rankine case with this analysis. The slip line in
this cohesionless, no wall friction case is a straight line
and forms a slip wedge ( figure 20 ). If the failure wedge is

considered as one slice, the following will hold :

E=20
X=20
X+dX = 0

Substituting these into equation (5.1), together with :

b = H.tan(45%%¢")
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Figure 20. Failure surface for Rankine case
with c¢'=0, u=0 and §=0.

Figure 21. Rowe's failure surface.
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W = hyHb = YyH’tan (457446 ")

dx = 0
¢' =0
u=20
we obtain :
dE = YyH2tan? (45%%¢")

where,

dE =P and tan? (45%+%¢ ") = K,
which is identical with the Rankine equation.

For the more general case of a rough wall, Rowe
considers a failure surface made up of a logarithmic spiral
and a straight line which is shown in figure 21. His reason-
ing appears to be that it has been shown that the use of a
logarithmic spiral-straight line failure surface give results
of the same. order as other more complex shapes such as the
ellipse, circles, etc.

The properties of the logarithmic spiral are shown
in figure 22.

The radius vector, r, is given by the equation :

5 t
- roeeLan¢ (5.3)



Figure 22.

Properties of the logarithmic

spiral.

45,



The angle ¢' is the angle between the radius vector
and the normal to the curve where the radius vector meets the
éurve. The angle ¢' is chosén so.that the resultants of the
normal and shear forces acting on.the failure surface Wiil
pass through the common point O, the center of the logarith-
mic spiral, and therefore will create no unbalanced moments
due to the resistance of the soil.

The angle between.the tangent to the'curve and the
radius vector at that point is equal to ¥ which is a constant.

Therefore the relation :
¥ o= Y- | (5.4)

holds.

Vertical shear at the wall is assumed to be present
which will dissipate and disappear at some horizontal distan-
ce from the wall. Beyond this.point there will be no vertical
shear and by definition it will be in a Rankine state. Being
in a Rankine state this portion 6f the failure line will be
straight and will bound a wedge of soil ( figure 23 ).

The angle (45°~%¢') which the line CE makes with
the horizontal can be verified by considering the stresses on
an element of soil as follows.

When a two dimensional element of soll is stressed
to failure under principal stresses 0; and 03, failure will

occur along a slip plane inclined at an angle o with the
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}-—Y€rlical shear : no verkical shear ———»»i
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Figure 23. Development of Rowe's failure surface.
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“major principal plane ( figure 24 ). The normal and shear

stresses on the failure surface are given by :

= %(0,+03)+%(0,-03) cos2a - (5.5)

Q
I

—
L

%(0,~03)sin2a (5.6)

Substituting equations (5.5) and (5.6) into the

failure criterion equation,
T‘= ct+otang’ A(5;7)
the following equation is obtained :
L(o;~03)sin2a = c+¥{(01+03)+(0,-0;3)cos2attand’ (5.8)
Using the trigonometric relationships :

2sina.cosa

]

sin2o

and

2cosa~1

I

cos20.

equation (5.8) becomes,

0ysina.cosa-ossing.coso = cttand'{os+(01-03)cos?al
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Figure 24. Stresses on a two dimensional element of soil

with o failure plane.

%,\
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Figure 25. Mohr circle representation of the stresses on

an element of soil with o failure plane.
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- or,

ctoztang’ {5.9)
+ 0 /_ 1
S1no.Coso~-cos“a.tand

Figure 25 shows a Mohr circle representation of
thié condition. The quantity o is determined by the condition
that the stresses on the failure plane are the critical ones
and control the value of o0, for a given value of 03. The
failure plane is the one with angle o that gives a minimum

value of olifor a given value of ¢;. Therefore,

ga(sina.cosa—cosza.tan¢') =0

then,

]
<

cos?g~sin?a+2tan¢’.sina.cosa

therefore,

Since the stresses are symmetrical with respect to

the 1 and 3 axes, there are two sets of failure planes making

angles of #u with the major principal axis ( figure 26 ). In
the passive case the major principal stress is o; and there-
fore the major principal axis is the 3-axis. The angle

between the horizontal and the failure plane is therefore

e e K A KT
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d AN

Figure 26. . Failure planes on a two dimensional element
of soil.

7

Figure 27. Inclination of the failure plane to the

horizontal on a two dimensional element of soil.
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equal to (450—%¢') as shown in figure 27 (28).

From figure 26 it is seen that there are two
possible Rankine surfaces, one being the kinematically
admissable failure surface. The other surface is the conju-
gate failure éurface. In order to accommodate the Rankine
zone and the conjugate failure surface the distance from the
wall to the Rankine zone, AC, is a function of the height CD
( figure 23 ) and therefore the conjugate surface must be AD.

The remainingnportion, BD, of the failure surface
is a logarithmic spiral. For this curved surface to join
smoothly with the straight line, Rankine surface at D, the
tangent to the logarithmic spiral at D must have the difec~
tion of DE. By geometry it may be shown that this condition
is satisfied when Ehe conjugate failure surface is a ray of
thellogarithmic spiral. From figure 28 :

<EDG = 90°-¢"

therefore,

<EDG = V¥

Therefore extension of the line GD is a ray ( radius vector )
of the logarithmic spiral which is also the conjugate failure
line.

The foregoing implies that the centexr of the
logarithmic spiral must be located on the conjugate failure

plane AD or on its extension.
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Figure 28, Direction of the conjugate failure surface

in relation to the logarithmic spiral.
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Unlike the other theories which have used the

logarithmic spiral failure surface, Rowe realized that the

direction of the failure surface at the wall is determined by
the roughness § of the wall. In fact it was Terzaghi who
apparently introduced the idea in his " Theoretical Soil
Mechanics ", but he did not use it in the method attributed
to him.

Figure 29 shows the condition at the bottom of the
wall. The angle between the horizontal and the failure
surface at the wall is Qs which is considered to be positive
vhen it is above the horizontal and negative when it is below
the horizontal. In order to calculate the value of this angle
for various soil friction angles,‘¢', and wall friction
angles, &, Mohr's circle of stresses may be used ( figure 36 )

From figure 30 :

AB = AP = %(0,-03)

<0AB = 90%¢"

<ODA = 180°-(90%-6')=6 = 90%¢ -6

<BDP = <ODA = 90%+¢ 1=6

DBP = 1800—(900+¢'—6)-(6+aw) = 90°-9'-a_
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Figure 29. Failure surface condition at the bottom of

the wall, Rowe's analysis.
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Figure 30. Mohr's circle of stresses for the condition
at the bottom of the wall.




<APB

<ABP = <DBP = 90°—¢'-aw

<BAP

i

1800—2(90°—¢'—aw) = 20'+20, = 2(¢"+a )

From triangle ABP, using the law of sines :

BP ~ AP
sin <BAP ~ sin <ABP
then,
BP = %(0,~03)
0 1 " o_ T
sin2(¢ +uW) sin(9 ) aw)
therefore,

3 1]
sin2 (¢ +aw)

BP = %(0,-03) 5
sin (90 ~¢'—uw)

from trigonometry :
3 1 — X ] + 1
sin2 (¢ +aw) = 2sin(¢ +aw)cos(¢ +aw)

i 10°- L. = 1 O_ J = s (!
sin(90 -¢ aw) sin{90 - (9 +aw)} cos (4 +aw)

then,

o ' \ V.
2sin(¢ +aw)cos(¢ *aw)

cos(¢'+aw)

57.
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"~ therefore,
BP = (01-03)s1n(¢1+aw)

From triangle OAB :
0B = %(0;~03)/tang’

Considering triangle OPB, and applying the law of

sines to it we obtain :

OB _ _ BP
sin <OPB sin <POB

therefore,

%(01-04) /tand' (01*03)sin(¢'+aw)
sin(6+aw) =

sin(¢'=§)
sin(¢'-8) = sin(¢'+aw)sin(6+uw)tan¢'
from trigonometry :

i B} in(§+o = Lkcos (¢ '+a ~§~q
sin(¢'+a )sin(8+o ) = %cos(¢'+a ~6-0 )

-%cos (¢ '+a_+5+a
icos (§'+a, W

then,
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%SJiczr(li:—a) = %cos(¢'-8)-%cos (¢'+5+20 )

sin(6'~5)

cos(¢'+6+2aw) = cos(¢'~3)~ Tand”

sin(¢'—6)}

(¢'+8+20 ) = Arccos{cos (¢'~8) - tang”

therefore,

o = %{Arccos[cos(¢'—6)-§i%é%%;§1]—¢'—6} (5.10)

The logarithmic spiral must leave the wall at an
angle of o To accommodate this, the ray from the center of
the logarithmic spiral must infersect the failure surface at
the wall at an angle ¥ ( figure 31 ). The intersection of
this ray with the conjugate failure surface ( or its extensi-
on~h defines precisely the location of the cenfer'Of the
logarithmic spiral, O. ' ,

In summation, considering the case with wall
friction represented by the wall friction angle, §, the

following has been arrived at : .

The soil wedge CDE is in a passive Rankine state
( figure 31 ) and the value of the passive force acting on

the soil height Hp is given by,
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Figure 31. Rowe-Coulomb failure surface.
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P, = %Yﬁétan2(450+%¢')

From equation (5.2) the passive force created by ABCD is :
dE = r{(W+dX)tan(a+')}
where I is taken in the zone ABCD.'Therefore,

Pp = PR+Z{(W+dX)tan(u+¢')} (5.11)

where,

X =20 at CD and X = Pptan5 at the wall

In order to find the distribution of the shear
stressesvit is necessary to assume the point of action of
forces E and E+dE. Assuming E and E+dE act at the lower third
points, since théy are essentially gravitational stresses,
the distribution of the shear stresses can be calculated as
follows :

From figure 18,

+E{%(h~§tana)+(%b)tana} = (
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i

(2%+dX) (¥b) - (E+dE) (g-§taha) +E (§+§tana) 0

dividing each term by b and rearranging,

Eh E

- E h.dE dE _Eh E
X+%dX = 5 3tanoa+ 35 —§tana 35 3tana
therefore,
X+hdx = %Etanaﬂ%(%—tana) (5.12)

In'order to solve for E and dE, figure 30 is
considered again. From triangle OAP using the law of sines

the following relation is obtained :

sins _ 81n(2em—6)
AP OA
therefore,
sins ] 51n(26m—6)
- 5(01~03) %(0,+03)

sin(26m-6)

sind 01-03

_ 0110,

where,

Ei e

et T AN . Tk Smbiieel




AB _ %(0,~03) _ 0,-0,4
OA  %(o0;+03) 0,40

sing' =

let J = 1/sin¢', then

51n(26m-6)

sing =4J

J.sind = sin(26m—5)

from trigonometry,

s1n(26m-6) = 51n26m0056-c0528m51n6

then,
sin20
therefore,
in?2
tand = ~iiﬁ:im~
J+c0526m
but,
tand = §i§§ at the wall
“ E+dE
therefore,
J+c0520m
E+dE = (X+dX) ( )

s1n20m

63.

(5.13)
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. Differentiating equation’ (5.13) with respect to Gm and

neglecting second degree differential terms :

J+cos20

e _ mdx 2% 2dx _
de_ ( sin26 )de sin“26 (Jcoszem+l) " sin?29 (Jcoszemfl)
m m m m H
J#coszom 5
dE = (_S_-l—l'-l_z_e;n——) dx - X{g’fﬁ‘z-i-é;(JCOSZGm+l) }dem (5.14)

Substituting equations (5.13) and (5.14) into equation (5.12)

J+c0520m J+cos28

- (2 y _ m
X+ydxX = (—§tana){(X+dx)( <o) sToop ) 9%
m m

+-—g§——~(Jcos76 +1fd6 }

sin 26m ““m m

J+cos26

1 .h m _ 22X

+§ (5~tanoc) { (w) dx W(Jcoszenﬁl) dem}

multiplying each term by (2/X) and simplifying :

J+cos20 +
dx 2dX m 4 tang
—_— ) (e = e (J-+Cc0520
3 o 29m )(] tanoc) 2 351078 ( m)

4 Jcos206 +1
m

= g )
3! sin?26_ ) (j-tana)de
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therefore,
21 2 J+cos26m 2 1 J. cos26m+l
Rl (U, . ——
o 5 STV ) tano+3 (¢ tana)(————77§;——)d6 }
__X- = 1 2 .h J i (5.15)
- +§(E-tana)(;35§§—+cot28 )

Using equation (5.15) the change in the vertical
shear force across a slice may be calculated. Thus, the
vertical shear force between any two slices can be calculated
as a percentage of the vertical shear force at the wall. This
force at the wall is defined by Py and §.

While the foregoing may be considered to be a
'rlgorous' solution to the earth pressure problem, the 1mpor-
tance of the assumptlon that the horizontal lnter—sllce |
forces act at the lower third point has not been tested.
Concessibly, other, lower values of Kp will result if the
horizontal forces are considered to act at some other height
relative to the height of the slice. In fact the relative
height may not be a constant but- could vary from slice to
slice. An infinite number of possibilities opens up.

Rowe suggested that the lowest values of Kp will
result if it is assumed that all the vertical shear forces
are lost close to the wall where the shear forces, X, are
the greatest. Therefore dx=0 except for the slice closest to

the wall where dx:xwall‘ The shear force across a slice, 4X,
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‘may be thought of as an increase in the weight of the sliceﬂ
Concentrating dX close to the wall means in effect that all
this "weight" is concentrated in this slice. Since the slice
closest to the wall.has to be pushed along a failure plane
with the minimum ( or even negative ) angle o, this "weight"
is easier to move than if it were pushed up some steeper
angle further from the wall.

' From equation (5.11) :

Py = PR+Z{W.tan(a+¢')+dX.tan(a+¢')}

at the wall, a=aW.and dX=Pp.tan6. Then,

— 1 1
P = PR+Z{W.tan(a+¢ )}+Pp.tan6.tan(aw+¢ )
. therefore,

PR+Z{W.tan(a+¢')}
p_ = ~ (5.16)

b 1~tan6.tan(aw+¢')

but,

. 21 . ’
Pp = BV ,
therefore,

P +i{W.tan(a+¢')} ( 2
K. = YH2

- ) (5.17)
P l—tané.tan(mw+¢')

By assuming that all vertical shear is lost at or
close to the wall, a very simple expression for Kp has been

derived. It is this expression that forms the Rowe-Coulomb

method.
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CHAPTER 6. CALCULATIONS AND RESULTS

No published values for Kp based on the Rowe-
Coulomb method, either rigorous or simplified, are available.
The intent of this thesis was to calculate values of K for
the special case of a vertical, rigid, rough wall retaining
ideal, dry sand with horizontal ground surface.

In order to calculate the values of‘Kp for varying
¢' and § angles using the Rowe-Coulomb method, first the

failure surface is established.

A computer program is bPrepared in FORTRAN IV
language in order to calculate the values of o, from equation
(5.10) for varying values of ¢' and . Internal friction
angle, ¢', varies from 20° up to 45° ang the wall friction
angle, §, is increased in 1° increments from 1° to S=¢'.

A part of the program ( for ¢'=40° ) isAgiven below
and the results obtained for o, are tabulated in figure 32,

In this figure only the values of G for 5° increments of §

are shown because Kﬁ values are calculated for these

increments.

A=3.14159/180.0
AA=0.5
ED=40.0

CZ=1.0

€l ot axa e

T AN A
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Figure 32
(b ' 8 0LW 0LW
(degrees) (degrees) (radians) (degrees)
20 5 +0. 44 +25.12
10 +0.26 +14.74
15 +0.05 + 2.91
20 ~0.35 -20.00
25 5 +0.42 +24.05
10 +0.27 +15.37
15 +0.11 + 6.12
20 -0.08 - 4.51
25 -0.44 -25.00
30 5 +0.39 +22.48
10 +0.26 +14.84
15 +0.12 + 6.91
20 ~0.03 - 1.58
25 ~0.20 ~11.35
30 ~0.52 ~30.00
35 5 +0.36 +20.63
10 +0.24 +13.69
15 +0.11 + 6.59
20 -0.01 - 0.80

cont.
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o | % O
(degrees) (degrees) (radians) (degrees)
35 25 -0.15 - 8.73
20 -0.31 ~17.83
35 -0.61 -35.00
40 5 +0.32 +18.60
10 +0.21 +12,16
15 +0.10 + 5.63
20 ~0.02 - 1.07
25 ~-0.14 - 8.05
30 ~-0.27 ~15.53
35 ~0.42 ~-24.08
40 ~0.70 -40.00
45 5 +0529 +16.4%6
10 +0.18 +10.39
15 +0.07 + 4.26
20 -0.03 - 1.96
25 -0.15 - 8.35
30 ’—0.26 ~25.00
35 -0.39 -22.10
40 -0.53 -30.19
45 ~0.79 -45.00

Figurg 32. o, values for varying ¢' and § angles.
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EA=(, 8391
DO 31 I=1,40
ALFAW=AAX (ARCOS (COS (Ax (ED-CZ) )
~SIN (Ax (ED~CZ) ) /EA) - (A% (ED+CZ)))
ANGLE=ALFAW/A
WRITE (3,101) CZ,ALFAW,ANGLE
31 CZ=CZ+1.0
RETURN

END

Additionél geometric relationships are reqﬁired to
describe the failure surface. The relation between the angle
of the logarithmic spiral, Gm, and the angles ¢' and o is
given below :

From figure 31,

<ABO = 90°- (¥-q )
W
( o being negative )
where,
v = 90%-¢"
therefore,
— ]
<ABO = ¢ +uw

Considering triangle OAB ;
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O = 180°-(135%%9") - (¢ "+a, )

therefore,

(6.1)

The following relationships will hold for the

failure surface as described. Reference is made to figure 33.

Let H = 10.0
0B = rO
_ _ 0.tan¢’
OP = rg = r e (5.3)
0_tang'
OD = r = roe m
n
AC = CE
<BOP = 0
— - O 3., ‘
<BOA = 6m = 457-%¢ aw (6.1)

<OAB = 135%-4¢°

<ABO = 45°+%¢'—om

<DAC = 45

from triangle OAB :

0B AB

sin <OAB ~ sin <BOA
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0 A :
!
2] l H
- c
3 AT 3
45- L
5 e
H
~
) D
X
B ™
Figure 33. Relationships describing the Rowe-Coulomb

failure surface.
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o _ lo.o

sin(135%%¢1)  Sindy

r = 10.05in(135%%¢")
0 ' sinf
m
therefore,
_ sin(45%+%¢")
r, = 10.0 sinem (6.2).

Once again using the law of sines for the  same

triangle OAB :

OA _ _ _ BB
sin <ABO sin <BOA

let 0A = a, then

a _ 10.0
= ===
sin(45°+%¢'—em) SN0

therefore,

Sin(450+%¢'-6m)

sind
m

a = 10.0

Also from triangle ADC :

TS AR AL LR AR




CD = Hy = AD.sin(45%-%¢')
= (OD-0A)sin(45%-%¢')
~ therefore,
Hp = (rem—a)sin(45°—%¢') (6.4)

Additional rélations are :

H' = a.sin(45%%¢") : (6.5)

and

Hl

OA' = P
tan (457 -%¢")

(6.6)

The variation of the value of angle o on the

failure surface may be shown as follows ( figure 34 ) :

A= 45°—%¢'+em—e

also,

90

Atd'+a

Q
il

90%-¢ -2

then,



SN et ke e s T e e = crrT T e mCem PV AR I X O

76.

Bl

45

Variation of o on the failure surface.
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@ = 90%~¢ - (45%-50"+0_-0)
@ = 45°—!;¢f~em+e
but o
-l V- =
457 -%¢ em o v (6.1)
therefore,
o = aw+6 (6.7)

Assuming that all the shear is lost at the wall the
logarithmic spiral part of the failure region is divided into
vertical slices by varying the angle 6, 1° at a time. In
order to calculate the coefficient of passive earth pressure,

X , equation (5.18) is used and to facilitate the calcula~

o’
tions a computer program in FPRTRAN IV language is written.

The slice area is considered to be a trapezoid and
the aﬁgle of the failure surface, o, is taken as the average
value of the angles at either side of the slice.

The program wiil calculate for each slice; the
product of the slice area and thé value tan(¢'+a). If the
last slice has an angle 0<1° then for this particular slice

the product is calculated separately with an electric calcu-

lator. The calculator is also used to sum up these values for
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- all the slices.

A sample program for ( ¢'=40°, 6=20° ) is shown
below and the Kp values obtained are given in figure 35 for
values of ¢' ranging from 20° to 45° in 5° intervals énd 8
ranging from 0° to ¢' in 5° intervals. Figure 36 gives these

values in a graphical form.

H=25.0
A=3,14159/180.0
Q0=-0.018733
DC=10.0

UU=65.0
CU=0.8391

CZ=1.0

BA=0.0

DO 141  I=1,26

TETAM=HXA-QQ
RZERO=DCXSIN (AXUU) /SIN (TETAM)
RTETM=RZEROXEXP (TETAMXCU) .
AINGT=DCxSIN (AXUU-TETAM) /SIN (TETAM)
HRANK= (RTETM~ALNGT) xSIN (AxH)
HPRIM=ALNGTXSIN (AXH)

SZEK=SIN (TETAM+AX (H-BA))




Figure 35
¢! 6 K
(degrees) (degrees) P
20 0 2.04
5 2.26
10 2.43
15 2.55
20 2.70
25 0 2.46
5 2.77
10 3.03
15 3.23
20 3.39
25 3.63
30 0 3.00
5 3.43
10 3.80
15 4,13
20 4,40
25 4.64
30 5.03

cont.

79.
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Figure 35
¢! § K
(degrees) (degrees) P
: 35 0 3.69
5 4.29
10 4.84
15 5.34
20 ' 5.80
25 6.21
30 6.59
35 7.25
40 -0 4.60
5 5.44
10 6.26
15 7.05
20 : 7.80
25 8.51
30 9.18
35 9.83
40 11.03

cont.




o' § K
(degrees) (degrees) P
45 0 | 5.83
5 7.06
10 8.30
‘ ' - 15 . 9.55
20 10.80
25 12.04
30 13.26
35 14.46 )
40 15.69 |
45 18.01 |

Figure 35, Values of Kp for varying ¢' and 8 angles given
by the Rowe-Coulomb method.
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Figure 36. Kp values for dry,cohesionless soil behind a
rough vertical wall with horizontal ground

surface - Rowe-Coulomb method.
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SCAR=SIN(TETAM+AX(H-BA—CZ))
HONE=RZEROXEXP(AXBAXCU)XSZEK~HPRIM
HTWO=RZEROXEXP(AX(BA+CZ)XCU)XSCAR—HPRIM
CZEK=COS(TETAM+AX(H-BA))
CCAR=COS(TETAM+AX(H-BA-CZ))
BVAR=RZEROX(EXP(AX(BA+CZ)XCU)XCCAR

~EXP (AXBAXCU) XCZEK)
AREA= (HONE-+HTWO) XxBVAR/DB
TALFA=TAN (Ax (AC+B+BA) +0Q)
GOAL=AREAXTALFA

141 BA=BA+1.0

Values of Kp using the rigorous solution consider-
ing the shear forces on the slices are obtained for the cases

( $7=30°, 6=20°

) and ( ¢'=400, §=30° ), in order to compare
with the results obtained assuming thaﬁ all the shear’is lost
at the wall. The calculations for ( ¢’=400; §=30° ) are giveﬁ
beiow. The failure surface and its properties are shown in
figure 37.

Applying equation (5.15) to slicés which are formed

by varying the logarithmic spiral angle, 6, 5° at a time we

obtain :
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A (deg) 1~13.0 -80 -20 +20 +10 +120 +170 +220 +2015

0(dep) [38.0 330 280 230

B0 120 80 3.0 0.25
h(R)  lious 1043 1067 1068 1081 103 951 82 Bos
bURL) |1eo 155 190 205 219 232 245 295 o028
o ' |
580 "
S ~
\’/ \
, | 2 3 4 \\;\\\ 6 1 6 B
& \ R
W
%:30 \\\\\\
25"
[>
/
\
Oly+- 15.5
5&)’.8:
1= 4
Figure 37.

Failure surface and its properties for
| ¢'=400, §=30° ), Rowe-Coulomb
rigorous solution.



“Slice #1

ax _ 2{1+%(l.854)(-0.231)+%(6.586)(1.46l)(0.087)}-_ 0.358
X -1+5(6.586) (1.853) == 035

‘Slice $#2

ax _ 2{l+%(2.140)(—0.l4l)+§(6;l4l)(1.963)(0.087)} - 0.384
X -1+5(6.141) (2.149) .
Slice #3

ax _ 2{1+%(2.548)(—0.052)+%(5.662)(2.720)(0.087)} - 0.418
X -1+%(5.662) (2.553) - 4
Slice #4

dx _ 2{1+%43.123)(+o.o35)+%(5.165)(4.015)(0.087)} - 0.465
X -1+%(5.165) (3.127) .
Slice #5

dx _ 2{1+%(4.030) (+0.123)+%(4.677) (6.550) (0.087) } - 0.539
X ~1+%5(4.5677) (4.018) .
Slice #6

dX _ 2{1+£(5.600) (+0.213)+%(4.157) (12.57) (0.087) } - 0.667
X ~1+%(4.157) (5.600)

. 85.
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" 8lice #7

dx _ 2{1+3(9.140) (+0.306)+3(3.574) (32.84) (0.087) }

X ~L+E(3.574) (9.140) = 0.931
Slice #8 !
dX _ 2{1+%(24.40) (+0.404)+3(2.976) (244.0) (0.087) }

X ~1+5(2.976) (24.40) = 2.085
Slice #9
dx _ 2{1+%(294.0) (+0.461)+3(28.26) (33780) (.0087)} _ 2. 040

X -1+5(28.26) (294.0)

Let dX = the shear change across a slice, if
X+dX=X=1.000 at the wall.

The vertical shear force X;, between slices 1 and 2

becomes :
X1z = X917 dXslicel_-
where,
X
— — dx T X
Fsrice,” Farr) Graw) srice,™ Fvart! (@ siice,
X

Similarly, the vertical shear force X,3 between slices

2 and 3 is :
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X23= X1, dX

slice,
where,
. .§§
X oo = (X1a) (—2)
slice, ‘912 144X slice,
X

Continuing in this fashion, the value of 4X for each slice
may be computed.

In reality, the value of (X+dX) at the wall is
equal to (Pptanﬁ), therefore the value of dX for any slice is
P_tan$.dX.

p .

Now equation (5.11) which states :

e)
i

PR+Z{(W+dx)tan(a+¢')}

o]
]

PR+Z{W.tan(a+¢')+Pptan6.d§.tan(a+¢')}

B, = Pgil{W.tan(org') 1P tans.o{dR. tan(atd) )

P

Pp{l-tand.z[d?.tan(d+¢')]} = PR+Z{W.tan(a+¢')}

therefore,

P_+I{W.tan(o+¢")}
p R .

p l~tan6.2{d§.tan(a+¢‘)}
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" where,

'= 2 2 o 1
PR %YHRtan (457+%4 ")

Substituting the values for the case ( ¢'=40°,
§=30° ) into the derived expressions, the value of Ké will be
obtained. The calculations related to the shear change across

slices are given in a tabular form on pages 89 and 90.

P = %y(7.977)%(4.6) = 146.33y
I{W.tan(o+¢') } = 191,57y
tand = tan30° = 0.5774
r{dX.tan(at+é')} = 0.8322
therefore,
p = _146.33vy+191.57y _ 337.90y
p  I1-{0.5774) (0.8322) 0.520

On the other hand,

P = YyH?K
p = R
then,
_337.90y
%y (100)K_ = 0,520
K = 13.0
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- dx/x

Slice # X ax/x L+ (ax/x) dax

1 1.000 0.358 " 0.264 0.264

2 0.736 0.384 0.278 0.204

3 0.532 0.418 0.295 0.157

4 0.375 0.466 0.318 0.119
5 0.256 0.539 0.350 ofosgé
6 0.1664 0.667 0.398 0.0663
7 0.1001 0.931 0.482 0.0483
8 0.0518 2.085 0.675 0.0350
9 0.0168  2.040 0.670 0.0113

- 0.0055
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| Slice ¢ Area=A  tan(o+¢')=T AT dax T.d%X
1 16.30 0.5095  8.30  0.264  0.1344
2 18.36 0.6249 11.47  0.204  0.1273
3 20.27 0.7536 15.35  0.157  0.1181
4 21.89 0.9004 19.71  0.119  0.1070
5 ©23.02 1.0724 24.68  0.090  0.0964
6 23.50 | 1.2799  30.10  0.066  0.0848
7 23.30 1.5399 35.82  0.048  0.0743
8 21.98 1.8807 41.36  0.035  0.0659
9 2.25 2.123¢ - 478 0.011  0.0240

1=191.57 ft? $=0.8322
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CHAPTER 7. COMPARISON OF RESULTS AND DISCUSSiON

After reviewing the theoretical and experimental
works on the passive earth pressure problem, the Rowe-Coulomb
method is introduced and values for Kp are calculated. These
studies and the Kp values obtained are discussed below :

i) Discussion on the Rowe-Coulomb method.

a. Slice thickness : | |
In order to investigate the effect of the
slice width on the calculations the value of KP is célculated
for various A8 values using two cases. The resulﬁs are shown

below,

8 (degrees)

0.5 1.0 2.0 5.0
(¢'=35°,'§=30°) | - 6.59 6.58
($'=40°, 8=30°) .' 9.18’ - 9.18 9.18

These results indicate that the calcﬁlations

are insensitive to slice thickness, at least within the range

of rational widths used.

b. Rigorous analysis versus the Rowe-Coulomb

method

Rowe indicated that the minimum value of Kp

will result if all the shear is assumed to be lost at the
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wall. To see the difference between (1) the Ké values obtained
by considering the vertical shear forces to be distributed
among a number of slices and (2)by assuming this shear force
to be present only at the wall, two cases are solved using

both methods. Calculated values of Kp are  shown below,

(¢'=40°,6=30°) ~(¢'=30°,8=20°)

(1) Rigorous solution 113.0 ' . 5.2

(2) Rowe-Coulomb method ,’9,2 4.4>

Comparison of these values shows thét the
simplifying assumption of a total shear loss near the wail
does lead to lower values of Kp. The values obtained by the
Rowe-Coulomb method will lead in most instancés to safer.
design.,

It should be kept in mind that even with the
rigorous method simplifying assumptions are made concerning
the location of the resultant forces on the sides of the
sliées. Changing the position and distribution of the location’
6f resultant forces could lead to differént values of Kp.

ii) Comparison between Rowe?Coulomb and Janbu's
methods.

The Rowe-Coulomb method is basically the same as
Janbu's slice method. Both of these methods start by consi-
dering the forces acting on a slice and write the equilibrium

equations of the slice. There are, however, some differences

between the two methods.
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a. Distribution of vefeieal ehear’:

The distribution of vertical shear among the
slices in Janbu's method is obtained by successive approxima-
tions. The Rowe-Coulomb method on the other hand assumes that
vertical shear exists in only the slice closest to the wall.

b. Failure surface :

One advantage of the Rowe-Coulomb method is
that the failure surface is set at the beginning of the
analysis. With Janbu's method one has to investigate the
minimum value of Kp by successive alterations to the shape of
the logarithmic spiral failure surface.

| For comparison purposes, values obtained for
Kp using these two methods.are plotted together in figure 38.
The Rowe—Coulomb.method'gives consistently loWer values for
K_ than Janbu's method and therefore leads to safer design.
It should be notea, however, that the rigorous solution, being
limited to one predetermined, kinematically acceptable failure
surface, gives higher Kp values than Janbu's method..

c. Varying soil constants :

Janbu's method fails to give results en the
safer side compared to other well known theories for simple
cases. When variable soil constants and pore water pressures

are involved in the problem, Janbu's slice method proves to

be very useful. The Rowe-Coulomb method can also be modified

to include these complicated cases.
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Figure 38. Comparison of K values obtained by the

Rowe-Coulomb methicd with Janbu's results.
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iii) Rowe-Coulomb method 'as compared'ﬁo othef methods.
) Kp values for two different ¢' angles, 40° and
305, and varying § angles are plotted in figu;es 39 and 40.
From these figqures it is noted again that the rigorous solu-
tion gives values of Kp higher than the other theories. The
Rowe-Coulomb method itself gives lower Kp values than these
other known theories. Thus, the Rowe-Coulomb method is safer
than any of the other known theories for most design cases. ﬂ
There are, however, recent theories investigating the values
of K_ for different wall movements. Graham's calculations,

P
for example, gives promise of producing Kp values which are in

i
i
;
i
'
i

fair agreement with experimental results over a wide range 6f
soil densities, but more research has to bé done on the subject
before full confidence can be placed in this method (4).
iv) Comparison of the Rowe-Coulomb values of Kp  .

with experimental data.

Experimental values given by Rowe.and Peaker
(1965) and also of Narain.et gl (1969) for Kp,are éompgred
with the Rowe-Coulomb values in.fighre 41. Peaker's £ests in
1964 were conducted with wall translation only. The values
given for Narain et al are also for wall translation. The
properties of the sands used in these experiments are shown
below :

Peaker's experiments,

93 lbs/cu.ft.

loose density

103 1bs/cu.ft.

n .

dense density
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shearybOx results - ¢'=4lo (dense)
¢'=34Q (loose)
§ determined by the shear box.
Narain et al. experiments,
 $'=38.5° @ relative density of 31.5%
¢'=42.0o @ relative density of 70.25%
J =23.5° (direct shear test)

From figure 41 it is seen that the values of Kp,
calculated by using the Rowe-Coulomb method are slighfly
higher than the experimental values of Peaker for the dense
sand (¢'=40°). Nevertheless, these values are the closest to
the experimentai results among all the known theories. The
Rowe-Coulomb values for the loose sand (¢'=34°) are slightly
lower than the experimental observations of Peaker. The low Kp
values of Peaker for the dense sand could be a result of the
mechanical vibrations given to the sand. Narain et al. give_
higher Kp values than the Rowe-Coulomb method.

v) Comparison of failure surfaces.

Failure surfaces bbtaiggd for the Rowe-Coulomb
method and the experimental failure surfaces of Peaker for
two cases are shown in figures 42 and 43. For the loose sand
the Rowe-Coulomb method utilizes a failure surfaée fairly
close to the findings of Peaker only at the wall and the sand
surface. For the dense sand, while the shape of the predicted
failure surface and the experimental surface are similar, the

volumes of sand involved are very different. These can be expl-

ained by considering the velocity and stress fields (6,7).




Figure 42.
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Comparison of failure surfaces for loose sand,
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Raker: g%3g° 6:26° (mob.)

Rowe-Coulomb : ¢.38" §.25°

Figure 43.  Comparison of failure surfaces for dense sand.

RN
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Raker: ¢%3¢° 826" (mob.)

Rove-Coulomb : ¢-38° 5.5

Figure 43. Comparison of failure surfaces for dense sand.

(=3
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CHAPTER 8. CONCLUSION AND RECOMMENDATIONS FOR FURTHER WORK

i) The Rowe-Coulomb method is simple, convenient
and meets the kinematid-requifements of failure.

ii) Kp values obtained by the Rowe-Coulomb method
are closer to the published experimental values than the
values given by other theories currently available.(dense).

iii) Because the other theories give highér Kp values
than the Rowe-Coulomb method, this method is safer to use.

iv) The Rowe-Coulomb values are sufficiently close
to the experimental values that they are recommehded for
design.

v) The assumption that all the shear is lost at the
wall gives safer values for Kp. This finding parallélé
Bishop's simplification to the rigorous method of slices in
slope stability work.

vi) K values are obtained for the special case of a
dry, ideal sand against a vertical wall, with horizontal
 ground surface. The Rowe—Coulomb.meéhod can be extended to
include inclined walls and sloping backfill. Cohesion and
water pressure can also be introduced into the method to
calculate Kp values for more general cases. It is also
possible to investigate the effects of surcharge on the Kp

values by introducing a surcharge force into the calcula-

tions.



vii) It would also bé interesting to calculate the
values of Kp using the Rowe-Coulomb method and applying it to
different failure surfaces such as ellipses, circles etc., to
.see what influence the shape of the failure surface has on

the theoretical values of Kp.
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APPENDIX A - ROTTER'S EQUATION

Figure 44 shows the stresses acting on an infinite-
simal soil element. The conditions of equilibrium in two

dimensions will give the following relationships :

o0 oT
X X —
o, dy- (0X+——a§dx)dy+'rxydy (1, t—-2dy)dy = 0

y+ oy

where dx = dy, therefore

00 9T
— 2L = (a.1)
0x oy

ZFy = 0,

aoy Ezd )dx+y.dx.d 0
- X T - (T A—=tdx) dx+y.dx. =
oydx (Uy—l-ay dy)dX'l"nydx (TXY oy (- Y

then,
o 0T
3y X

Condition of failure is expressed by the Mohr-
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Figure 44. Stresses acting on an infinitesimal soil

element.,

Figure 45. Mohr circle representation of the stresses.
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Coulomb criterion :
T = c+otang -{A.3)
Equation (A.3) can be expressed in terms of Opr O
and TXY which are the stresses in any pair of orthogonal
lines corresponding to points X and Y ( figure 45 ).

From figure 45 :

(YQ) *+(QX) 2 =(0Y+0X) 2 = (2.0Y)2 = (20M)2

where,

YQ = GX—Uy
QX = 2TXY
{ = L _ cfotan¢ _ ¢ 0sing
oM = cosd ~  cosd cos¢ = cosZd
1P = g = 0'M)cos
O'P = otrr = (0'M)cos¢
therefore, -

c .
g = (O'M)COS¢_tan¢

GX+OY c
oM = { 2 * tan¢}cos¢
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o By
g = N -
5 ton ¢}cos¢ .CcOs¢- tan¢
therefore,
0x+°y '
+
o = C {{ 3 tan¢]cos o~ tan¢}s1n¢
cosd
cos?¢
after simplifications,
= L i
oM 2(0x+cy)s1n¢+c.cos¢
but (YQ) 2+(Qx) 2 = 4(oM) ?
therefore,
- 2 = 2 2 :
(0, oy) +4f;y {(0X+0y)5¢n¢+2c.cos¢} (A.4)

The three stresses o_, 0 and T can be determined
x' Ty Xy

)
with the three equations (A.1l), (A.2) and (A.4). Instead of

the three unknown stresses two other variables t and o may be

introduced where,

t = osecy

and

w = angle between the rupture line and the
horizontal.




113,

0y = 0"0+0D' = 0"0+0D

Where,
OD = (0Y)sin(2a+¢)
0Y = OM = c+262$h¢ = c.sec¢+t.tang
then,
OD = (c.sec¢+t.tand)sin(20+¢)
also,
0"0 = O"P+OP
where,
OP = (OM)sin¢ = (c.sec¢+t.tand)sing
0"P = t.cos¢.
therefore,

0"0 = t.cos¢+(c.secd+t.tang)sing = t.secéd+c.tand

Combining these expressions :

Gx = (t.sec¢+c.tan¢)+(t.tan¢+c.séc¢)sin(2a+¢) (A.5)
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On the other hand,

g, = O0"0-0D
y
therefore,
Oy = (t.sec¢+c.tang)-(t.tan¢+c.secod)sin(2a+9) (aA.6)
From triangle DOY :
Txy = (0Y)cos (20+9)
therefore,
Ty = (t.tan¢+c.secd)cos (2a+9)  (A.7)

For the determination of t and ¢ we have the
equations (A.l) and (A.2) as equatigns (A.5), (A.6) and
(A.7) satisfy the equation (A.4). By different transformations

the following equation may be derived :

ot 2 (t.tan¢+c.secod) %% + ysin(a+¢) = 0 (A.8)

as

where s is the arc length of the rupture line in question.
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In the case of the cohesionless soil where c=0,

equation (A.8) is reduced to :

ot . 9 . oL
=t 2t. tan¢ 55t ysin(a+¢) = 0 (A.9)

Equation (A.9) is known as Kdtter's equation.
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APPENDIX B - TERZAGHI'S METHOD

"Since the methods for determining the real shape
of the surface of sliding are not suitable for practical
purposes, the sufficienﬁly accurate method of assuming this
surface to be composed of a logarithmic spiral and a straight

line is used" (25). The logarithmic spiral has the equation :

= r eetan¢ (5. 3)

The soil behind the retaining wall AB is assumed to
be non-cohesive, dry, ideal and the resultant force is
assumed to be acting at the lower third point. This method
can also be applied to a case where there is cohesion.

The failure surface and the forces acting on it are
shown in figure 46. Since the logarithmic spiral is tangent
at point D to the straight line part DE of the.surface of
sliding, the center O of the spiral must be lpcated on the
line AD which is inclined at (45°-%¢) to the horizontal.
According to the equation of the logarithmic spiral every
radius vector makes an angle of ¢ wifh the normal to the
spiral at the point where it intersects the failure surface.

Since ¢ is the angle of internal friction the resultant of

the normal stress and the frictional resistance on any
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Terzaghi's method of finding the passive

earth pressure for a cohesionless soil.

Figure 46.
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. element of the surface of sliding also makes an angle of ¢
with the normal to the element and its direction coincides
with that of the radius vector sﬁbtending the element. Every
radius vector of the logarithmic spiral has to pass through
point 0, therefore the resultant R of the normal and
frictional forces on BD also pass through the center 0.

In ordér to calculate Pp an arbitrary surface of
sliding, BD)E; is.selected. The part BD; is a logarithmic
'Spiral with its centef at 0; and the straight line D,E, makes
an anglé of (45°~%¢) with the horizontal. The forces acting
on the area ABD;C; are then considered and the moments of
these forces about the point 0, are taken. The force PRl
exerted by the portion D;E;C,; Which is in a Rankine state is
given by :

PR1 = %yHéltan2(450+%¢)

The moment of R; about point O; is zero and there-

fore the moment equilibrium equation is

Pplll = Wllz’i‘PRllg

from which,

W 1o+Py 1s

Ppl - 1
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The value Ppl is plotted to scale above the point
C: and similar computations are pérformed for other arbitrary
surfaces of sliding. A curve is then passed through the
points obtained. Values of the passive earth pressure coeffi-
cient Kp for the horizontal component may be calculated from

the relation P

P _cos$ = LyvH2K
P Ry

and plotted instead of the Pp values. The minimum ordinate of
the curve will give the required value of Kp. The failure.
surface will pass through the point located on AD ( or its
extension ) vertically below the minimum ordinate of the
curve.

Results of the calculations for the case where
( ¢=30°, §=30° ) are shown in fiqure 47. In these calcula-
tions H is taken to be 10 feet. The values given are for the
resultant force and therefore have to be multiplied by

cosé=0.866 in order to get Kp.

Values of K_ calculated, using Terzaghi's method,

are given in figure 48.
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The publishing of Ch arles Avgu.uln Coulomb's work

Essai sur une application des régles de maximus et minimis
-a quélques problémas de statique relatifs 3 1'architecture
in 1176 mar}ed the first rigorous analysis of the lduerll
.earth pressure uroblem. Coulomb’s consideration of a sliding'
'Vedge behind a wall for Lho active ( wall y1e1d ng aw;ylfrﬁn

the babnfill ) anu for Lhe pasglve ( wall ou»blrg agn*n' the

baChflll ) casas glvas u5°fu1 resul greelng with thn ex ?n—»

rimental values for ﬁh- lateral C“GSSHIGS-With no. wall f i

Llon, 10. amooth wall On th“ other h nd hls resul
con31nerably from reality when applied to a rou h wall with

the backfill in a passive state.
Following this woxk other analyses var introducsad
by varicus authors, such as : W. Rankiﬁe{ H. Krey, J. Chde,

K. Terzaghi, A. Cagquot, Brinch Hansen, V. Sokolovski, . Janbu

and D. Rowe, 1n order to'estimatv_the-latgralvearth pressures
on structures,

The pvlnﬁlnql contribution of tha more receat
workers was to alter the plane udd3° of Coulomb's failure

2 4 v o wall
wedge into the shape of a curved snlf“bb whan there was wall

[

L e oy - A g1 €F 't shanes T
friction present. Different av ithors used different nlp%" for

this curved surface and calculated the lateral pressures

. 3 2d that there was no annreci-
accordingly. These studies showed that there was no appreci




.
‘h!‘

. able disagreazment be sten'thé valﬁes computed for the activé
‘cavﬂ and the Coulbmb's values, ‘but the passive pressurc values
differed appreciably from Coulomb 5 calculations, in agreemeﬁt
with thehckoﬂltmen‘al rnndnnq L | |
A careful experimental‘study of the passive earth

_ pressure case for sands was carried out by K. Peaker in 1964
at Lhc Unlver51ty of Manchest 'r‘uﬁder.ﬁrofessor P. Rowe. A
'rough wall gavn valuﬁs of paSleQ cafth pcosqure coe Llicientéx

( ratio. oi tho hOTlVOHual forcy uo the. yeﬁtlca7 fo:ce at the .

‘;wall wnen tbe wall nushes towardq th@ bac i1l 3 1OW°f han

“thu thooreélcaT valu X avallable aL thau tlme Slnce for mdny-
strncuuros the pdSSJV; earth pressure is rellcd upon aﬁ'least
partlally For stabL11ty, Pea&e‘ 's reuult : ?’ vcry d1 Lﬁfé |
blng.~All ex1st1ng theories gave prcdlculonq wqwch were unséfe
for rough.walls.' | |

. Although Rowe had worxud out a Lheo*y Eor the eart

pIGSSLfe problon using the nﬁLnod of °11CGS commonlv caoloyed

in slopa stability v iork,'only a llmlted numosr oL Cd}CLlaLLOﬂb

2 been made and no comoaflson was made with

. . . . : ‘ . . . - .,,
Peaker's results. In fact Rowe’s theory is as yet ungubllsngd

-

a brief reference to the method in " Selected

Topics in Soil Mechanics " edited by I. K. Lee. It is this

nethod that is used in this study of the partlcularlproblem

of a roﬁgh, vertical wall pushing into-a cohesionless, dry
backfill with a horizontal ground surface.

. ) = . P . ~ Ao r . C;{ On
Passive earth pressure coefficients, hp, based




v
N

"Rowe's method are prosented for angles of internal friction,

-

¢', varying from 20 degrees to 45 degrees ( representing
loose to dense sand ) and for wall f;iqtion angles,.G, of
zéxo degrees to ¢' degrees ( représenting smooth to rough
walls . These resulls are conéistantly lowar than those of
prévious theories and are guite close to the.experimental

s.values found by Peaker.






