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PHEORETICAL AND EXPERIMENTAL STUDY OF A TIED BACK-TO-BACK
RETAINING WALL FOR RAILWAY LOADING

WILFRED W. WONG
ABSTRACT

Phe need of environmental control and the high cost of
construction have necessitated railway engineers to look fof
other methods for embankment widening to accommodate new
facilities on existing lines. As an alternative to the con-
ventional "haul and fillY method, a tied back-to-back retain-
ing wall was proposed. The scheme calls for parallel walls
on each side of the embankment to retain new £ill, and the
two walls are tied back-to-back to hold the walls against
each other in place. ‘

Theoretical study to develop a design procedure was
carried out treating the anchor pile as a simple beam, and
results for a typical wall are presented.

Model experiment was also carried out on a scaled-
down embankment and wall system constructed of sand fill and
timber for the walls. Measurements were carried out on the
main anchor piles to determine actual deflections to compare
them with theory and the overall stability of the wall under
maximum loading conditions. .

Conclusions were formulated for the wall system as
being satisfactory and suggestions were made for modifica-

tions frecm theory in design for practical purposes.
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1, INTRODUCTTION.

In the past, railway engineers have almost exclusively
employed the conventional construction method of "haul and
£ill" for the widening of existing railway embankment to
accommodate additional tiacks. Nowadays, such a method may
not be practical or economical especially if the work is to
be undertaken on existing embankments located within city,
suburban and other crowded or restricted areas where environ-
mental consideration must be taken into account. Iand pro-
perties for additional right-of-way are costly to secure and
the £ill material needed to construct the additional embank-
ment widths must be hauled in from distant sources. Zven in
less populatedléreas, the conventional method is undesirable
.if the site or foundation soil condition in the general area
of the existing embankment is pbor, making it necessary to
add stabilizing berms or other measures to obtain a safe
finished embankment. This would increase construction cost
as more fill and additional properties are required,

As an alternative to the "haul and fill" method, a
tied back-to-back retaining wall system is proposed., It
assumes the form of a wall éystem built on tor of the embank-
ment feasible from a soil mechanics and foundation point of
view, A generalized case is illustrated in Fig.l-1 in which
a 90 ft. high embankment on the Canadian National Railway main-
line located near Hamilton, Ontario, was proposed for widening

for the construction of additional tracks. It shows features



of comparative advantage for using this type of retaining
walls. It should be mentioned that the idea of tied back-to-
back retaining walls was originated by MNr. F. L. Peckover of
the Chief Engineer's Office, Canadian National Railway, in
September 1970. As there has been no known precedent case of
such a wall system, and also due %o certain factors unknown,
no real attempt has since been made by the Railway to develop
the idea for application to design and construction.

Phis study is undertaken to develop an analytical
procedure which could be used for design of a tied back-to-back
retaining wall system applicable %o railway loading. The general
scheme calls for parallel walls, one on each side of the
embankment to retain the new fill and the two walls are tied
back-to-back by tie rods to hold the walls in place against
each other.

The wali system chosen for this gtudy consists of
horizontal tie rods fastened to vertical anchor piles between
" which horizontal laggings are placed. It can be seen that the
anchor piles of the wall system will be the most important
structural component to be investigated. As the walls are
tied against each other and held in place by f£ill, their
resistance to movement or deflection by applied surface loads
is inter-dependent of the passive resistance provided by the
£i11 or by the surface loads if such loads are imposed simal-
taneously on both walls. These combinations of lateral
pressure and passive resistance are difficult to assess by
tneory since the walls would be flexible in varying degree

to adjust or yield under such actions.



Theoretical analysis will be carried out for the
anchor pile together with the other components of the wall.
Tt will treat the effects of earth pressure and railway
loading seperately. The anchor pile will be assumed as an
"equivalent beam" and its two points of anchor rod connection
as hinged and non-yielding supports.

A model experiment of the retaining wall system is
carried out using results from theoretical study. The main
object of the experiment is to compare the validity of
theoretical results relating to railway loading and the
assumptions made therewith. Measurements are to be taken
for deflection of the anchor piles and to compare them with
those obtained by theory. Finally, conclusions are drawn
from the test results and observaticnus on the overall stability

of such a retaining wall system.
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2. LATERAL EARTH PRESSURE

2.1 - GENERAL BACKGROUND

The methods commonly used nowadays for design practice
are derived from classical earth theories developed by Coulomb
(1776) and Rankine>(1857). Since that time, various other
engineers and scientists have made significant contributions
to earth pressure theories. Experiments have shown that
classical theories for cohesionless soil lead to quite accurate
results for backfills of clean dry sand.

Developmenté7;ince 1920, largely due to the influence of
Dr. Karl Terzaghi, have led to a better understanding of the
1imitation and appropriate application of the theories. Re=-
sults have shown that the lateral pressures in a soil mass are
greatly affected by any deformation which the mass may have
experienced. This phenomena was well demonstrated by Terzaghi
(1934) in a series of large scale-model tests with retaining
walls backfilled with sand which showed the importance of wall
movement on the development of earth pressure.

Earth pressures are generally classified into three
important types (a) active pressure, (v) passive pressure,

(¢) pressure at rest, depending on the state of stress which
may exist»in a soil mass in accordance with the manner in
which it has been deformed. These are discusséd in subsequent

. section.



2.2 - EARTH PRESSURE PHENOMENA

Consider the retaining wall backfilled with a granular
) (9)

cohesionless material as shown in Fig.2-1.
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Fig.2-1 - Wall movements to develop (a) active pressure,
- (vb) passive pressure.

When the wall moves forward slightly, the soil would tend %o
move forward also. As it does so, friction forces would
become mobilized, and an analysis would indicate that the
eritical surface of failure is approximafely a plane surface
at an angle of 45° + -g— with a horizontal plane as shown in
Fig.2-1 (a). In this case the failure wedge and the driving
weight are a minimum, This is termed "active pressure". The
magnitude of the lateral extension of the soil required to
develop active state of stress depends upon the kind of soil,
the mannef in which it is deposited, and the pattern of de-

formation. It is larger for loose sand than for sense sand,



However, after a deformation has been reached which is suffi-
bient to develop or mobilize the full shearing resistance of
the soil, further deformation does not appreciably affect the
magnitude of the active pressure.

On the other hand, if the wall is moved into the back-
£ill, the failure wedge can be approximated by a plane surface
at an angle of 450— —g— with the horizontal, the retaining
wall must provide a sufficient push against the soil to over-
come the friction resistance along the rupture plane and to
1ift the weight of the wedge of soil upward along the failure
plane as shown in Fig.2-1 (b). The pressure developed in
this case is termed "passive pressure". The magnitude of
the lateral compression of the soil required to develop the
passive state of stress in a given soil is somewhat greater
than that of the lateral extension required to produce the
active state of stress in that soil. Also, after a deforma-
tion has been reached which is sufficient %o develop or
mobilize the full shearing resistance of the soil, further
deformation does not greatly affect the magnitude of the
passive pressure. In the case of this study, passive pressure
may be called passive resistance. |

Earth pressure termed "at rest" is associated with the
forces acting on the retaining structure before any movement
takes place either into or away from the backfill mass. In
fact, earth pressure at rest is a special case of elastic
equilibrium. Again the magnitude of these pressures depends
upon the manner in which the soil is deposited and upon the

physical properties of the soil. Earth pressure at rest will



‘exist in natural soil deposits which have remained un-
disturbed. They may occur in backfill or soil deposits
retained laterally by rigid structures which do not yield
appreciably under the action of earth pressure. It is
not possible to compute the magnitudes of earth pressure
at rest. Such values can only be determined by experi-
ments.

The relative magnitude of active, passive and at

rest pressures are illustrated in Fig.2-2.

Small Relatively large
A A | A

Do
< -3 <

Passive Ky 5 - 14

A At rest K= 0.4 - 0.6

1z Active K= 0,33 - 0,22

‘agway From Against -
Backfill Backfill -

Fig.2-2 - Illustration of active and passive pressures
with usual range of values for cohesionless soil.



2.3 - RANKINE THEORY OF EARTH PRESSURE -

Rankine'gg%ethod of determining lateral earth pressure
will be used "in this study since it is appropriate to omit
effect of wall friction in view of vibrations from railway
traffic.

The theory considers that the major and minor principal
axes are in the x and y directions. This state of stress 1s
not changed if a perfectly smooth vertical wall is introduced
as a boundary. Since there is no shear stress between the
backfill soil and the frictionless wall, the vertical wall
remains as a principal plane.

Rankine's éaée of lateral earth pressure 1is illustrated

in Fig.2-3.

\

s P
/
+A
/ 90°-p+ g +A .
Y
f\ﬁ_ ¢
(b)
— X
(a)

Fig.2-3 - (a) Soil-Structure system for Rankine Solution,
~ (b) Force Triangle in the Rankine Solution.
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2 gin(90°- ) sin(90%+/3.)

hrea ABC = $VH sin( P = /3)
. yyu?cos/ cos £ veeseceoBad2-1
W o= ?XH sin( P- 3 ) Q{2-1)
p, - Wsintp-g) veeeeensBQL(2-2)

sin(90°- P + ¢ +A3)
Substituting Eq.(2-1) into Eq.(2-2), differentiating and setting

dPa
7

2 ) S . 2
P, 3:0 cos cos /3 ./—cos /3 - cos‘d
2 cos3 + J cos?/3 - cos“¢g

0, then

2
H
or P, = %Ka
/ 2 2
cos/B3-/ cos“/3- coS
where K; = 005/3 £ /3 ,¢

cos@+ / cos°B- cosy

In the case of this study, ground surface at top of retaining

wall level,3= 0, and K, simplifies to

1-/1- cos2¢

K =
a 1+ /1 - cos?d
— 1l - sin ¢ ............‘.....‘.IE . 2=
or Ka = 1T Sin¢‘ Q( 3)

By analogy, the passive pressure for the Rankine solution can

be derived as

Pp

)

@_2_ cos /3 cos/B +/ cos?f3 - cos’d
2 cos A - JcosB - cosd

: : 2
- a H
or Pp = > Kp
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' 2 5
_ cosP+ [cos“B - cos %
where =
KP cc’s/acos/.;- fcosc/3 - cos
Again, as ground surface 1s level, B = 0, and K gimplifies to

1+ Zl - cosgg

K =

P 1 - J1 - cos°g
: 1+ Sin¢ ' Eq (2_4)
or — .....0.........".900 L]

KP 1 - sin ¢
Hence, at any depth z of the retaining wall,
active pressure, pa - YzKa ................Eq.(2-5)
pass:‘.ve Pressure, pp - XZKP 00000'0000300000Eq.(2-6)

Therefore, Rankine'!s theory in this case has considered
only the weight of the failure wedge behind the wall as con=
tributing to the wall pressure. Thus three important limi-
tations on the Rankine solution are:

(a) backfill must be a plane surface,

(b) wall must not interfere with the failure wedge,

(c) there is mo wall friction,

It will be seen that these limitaions are satisfied in this
study only when friction resistance between wall and backfill
can reach zero value, as the retaining wall will be subjected
4o vibration from rail traffic.

The effects of equivalent surcharge resulting from
railway loading in +he form of line load and uniform strip

load are dealt with in a subsequent section.
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2.4 - SOIL PARAMETERS OF BACKFILL MATERIAL

The backfill to be placed behind retaining walls in
this study will be a granular cohesionless material such as
gravel, sand, crushed stone, crushed rock, slag or other
suitable light-weight material. The lateral earth pressure
is dependent on the following factorg%)

Unit Weight of Backfill Material, ¥

Lateral earth pressure is directly proportionsl to the
unit weight of the backfill soil material. Table 2-1 glves

some typical values for the common granular backfill material.

Table 2-1
Loose Dense
Material x'dry Void Ratio 3hry Void Ratio  Range of
pef e ‘ pct e ¢ degree
Gravel 100-110 0.7 - 0.5 115-125 0.5 - 0.3 35 - 45
Coarse 95-100 0.8 - 0.5 115-125 0.45-0.35 28 - 40

Sand

Fine/Med. 90-100 0.9 - 0.7  100-110 O.7 - 0.5 28 - 35
Sand

Whenever possible, the values of dry unit weight Jary
should be determined by tést. Density depends on both the
kind of material and the amount of water present in the voids.
Denéity may vary with time through vibrations. Consolidation
effécts may also increase the density if surcharges are imposed

on the backfill.
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Angle of Internal Friction ¢

This parameter is dependent on the density of the
material, type of material, shape of the granular particles,
and presence of water. Water tends to reduce the angle of
internal friction in moist material., The less the ¢, the

larger the lateral pressure for the active case, i,e, the
1 ~-sing
1+ sin g
of a frictionless material. For this reason, it is desirable

term Ka =

will approach unity as in the case

to use granular materials because of thelr free draining
characteristics.,

Angle of Wall Friction,é;

This parameter is dependent on the degree of smoothness
of the wall, and the type and density of the backfill material
that comes in contact with the wall. DPresence of water, temp-
erature and vibration may also affect the wall friction. It
the wall is smooth, 54» 0, or if it is excessively rough,
the wall cavities will fill with soil and any shear failure
will take place by shear along soil surface, or S-—>—¢} The
angle of wall friction may be positive or negative, dependent
on the relative movement of the wall with respect to the back-
£i11 soil mass. A downward drag of the wall will occur if
only the backfill settles or consolidates.

Since the retaining walls in this study will be sub-
jected to vibrations by railway traffic, the effect of wall
friction will be omitted when calculating for lateral earth

pressure.
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3, THEORETICAL ANALYSIS °

CONSIDERING IATERAL EARTH PRESSURE

3.1 - DPEFINITIONS AND ASSUMPTIONS

The typical retaining wall system chosen for the study
will be one which is to be built on both side slopes of an
existing embankment. It will consist of horizontal laggings
supported by vertical anchor piles which are tied back-to-back
with tie rods as shown in Fig.3-1(a). The anchor piles with

their tie rods are spaced at suitable regular interval.

Symmetrical
About
A .
* - zzm‘\////\\v,//;\\;:frrg{(ll//\\\// ‘///A\\/W/'\w \
a e ‘ i
_ 9 eyt ie Rod’¥§
) ! Z
A?(iﬂ{gr F:Lnf“ f”3 - Exi Sting
& o> ,; ,,fEXi sting Embankment
Horz. {3 . & Slope Fill~" E—
Lagglngs. Tie Rod Ty
a . Fa
B | B ®_|°C
.
(a) (b)

Fig.3-1 - (a) Cross- section of typical retaining wall system,
(b) Jateral earth pressure dlagram

The horizontal laggings supporting the backfill are
considered simply-supported, and therefore their end reactions
gre transfered directly to the anchor piles which are supported
énd neld in place by the tie rods. Point of connection of the

tie rod to the anchor pile is assumed hinged, and thereis no
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distortion or rotation of the tie rod about this point so

that the anchor pile may be analysed as an # equivalent beam ",
For practical reason, bottom end of the anchor pile

will bear on a cut bench made in the embankment slope, and

earth pressure from backfill will be considered effective on

the entire depth of the pile. The pile is assumed free to

deflect from its vertical axis, except at the points held by

the tie rods. These points are assumed as non-yielding supports.

3.2 - TATERAL EARTH PRESSURE DIAGRAM

Since the walls will be subjected to vibrations from
railway traffic, the effect of wall friction will not be
considered in evaluating earth pressure.

Therefore, with & = 0, and using a gramilar backfill
material of given Y and ¢ values, at any depth z of the wall,
the unit pressure per unit width of wall is

¥ 7K b X l - singd
= Yz where = —
Pq a’ a 1+ sing
If 'st' is the spacing between anchor piles, then the
total reaction from the horizontal laggings on the anchor pile
at depth z will be '
P, = YzK;s.
At the bottom of the pile, this pressure or reaction becomes
Pb=xmas 0'.l.'.....I.O...l...').l...ﬂ.... Eq.(3-1)
‘Eq.(3-1) gives the maximum pressure per unit height of pile at

depth H and gives a triangular pressure diagram in Fig.3-1(Db).



3.3 - EQUIVALENT BEAM METHOD

The anchor pile will be analysed as an equivalent beam
loaded with the triangular pressure diagram, and supported at

non-yielding points R1 and R2 held by the tie rods as shown

in Fig.3-2.
- _2H H
< X = 3 PSP _3_ o
2H
i '3- - g ‘————P-‘——-d
c
pressure
diagram |
I Py
3 "
5 By 3 A4 Ry
A A, equivalent -7 B
1% beam Fy
< x >1
~— a s | 3. H- (a+d)—fs— @ —p
s E —

Fig.3-2 - Equivalent beam with lateral pressure diagram.

Equations for axial forces Py and F, in the two tie
rods; the shear S, the bending moment M and the deflection
y at any point along the length of the anchor are all derived

using static and simple beam theory.

16
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3,4 - FORCES IN TIE RODS

The total load from the triangular pressure diagram ABC
is P_ = ghg .

a 2
pistance of the centre of gravity of pressure diagram
from point A 1is X = -2-3-}5 :

Taking moments aboub point R2’ therefore

i

PpH H _
F (H- 8- a) = 23 a)

Py (H - 34) _
Hence, Fl = % E-a-d teveeeesss BA.(3 2)

Similarly taking moments about Ry, therefore

i P.H (2H - 32) .o
- _h_ -
Fz - 6 (H - - d) es e e s e s o0 Eq.(3 3)

3,5 - SHEAR IN ANCHOR PILE

Let S be the shear at any point x along the beam AB.

case (a) - for X = 0 to x=2a -

since P = Ehf ’
Tx H

> <

2

P x2
Hence S = —E_ ..0.0.0.0....0.-..00.0‘0!0. Eq.(3’4a)

S

case (b) - for x = 8 to x=H-4 -

S = —— Fl a.u-o-uoo.oo-o-cooooo-co Eq¢(3-4b)

case (¢) - for x = g-4 to x=H:

S = —_- " Fl - F2 ccessescscee cece e Eq-(3’40)
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3.6 - BENDING MOMENT IN ANCHOR PILE

Let M be the bending moment at any point x along the beam AB.

Case {a) - for x =0 tox = a :-

_ PoX
Since Px = —ﬁ- ’
X X
S A
3
Ppx
Hne M = — ¢ @ ¢ 0 o o o o0 000 o 0 & 5 0 0 0 05 ¢ 0 00 00 L ] -a
ence, eH Eq.(3-5a)

Case (b) - for x=a %0 x=H -4 :~

Case (¢) - for x=H-4 to x=H :-

3 .
Pyx
M = —an- - Fl(x bl a) - F2(x -H- d) ee e qu(B-Sc)

3,7 - MAXIMUM BENDING MOMENT IN ANCHOR PILE

Maximum positive bending moment will occur at zero shear
between points R, and R,. To find location of zero shear,
differentiate the bending moment equation for Case (b) and

equate to zero.

3
Pbx
M= - P(x - a
e 1.( )
a _ Ppx” _
dx 2H 1

= 0

Substituting for the wvalue of Fl, therefore

x= B JH- 3d .
SfE-2a-a
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Substituting x = h for location of maximum moment, therefore

H }H - 34
h =/;_ '}'I_":_aB—-_d ee s 000 0s0ese0esnn0 e qu(3—6)

P h
Hence, Mmax= —.b-ﬁ—"Fl(h-a) et oo reecetsssss o0 qu(3-7)

3.8 - DEFLECTION OF ANCHOR PILE

Let y be the deflection at any point along the beam AB.

Then the deflection is obtained by integrating the equation of

d2
deflection: 3 4 = - %% using the bending moment equations
X

derived in Section 3.6.

Case (a) - for x =0 to x=a ;-

3
Prx
Since M = —%E , therefore
a%y =-_];.Pbx3
ax2 EI "6E
-dl =--]—-th 54-.-0
dx EI 6H| 4 1
-5
« - 1l . Pb X _
J b "EE gﬁ[é?*’ 01X+02] o-oo-caoo.-qu(3 Ba)

The constants of integration C, and 02 are obtained as follows:-

At x = a, %% = 0 , and therefore,

Abx=a, y=0 » and therefore,



case (b) - for x=a to x=1H - d :-
%y _ . x
ax? EI
3
1 Pbx
= = |22 - F(x - a)
EI L 68 b :‘
Integrating, therefore,
4 2
ay 1 [Ppx x
— = - o —— F - - +
ax Bl [2411 1z - &) °1]
5 3
1 Pbx X ax
y=-———--F(—-'_)+CX+C s oo . -'8b
EI [1203 16 2 1 2] Eq. (3-8b)

The constants of integration Cl and 02 are obtained as follows:-

Since maximum positive bending moment occurs at point 'h!,

d
therefore at x = b, 5% = 0,
4 2
_ - Eph h
Hence, Cl = - o + Fl(2 ah)
At X = a, y = 0, and therefore,
5 3
Pba a
C2 = = Toom - F13 = %®
Case (¢) - for x =H -4 to x=H :-
d2y - - )5
ax? EL
1lip x3 '
= - —|fb" - P;(x~-a) - F - -
—|725 - R ) - Bylx - (H ai‘
Ietting (H - d) = k and integrating, therefore,
4 2 2
ay _ L |BX_ s 2 -r (X
it Rl AT Sl B PP Tl
- 5 2 2
v EI [1201{ ?12(3 a) + Fo=(3k - x) + Oyx + 02]

OooootovK'(3-8c)
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The constants of integration Cq and C, are obtained as follows:-

At x = Kk, %% = 0, and therefore,

4 2

Ppk k

- o = P8k + F. - Folm

0y = - 55~ Rkt 2)3

At x=k, ¥y=0, and therefore,

--——-kf-+Fk2(k-3)- 3_3_ k
2= " 1208 1% a) -Fa3- -0



4. LATERAL PRESSURE

FROM SURFACE LOADS BY THEORY OF ELASTICITY

4,1 - APPLICATION OF THE THEORY

Most of the methods currently used in the study of
lateral pressures resulting from surcharge loads placed at
ground surface are based on the theory of elasticity, with
certain emphirical modification to precise mathematical
solutions of elasticity. The solutions to pressure or stresé
distribution within a medium are available in text books on
the theory of elasticity and the purely analytical approaches
are found in them.

The early theories concerning lateral pressures result-
ing from surface loads were used practically unchallenged
until experiments were carried out to verify their validity.
Tests which were carried out by Gerber (1929§,lrerzagh1 (1954)
and Spangler & Mickle (1956) gndicate that lateral pressures
can be computed for various types of surcharges by using
modified forms of equations from the theory of elasticity.

The most well-known egquation for lateral pressure was

one originally presented by Bossinesq in 1883.

22

5)

The following will outline the development of Boussinesq's

equation with subsequent modifications from experimental r?sults

to suit its application in practical problem,
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4.2 - BOUSSINESQ'S EQUATION

Boussinesq's equation for lateral stress is given in the form

201
G = Y . 2 3g . {1 = 2m)cos®® | . .  gq.4-1)
h T 53 sin“@ cos’® T+ 0050

where the terms are illustrated as in Fig.4-1,

and A=  Poisson's ratio.

It is assumed that the unit weight of the support-

ing elastic material is zero,

Fig.4-1 - Intensity of stress, T based on Boussinesq's approach,

The assumptions for applying Boussinesq's equation are

that the soil material is:
(a) semi-infinite in extent,
(b) isotropic,
(c) homogeneous,

(d) elastic and obeys Hooke's ILaw.
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Referring to Fig.4-1

Let r = X, and redefiniug the terms slightly,
x = mH
z = nH

Now taking Poisson's ratio 4= 0.5 for scil, then Eq.(¢-1) may

be re-written as 5 o
G;1= 3V m2n 5 ............Eq-(4‘2)
2Tr ( m“+ n°)

The theoretical form of Eq.4-2) requires adjustment when
computing the lateral peessure against a rigid wall to make the
equation values compare with the measured test values obtained

by Terzaghi in his experiments in 1954,

4.3 - POINT LOAD PRESSURRE

The problem for point load application was investigated
by both Gerber and Spangler for which Eq.4-2) was given coeffi-
cients which have been adjusted to make the theoretical agree
with the measured pressures.

The equations are based on mH being the perpendicular
distance to the wall, and nH, a point in the wall below the

surface, as shown in Fig.4-2 and Fig4-3.

< v

Pig.4-2 - Lateral pressure due to point load.
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case (a) - For m&0.4 :-
o - 0'22 v (0.122+ o~ Cvveese.. Eq4-34)
cage (b) - For m >0.4 :-
& - .77 ¥ (mzmini2)3 ceeeenssnaBQ-3D)
v

1NN

h

Fig.4-3 - Lateral Pressure at points along the wall
on each side of perpendicular line V-0.

If the pressure intensity is desired at points on either
side of the perpendicular line y-0 as shown in Fig.4-3, the

jntensity may be computed as

G-;l' = G{l(coszl.ld) ccuooooon.......Eq0(4-4)

where — = angle between V-0 and point for
which O'h' is desired,
0'1'1'= intensity of pressure at point defined

by angleed,
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4.4 - LINE LOAD PRESSURE

A continuous narrow foundation wall, block wall =nd
conduit laid on the ground are some examples which may be
considered as line load,

Barly attempt to calculate line load pressure was
based on Coulomb's earth pressure theory that the intensity
and the position of the centre of the pressure depend on the
angle of internal friction ¢ and the angle of wall friction J.
This approach remained practically unchallenged until both
the intensity and distribution of the lateral pressure were
determined experimentally, also by Gerber and Spangler to
show that Coulomb's theory is somewhat incompatible with the
‘experimental result. There was however satisfactory agree-
ment between the measured pressure and the theory of Boussinesq

according to which

2
a}; = 2q mTn .....-........Eq-(4"5)
THE (m2 + n2)2
However, further experiments by Terzaghi (1954) showed that
the measured values by tests were found to be approximately

double the value given by Eq.(4-5). Therefore modifying, Eq.¢-5)

becomes:

Case (a) - For m > 0.4 :-
G = 44 m’n teseecnsseseseEq.4-62)
h TH (m°+ n?)?

Case (b) - For m< 0.4 (taking m as n=0,4 only):-

G - q 0.203 n
h H (0.16 + n2)2

econooooooon'.Equ(4-6b)
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~—— x=mH ——4i?q = line load/unit length
i ’/f\\\\/////\\\‘//7 G NN

=nH

H_L .

Fig.4-4 - Lateral pressure due to line load.

Wide strip loads may be considered as a series of
parallel-loads. Therefore Eq.(4-6)may be used to calculate
the lateral pressure from railway loading considering dis-
tribution of load on track as a series of parallel-line

loads of equal intensity.

4,5 - STRIP LOAD PRESSURE

Loadings with finite width such as earth embankment,
highway, railway, etc. which run parallel to the retaining
wall may be considered as strip loads.

For this purpose, Terzaghi (1934§g&resented ap equation

which he formulated using Boussinesgq's equation for horizon-

tal stress

_—;- __g_g' 2 3 2 ..........-....-..-Eq"@"?)
a; _,Tzcos © sin“6

q' in the equation is considered as a line load per unit of
the length of infinite extension on the surface as represent-

ed in Fig.4-5(a).
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e T

1L

z | '
L -
/- i
—bB¥r
7 |
X (a) Tx

Fig.4-5 - (a) ILine load,
(b) strip load, acting on surface of
seni-infinite solid material.

(v)

By intergration of Eq.@-7) one obtains the horizontal
stress due to a load g per unit of area on a strip of infinite
length and a constant width b as represented in Fig.4-5(b).

This results in an equation of the form:

€2 -
Gi = _Q.__ [— sine cose + g] Qoooovoooto.Eq0(4-8)

L] %1
Now, redefining the terms in Fig.4-5(b), and letting
90= 6 p
0, = =%
92= o<+§-

Eq.(4-8) can be reduced to Terzaghi's form of equation which is:

0'{1 = __2_‘.__3 (ﬂ+ sin /3 sine - sin/3 coszo() ... Eq.(4-9)
' |

where /3 is in radians and the other terms are

defined in Fig.4-6, and O = Oy
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TN

Fig.4-6 - Lateral Pressure due to strip load.

In Eq.(4-9), the values of /3 and o§ in terms of the

parameters H, b, m and n may be obtained as follows:

S + ©)2 + (nm)2

H/(m+:§-)2+n2

Let distance DE

sin i

h

_/(mH)2 + (nH)2

(ar]

2

5.2
__Am+ﬁ

+ |imic
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Tbel‘efore, i Sin-l o---.....EQ.(4‘lO)

Il

AC
i i - = ——s
sin (1 - 4) e
_ mH
H m2 + n2
e m
m- +n
b
m+ —
Hence; ﬁ = Sin-l —————H___ - Sin-l ———gl——‘ Obanq_o(4-ll)
(m+ )" +n m“ + n
H
3
= i - om—
< 2

.. Eq. (4-12)

— ! - s -
Hence,o¢ = % £ sin ,/Qm " 2)2 " n%J + sin
H

The strip load equations are particularly useful for
calculating lateral pressure due to railway loading if the

width "b" and an equivalent uniform load "q" are given.
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5. LATERAT PRESSURE FROM RAILWAY LOADING

5.1 - GENERAL CONSIDERATION

Influence of railway cars and locomotives in static or
moving positions on track structure and roadbed requires
complex analyses. It depends on axle loads, wheel arrange-
ment, stiffness of rails and ties, and the contact of the
ties with soil beneath., The horizontal and vertical pressures
created on the supporting soil are at best determined by
generalization of the load distribution at the level of the
ties.

Vibrations-from railway traffic may ingrease the lateral
pressure but such effects are not usually considered signi-
ficant. Allowance for vibration however, is provided by
making " 8 " angle of wall friction equal to zero. Also,
moving or braking cars and locomotives do subject the embank-
ment and backfill to impact forces. However, the cushioning
due to the large mass of earth in the embankment reduces this
effect to such an extent that impact is not usually considered
jn calculating lateral préssure on the Wall.

For most routine design purposes, railway loadings are
usually taken from Manual of Recommended Practice, by Con-
struction and Maintenance Division of the Association of
American Railroads Chicago 1958, The Manual recommends that
railway loading to have an equivalent surcharge of 10 £f+t.
of fill over the track bed of 14 ft. width at top of the

embankment slope.
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However, for purpose of this study, a series of 100-ton
ore carg%zéach having gross weight of 263,000 1lbs, is chosen
and considered as giving the most severe loading condition
on track. BEach car consists of a set of axles at the front
and at the back. The spacings between individual axles, and
the overall length of the car between couplings are shown in

Figo 5-10

5.2 = EQUIVALENT RAILWAY LOADING

For the 100-ton ore cars, the most severe loading condi-
tion will come from combination of the back and front set of
axles on each coupled pair of cars. These back~-to-front com-
bination of axles will therefore altogether exert load equal
to the gross weight of one single car.

Under this loading condition, it seems reasonable to
assume that the gross weight imposed on the track bed should
spread uniformly over a restricted rectangular area of width
equal to length of ties, and length equal to the distances
covered by the four axles plus two tie spacings, as represented
in Fig.5-1. One tie spacing beyond centre of each outer axle
is considered because the influence of wheel reaction is not
significant enough to be accounted for those ties beyond the
outer adjacent tie.

Therefore, the loading from a series of 100-ton ore
cars on track bed may be taken as equivalent to a series of
rectangular losds of uniform intensity "q" per unit area,

as shown in Fig.5-2,



£ £
Coupling Couplling
' 100-ton ore car ! 100-ton ore car
| Gross Wi. 263,000 1bs. i
+ . B - L] 4 I —
618" |51-101 161 -8" 0" 618" 5% 10"
Sl s i G . ;l ~
[ 4
351-0" R
—————e LS N B - — :‘*

Fig.5-1 (a) Axle spacings of 100-ton ore car series.

Coupling
- AN !e [1]
- 51-10" | 3! 4“=::?' 4 ol 5t-10" -
66,000 1bs. 66 000 1bs. 66,000 1bs. 66 000 1bs.
on axle n axle on axle n axle
A Y Z MZZ
~ Spacing of ties @ 1'-10" c/c -
| 1ot 181-4" v l
221-0" .

Assumed length of track under ties loaded by each o
pair of back-to-front coupled cars.

Fig.5-1 (b) Axle loadings and spacing of back-to-front
- coupled cars.
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Coupling(typical)
£ £ £ £ £
I - L I * L 35' | 35" 35' |
3 T 5 O g O o N e NI o DA
! | | | 29
131 221 typical

typical—++ q

= 1,500 1bs./sq.foot

Fig.5-2 - Equivalent railway loading resulting from

100-ton ore car series.

e

Po obtain "q", divide gross weight per car by area of

one rectangular load. Thus,

263,000 lbs.
22' x B!

"

1,489 1lbs./sq.foot.

Use q 1,500 1lbs./sq.foot.
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5.3 - COMPUTER SOLUTION OF LATERAL PRESSURE DISTRIBUTION

Lateral pressure on wall subjected to railway loading
will be computed by the strip load method. A Fortran program
is presented in Table 5-1 for the computation of the strip

load Eq.(4-9)

0; = ET% (3 + sing sinzo{ - sinA coszo()

where /3

Computations are made for a 20 ft. high wall. Location
of the tracks relative to the wall and other pertinent
dimensions required for the computation are given in Fig.5-3
The results obtained for loading from each of the two tracks
are displayed on Tables 5-2 and 5-3, The results are also
plotted in Fig.5-4 to give the lateral pressure intensity
curves which will be used for the numerical example given in
Appendix B and for the design of the experimental model

presented in Section 8.
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et mA=19+—————>~]
q_r’) ‘ Fa = 1,500 1bs./sq.ft.
TITIT] IR -
‘%”\rr; "r ,V‘»;.”j”{fh','
A PPARNT 7RSS “;“////1 s TR 7 “ ‘//{{’//// i LN
,
| ~t-D=8 1 — ~—Dp=8 11—
wall -/ /
nH ,’//
H=201 ! ///
Oh
For track nearest to wall, m= 0,30
For track farthest from wall, m = 0.95
Y

Fig.5-3 - Dimensions for loadings of two tracks.
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DIMENSION XXM(10)
NT=0
1T=1
READ(5,5) NO,H, (XXM(I),I=1,NO)
5 FORMAT (I5,11F5.0)
N=H
3 XM=XXM(IT) /H
WRITE(6,4)H, XM
4 FORMAT(/////1X, ' LATERAL PRESSURE FROM RAILWAY LOADING'//
11X, 'EQUIVALENT VERTICAL LOAD ON TRACK BED (Q) 1500 LB./SQ.FT.'/
11X, 'HEIGHT OF RETAINING WALL (H)',15X,F4.1,' FT.'/
21X, 'LENGTH OF TIES (B)',26X,'8.0 FT.'/
31X, 'DISTANCE FACTOR FROM EDGE OF TIE'/
42x,'TO FACE OF WALL (M)',23X,F4.2//
533X, 'BETA',27X, 'ALPHA',5X, 'PRESSURE'/
63%,'N',13X,'BETA', 11X, ' (RAD.) ', 10X, 'ALPHA', 10X, ' (RAD,) ',
73X,' (LB./SQ.FT.)'/)
XN=0,
po 1 1=1,N
XN=XN+,05
TERM1=ARSIN( (XM+8./H) /SQRT ( (XM+8./H) *¥*2+XN#%2) )
TERM2=ARSIN (XM/SQRT (XM**2+XN**2))
BETA=TERM1-TERM2
ALPHA= (TERM1+TERM2) /2,
DEGB=BETA*57.29578
DEGA=ALPHA*57,29578
THETA=3000./3.14159% (BETA+SIN (BETA) * (SIN(ALPHA) **2) -SIN(BETA) *
1(COS (ALPHA) *¥*2) )
NDEGB=DEGB
¥MINB= (DEGB-FLOAT (NDEGB) ) *¥60.
MINB=XMINB
NSECB= (XMINB-FLOAT (MINB) ) *60.
NDEGA=DEGA
XMINA= (DEGA~-FLOAT (NDEGA) ) *60.
MINA=XMINA
NSECA= (XMINA-FLOAT (MINA) ) *60,
WRITE(6,2) XN,NDEGB,MINB,NSECB,BETA ,NDEGA,MINA,NSECA,ALPHA,

1THETA
2 FORMAT (1X,F5.2,17,' DEG.',I13,1H',13,1H",F12.4,17,' DEG.',I3,1H',
113,1H",F11.4,F12.2)
1 CONTINUE
IF (IT.EQ.NO) STOP
IT=IT+1
GO TO 3
END
/DATA
2 20. 6. 19,
*END
*GO

Table 5-1 - Fortran Program for Computation of
. Lateral Pressure From Strip loads.
(see Section 5.3 for equations)
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Fig.5+4 Curves for Lateral Pressure Intensities
. by Railway ILoading on Wall, H = 20 F%.
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6. THEORETICAL ANALYSIS |

CONSIDERING LATERAL PRESSURE FROM RAILWAY TLOADING

6.1 - DEFINITIONS AND ASSUMPTIONS

The analysis will base on the same embankment and retaining
wall system shown in Fig.3-1(a), taking similar analytical
assumptions as for earth pressure analysis. Railway tracks will
be loéated parallel to the wall, with the outside track at a
minimum allowable distance from the back of the wall., The bottom
of ties is assumed at the level of top of the wall. General

arrangement of the tracks to the wall is shown in Fig.6-1(a).

Symmetrical
About

New Tracks Existing Tracks

—

s v o) ! [//‘7 LMD

: N VAN NN ZGEE SNV S 1
8 l:'»..’--.‘:'-.-5;?_‘1 VAT mie Rod <Y 7 5
TSP 1
Anchor -~ ol = i
. 4 Existing
g Pile . Existing /O :
o St Dmmen
Laggings i r2 Tie Rod <y |
- | L
Ny | B -o-P—blc
6

(a)

(b)

Fig.6-1 - (a) Typical retaining wall system with tracks,
(b} Modified diagram for lateral pressure from
railway loading.
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From the numerical results computed-in Section 5.3,
because of the characteristic of the equation for lateral
pressure from strip loading (similarly for equations for line
load), it can be observed that the general curve derived,
whether for one track or two tracks, will more or less take on
similar shape. In order %o develop general design equations, it
seems reasonable as well as desirable to lineally modify the
shape of the pressure diagram to be used for the wall, so that
a simplified and more practical analysis can be carried out.

The degrée of approximation involved in the simplified t
representation may be judged by comparing the curves shown in
Fig.5-4. It can be observed that the depth of maeximum intensity
of‘lateral pressure on the wall occurs in direct function with
the distance of the nearest tie from the back of the wall. This
is illustrated by the curves that when the edge of the nearest
tie is at a minimum distance of 6 ft. from the back of the wall,
maximum intensity of lateral pressure on the wall would occur
in the depth region of 6 ft. For this reason, a modified pressure
diagram ADCB as shown in Fig.G—i(b) is assumed for the analysis.
The maximum intensity line through apex D of the diagram will
coincide with the level of the upper anchor rod. In adjusting or
modifying, the pressuré distribution above the apex line may
generally assume a lower value, but that belbw the apex line

could take on a slightly higher value.

- 6.2 - EQUIVALENT DIAGRAM FOR LATERAL PRESSURE

The magnitude of the pressufe diagram will be a function

of the maximum intensity of lateral pressure 61 through apex
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line at D and the lateral pressure GB at the base of the wall
along line BC. The modified pressure diagram thus obtained and
represented in Pig.6-1(b) should be applicable to loadings from
either one track only or two tracks.

Let 's' be the spacing between anchor piles. Then the
resulting reaction from horizontal laggings on anchor pile at
depth 'a' will be: 618 = Py eeeesee.Eq.(6-1a)
and that at depth 'H' will be:

g8 = P, ceeeseesBq.(6-1D)

The pressure lines for P, and P, are represented in Fig.6-1(b).

6.3 - EQUIVALENT BEAM METHOD

similar method of analysis as discussed in Section 3-3,
{reating the anchor pile as an equivalent beam will be nsed.
In this case, the beam will be loaded with the pressure diagram
ADCB and suppérted at anchor rod points Ry and R, as shown in
Fig.6-2

Pressure

Fig.6-2 - Equivalent beam loaded with diagram of
lateral pressure from Railway Loading.
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similarly, equations for tie rod forces, shear, bending moment
and deflection are derived using static and simple beam theory.

Let load represented by Z&ADRl be Wy = Pia

2
_ Pl(H - a)
ZXDBRl be W, = ———
_ Po(H - a)
Z&DCB be w3 = =

Then, total load of pressure diagram ADCB is:

W = wl + w2 + w3

By substituting for values of Wis Wy and Wz, and simplifying,

w = é-[H(Pl*. Po) '&PJ ......ccoo.'lOCOO..Eq.(6-2)
Distance of centre of gravity of pressure diagram ADCB from

point A on the beam is:

2 H- 8 2(H - a)
= w13a + (a + 3 )w2 + a+ 3 w3,

W

Again, by substituting for values of Wy, Wy and LY and simplifying,

2 2
z - [H(P;- B,) + HE(P+ 2B,) - 8%Bg] B2, (6-3)
W

6.4 - FORCES IN TIE RODS

Take moments about point Ry

(£ - 4d) - %|W
[_(Ei-d)-i]w

Hence, Fl = (H - a - d) eevoscoce Eq-(6-4)

Fl(H -a-4d4)

Similarly, take moments about point R,

FZ(H -a=-4) = (X - a)w

(X - a)w )
Hence, P, = (; = :)_ Y) cesenane .Eq.(6~5)
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6.5 - SHEAR IN ANCHOR PILE

Let S b the shear at any point x along the beam AB.

Case (a) - for x =0 to x=a :-

. Pix
Since Px = =,
S = P'.ix— L]
2
Pix 6-6a)
Hence S - ‘2a eesseer v s ecsseess s Eqa( -0a
Case (b) - for x = a to x=H -4 :-
Let | -
b= ZEoaly
(H-4a) "0
" (H - x)
= ———=P
7 (H-a) 1
(x - a) Pqa
then § = ——Fs— (' +¥" 4P+ F - F

By substituting for the values of y' and y” , and simplifying,

(x - a)
S = 3(H - a) 2HP, - a(Py+ Bj) - x(P;- P,)
Pra

+ -z— - Fl eseeseserscese e qu(6-6b)

Case (¢) - for x=H-4& to x=H :-

(x - a) ‘
s = m 2H:Pl - a(Pl+ PO) - X(Pl- PO)
+ 22 .p - e . Eq. (6-6c)

6.6 - BENDING MOMENT IN ANCHOR PILE

Let M be the bending moment at any point x along the beam AB.

Case (a) - for x =0 to x = a :-

Pyx
——

- a

Since Px



X X
M = Pxoé'.-s--
P1x3
Hence’ M = —6—3. 60 0000000000000 c00e0oe oo e e eeo e Eq-(6—7a)

Case (b) - for x=a to x=H -4 :-

i _ (x - a)
Since y!' = '('H—:—a-)— PO

_ (H - x)
' ® Py

]
o
~

P
then M = —%E(X - %a) - Fl(x - a) + gl(x - a)e %(x - a)
(x - a)«(x - a)
2 3

oy ey

By subsituting for the values of y' and y", and gimplifying,

Pla

M = 5

(x - %a) - F(x - a) + ;l(x - a)?

2 3
P1(H - x)(x - a)" P,(x - a)
6(H - a) * 6@ - a) ‘°°c Fa.(6-7p)

Case (¢) ~for x=H-d to x=H :-

Extending Eq.(6-7b) for this case, and letting (H - d) = k,

M = E%E(x - %a) - Fl(x - a) + gl(x - a)2

. Py(H - x)(x - a)2+ Po(x - a)3

- Fo(x - k) ...
6(H - a) 6(HE - a) a{x | )

tecscececece Eq.(6"70)

6.7 - MAXIMUM BENDING MOMENT IN ANCHOR PILE

Maximum positive bending moment will occur at zero
shear between points Ry and.Rz. To find location of zero shear,
differentiate the bending moment equation for Case (b) and
equate to zero. For this purpose, Eq.(6-7b) may be re-written

in the form of:

46
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M = %E(x—ga) - Fy(x - a) +§l(x2- 2ax + a)
grg————)[ﬁx - 2axH + a2H - x3 + 2ax2 - a i]
+ ETEQ:—;;EK3 - 3ax2 + 3a2x - aé]
6(i_a)[2Hx-2Hav3x +4ax-aJ
+ ETEQ:—;7[§XQ - bax + 3a%]

=0

By simplifying and sorting out the x2 and x, therefore

2

3(Pl- Po)x2 - 6(P1H - Poa)x + 3PlaH + 6F1(H - a) - 3Poa =0

Substituting x = h for location of maximum moment, therefore

2 .
h2 - 2(P1H - P,a) h o+ Pial + 2F1(H - a) - P.a = 0
(Pl 'PO (Pl- PO)

o0 evsceersece qu(6-8)
Eq.(6-8) is a quadratic equation from which the location of

maximum bending moment th' can be determined.

Hence,M . = Pla(h - —a) -F (h - a) + gi(h - a)2

P1(H - h)(h - a) Py(h - a)2
+ +
6(H - a) 6(H - a)

veeeees Eq.(6-9)

6.8 - DEFLECTION OF ANCHOR PILE

Let y be the deflection at any point x along the beam AB.
Then the deflection is obtained by integrating the equation of

a2 M
deflection: a;% = —iif using the bending moment equations

derived in Section 6.6.
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case (a) - for x =0 %o X = a -

P1X3
Since M= , therefore
: 6a

d'—2--y— = = _].-_-o 3&3
dx? EI 6a '

gy‘ = - _1_- El E + c ]

dx EI 6a 45 1l

1 P {x
y—-EI 6a[20+ClX+C2] ese e e e ecs s se0 o0 qu(s’loa)

The constants of integration Cl and 02 are obtained as follows:-

d
a, Eyi = 0, and therefore,

4

At x

"

SIp

At x=a, y =0, and therefore,

case (b) - for x = a_to x=H-4 :-

d2y - M
ax? EI
1 Pla 2 h 2 2
= - — <=L (x - Za) - - - +
=1 5 (x 3a) Fl(x a) + 3 (x"- 2ax + a”)

+——:EJ——Eix2-2axH+a2H—x3+2ax2-a2:“
6(H - a)

Py 3 2 2 3
+6(H-a)[x 3ax + 3a X a]

Integrating, therefore,

dy . leLZ 2 3

a X _2 b4 P x
.y | EY 2 (2 Eax)'Fl(E‘ax)+g-(g-ax2+azx)
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Py 5 2 x4 2 .3 ax2
— -1 + H - -+ =ax” -~
cF o |3 ax a'x - T+ 38 >
*sé )B-ax3+%32x2-a3x]+c}
- a -J
- -1 dhe (xj- axy _ (53_ §§§ P (.fi - §§?+ ax )
TV ETmEY 2 6 1'6° 2’7312 3 2
P Hx §§§?+ Ha’x® . X . gzi _a x3}
6(H - a) 1% 2 20 6 6
+ a F_ ) aX4+82XB'33x2 + C,x+ C
6(x - =) L2° 4 2 2 =2

PR IR A Eq.(é-lOb)
The constants of integration C1 and 02 are obtained as follows:-

Since maximum positive bending moment occurs at point tht,therefore

at x = h, %% = 0.
P h
Hence, C;= l (- - —) + Flh(2 a)

P [ B h, .2h _2a
- &8 = a)E{n( - a) +a(E-3) - Bz F)

-—9-————=ah + 2% - &
6(H - a) 2
At x=14a, y=0, and therefore,
C--Fﬁs-_?l'-ei—-—}i E Pas Ca
2 1; ~ 24(H - a) 5] "30(H - a) 1

Case (c) - for‘x =H-4d to x=H :-

The deflection for this case can be conveniently derived
by appropriate extension of Case (b) above, using Eq.(6-Tc)

13 : L3 d
and setting limiting conditions a% =0and y =0 for x = k.
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7. DERIVATION OF EQUATIONS FOR DESIGN OF MODEL

7.1 - DEFINITIONS AND ASSUMPTIONS

The experimental study will uss a model designed
geometrically similar to the retaining wall system given in
the numerical examples in Appendices A and B. To develop
model design equationss(,3)a( 4s)cale factor A will be used to
scale down all principal dimensions of the prototype using
equations derived in Sections 3 and 6.

The principal dimensions of the model scaled down by

the factor A are designated as: Hm, an: dm, Xps Spo Bm’ and

I‘b' Therefore, Hm = AH, Sy = AS
4 = Aa By = AB
dm = Ad ;m = AL
Xp = AX

The same backfill material for the prototype will be
used for the model, and therefore,

m= ¥

l-sing .
Kom = K, = T+ sin ¢ gsince ¢ is dimensionless.

7.2 - MODEL EQUATIONS FOR EARTH PRESSURE ONLY

Lateral earth pressure on horizontal laggings:

Let Py = XHKa ceeesesss for the prototype

Pom=¥n Bn Kam  ......... for the model
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Substituting the required values given in Section
7.1 into the equation for the model,

= R R R EEE R I A B A S BN q: "1
Pim AP, Eq.(7-1)

Maximum bending moment in horizontal laggings:

2
Let M = Pgs cesecessssesssess for the prototype
2
_ PpmSm
Mm - 8 ® 0 0 008 00 0 00 0 000 fOI' the mOdel.

substituting the required values given in Section

7.1 into the equation for the model,

3
Mm =/\M oooo-o..osoa--ao-oooo;oooqu('?-Z)

Lateral pressure on anchor pile:

Let Py = ¥ HK s «... for the prototype, by .Eq.(3-1)
¢ Ppp = Yn Hp Kam Sp .. for the model.

substituting the required values given in Section 7.1

into the equation for the model,

2
Pbm:'-' APb c'no-'onqnoolocoo:oolQ.QlEq0(7-3)

Forces in tie rods:

Let PoH (H - 3d) '
Fl g (H-a-4d) **°° for the prototype, Eq.(3-2)

PbmHm (Hm - 3dm)
6 (Hm - am- dm)

Substituting the required values given in Section 7.1

Flm for the model.

into the equation for the model,

_ I -
F]m— AFl oono-oo.c.---o;ooc'.t.oEqO('? 4)
Similarly, |

Pu = RP, e ereeiereeeeaeeees s s B (T-5)
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Shear in anchor pile:

Pypx°
Let S = —Eﬁ .... for the prototype, by Eq.(3-4a)
P sz
s = i .... for the model.
m

Substituting the required values given in Section 7.1l
into the equation for the model,

Sm= ABS cee e 00 000 0s 000000ttt Eq-(7-6)

Bending moment in anchor pile:

3
P x
Let M = _§E~ veeo Tor the prototype, by Eq.(3-5a)
b]
X,
g = 2 por the model.
m 6H,

Substituting the required values given in Section 7.1

into the equation for the model,

Mm = A4M ce e e s 0s s e s s atse st escecsccc sl Eq.(7-7)

Deflection in anchor pile:

~ 5 4 5
1 Pyix ax,_ 2a

Let y = - = b|=. ==+ ... for the ototype
EI GH|D 4 5] FrOTORREs

- 5 4 5 by Eq.(3-8a)
1 P
Ynp = - —.-m }2&3—'-3—12@4'.&‘%—} for the model.

EmIm6Hm |

Substituting the required values given in Section 7.1

into the equation for the model,

y 60 s e 0P 0000t Oe Eq_.(7'8)
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T.3 = MODEL EQUATIONS FOR EQUIVALENT RAITLWAY LOADING

Equivalent load on track:

Consider the section of track with uniform strip

/ // -

Q e s

~ A
! ~
(rreh s

77777777771~

r 774 \\\\\//7 : PR

S
-

|
% G

load as shown in Fig.7-1.

Fig.7-1 - Section of continuous strip load on track.

Let q = load intensity per unit area on prototype,
B = 1length of-railway'tie, or width of strip load,
L = unit length of strip load
Vv = scale factor for load intensity, or
q, = ya for the model. ........cevuves. Eq.(7-9)
Then Q = Blg tesesssscecccsssassss foxr the prototype,

%

Substituting the required values given in Section 7.1

BmLmqm cececns ceesessessss fOr the model.

into the equation for the model,

2
QL = VAQ U '« Y & £ 10}



Lateral pressure:

Let 6;1 = ZTT% (B + sin/_;sinzo( - sin/jcoszc()

+«+ for the prototype, Eq(4-9)

All terms in Eq.(4-9) except q are dimensionless.

Since 9, Ya , therefore

Cpm = V0n for the model .............. Eq.(7-11)

Maximum bending moment in horizontal laggings:

O s°
Let M = 8 seessescessess. for the prototype,
2
Chn®m
= 8 cecesconcossceo fOYr the model

Substitﬁfing the required values obtained in this

Section into the equation for the model,

M= VA e eeteerteeieneannness Eq.(7-12)

Lateral pressure on anchor pile:

Let Pl = qs e s vecooe for the prototype’ by Eq_. (6—13)
le = a-—]msm ® e 00000 fOI' the mOdel.
Substituting the required values obtained in this

Section into the equation for the model,

Pim ™ VAPL ceiiiiiiiiiiiiiiiiiiens e EQ. (7-13)
Similarly,

Pom= VAPO .Q..9.QCQQ.........Q..'..'.Eq'(7‘l4)

Forces in tie rods:

Since W = %[E(Pl+ P,) -aP;} for prototype, by Eq.(6-2);
it will be seen that by substitution of EQs.(7-13) and (7-14)
that wm=VA2w ooo.oo..-cl‘ooao'-.--.cﬂl"Eq.('?-ls)

54
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Also, X = AX
n (x - a)W
= — for prototype, by Eq.(6-5)
Fy *Ta-a-d) P ype, by Eq.( ’
(xm- ap) Wy
Fop = for model.

(Hp = 2m - 9p)
Substituting the required values obtained in this
section into the equation for the model,
F2m=v7§F2 eteiteeesnesaseesnesnasass Bq(T-16)
Similarly,

= Ui -
F]_m—vAFl AR EEEEEE R R A I A Eq_.(7 17)

ShHear in anchor pile:

This is derived by using Eq.(6-6a) and substituting

required values obtained in this section, and therfore

S, 2 RS eeereenieerieeeeaes v\ vu... Eq.(7-18)

Bending moment in anchor pile:

Phis is derived by using Eq.(6-Ta) and substituting

required values obtained in this section , and therefore

VIRV PP - N )

Peflection in anchor pile:

This is derived by using Eq.(6-10a) and substituting

required values obtained in this section, and therefore

¥y = -*97? I T eeeececececnssessses EQ.(7-20)
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8. EXPERIMENTAL PROGRAM

8.1 - GENERAL CONSIDERATION

The most important structural component of the model to
be investigated in this experiment is the anchor pile. It is
required to measure the deflections of the pile compared to
those derived by theory, and to assess the stability of the
entire wall system. Various materials( 3Rave been investigated
for the anchor pile.

An examination of the curves for anchor pile presented
in Fig.8-1 shows that wood is the preferred material consid-
ering its flexurai strength necessary to withstand combined
laterial pressures but flexible enough for measurable deflec-
tion on anchor pile due to railway loading only.

The material chosen is prefabricated yellow pine wood
strips of small rectangular sections. Only dry and straight
grained pieces were selected., As the model was to be set up
out-door, they were painted over with two thin coatings of
shellac to make them water-proof prior to testing for flex-

ural properties and installing them as walls.,

8.2 ~ DETERMINATION OF FLEXURAL PROPERTIES OF WOOD STRIPS

Before any meaningful test could be condﬁcted 6n fhe
wood material, appropriate material propertieésgad t0 be
determined. Representative pieces of the pine wood strips
were tested to determine their flexural properties.

The wood strips are of rectangular sections of 1-1/16
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inches wide by 1/4 inch thick. They were tested as beams of
18 inches span between knife-edge supports. To find the load-
deflection relationship, a series of test loads was applied at
mid-span and the deflection of the beams at the loading posi-
tion was recorded by a dial gage. ILoading, starting from a low
value, was increased in regular steps. For each loading, the
dial gage reading was recorded fifteen minutes after loading
to ensure deflection was complete for that load. The load was
then removed and a higher load was placed on the beam after an
interval of fifteen minutes which was considered sufficient for
full recovery of the beam. 7ypical deflections so obtained
were plotted against loads and are shown in Fig.8-2,

From the load-deflection curve, it was observed that the
wood material behaved linearly up to a load level giﬁing a
probable maximum stress of 7,000 p.s.i. which may be taken as
the upper limit of stress that could be allowed for the mat-
erial to obey Hooke's law., An average value of modulus of
elasticity, E, was taken from the load-deflection relation-

ship as equal to 1.40 X 106 p.sS.1.

8.3 - DESIGN AND SET-UP OF MODEL

The model required was made geometrically similar to
the railway embankment and retaining wall system given by
the numerical example in Appendices A and B, Scale factor
A== %?. was used in the design of the model, using model
equations derived in Section T. The layout and details of the

model are shown in Figs.8-3 and 8-4.
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The embankment for the model was constructed of a fine-
medium sand having about 8% passing the U.S.Sieve 200. The
‘'sand was compacted in thin layers by Watering and rolling.
Density of the sand was estimated at about 115 lbs./cu, foot
prior to application of test loads on the model.

Tie rods, 4" diameter threaded steel rods, were initial-
iy placed and embedded in the f£ill during construction of the
embankment. The embankment and the tie rods placed are shown
on Plates 1 to 4.

The horizontal laggings and anchor piles for the walls
are both fabricated with pine wood strips. The laggings are
of rectangular section of 1-1/16 inches wide by 3/8 inch
thick. They were taped together in panels for ease of in-
stallation. The anchor piles are of section 1-1/16 inches
wide by 1/4 inch thick. Proper fittings and connection from
the anchor rod to the anchor piles were provided by turn-
buckles and anchor snaps. The turn-buckles were essential
for the proper tension on the tie rods during installation.
Details of the laggings, anchor piles, the fittings and their
installation are shown on Plates 5, 6 and 7. ‘

Similar sand material was used for filling between the
embankment and the walls. Filling was carried out simultane-
ously on both walls to ensure that they are in proper align~
ment and in proper contact with the inner face of the wall,
‘The sand was carefully placed and packed-in behind the walls
in small quantities to avoid possible formation of cavities.

Water was used to aid in achieving proper packing behind the
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Pilate 1 - Construction of model embankment using

sand fill., Compaction achieved by
watering and rolling on thin layers.

Plate 2 - Placing and aligning tie rods on

embankment. Rods encased in plastic

tubing allow free movement inside
embankment,
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Plate 1 - Construction of model embankment using
sand fill. Compaction achieved by
watering and rolling on thin layers.

Plate 2 - Placing and aligning tie rods on
embankment, Rods encased in plastic

tubing allow free movement inside
embankment,
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Plate 3 - Final model embankment with tie rods
in place.

Plate 4 - Model embankment ready for erection
of walls.




Plate 3 - Final model embankment with tie rods
in place.

Plate 4 - Nodel embankment ready for erection
of walls,
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Plate 5 - Some details of wood strips fabricated
for walls and hardware pieces used for
tie rod system.

Plate 6 - Adjusting and aligning tie rod system
to the anchor piles,
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Plate 5 - Some details of wood strips fabricated
for walls anda hardware pieces used for
tie rod system,

Plate 6 - Adjusting and aligning tie rod system
to the anchor piles,



Plate 7 - Adjusting vertical alignment of anchor
piles and wall panels to anchor rod system.
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Plate 7 - Adjusting vertical alignment of anchor
piles and wall panels to anchor rod system.
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walls. The walls before filling and after filling are shown
on Plates 8 and 9,

The dial gages were mounted on vertical steel rods
which were rigidly attached to two cross beams. The beams
were rigidly connected to solid posts driven into ground
ou%side the influence of the test sections. The installation
and general layout of the dial gages at each wall are shown
on Plates 10 and 11. Gages were located to measure the de-
flection or movement of the main anchor piles in such a
pattern that their locations on one wall corresponded to
those on the other wall. As resulting deflections were
anticipated to be small, special care was exercised to pro-
Tect the set-up of the gages to ensure that proper readings
could be taken. '

Loading surface on top of the walled embankment was
properly consolidated and levelled off to receive the test
loads. Rallway loadings were provided by layers of bricks
laid on 8" wide lanes simulating tracks on the prototype.
Each brick 33" wide by 8" long weighed 4.4 1bs. A lane with
6 layers of bricks provided a load of 84.6 1lbs./lin. foot
which will be equivalent to 1,500 1lbs./sq. foot on a loaded
track of the prototype. The loading laneé, and some of the
loadings imposed on the walls during the experiment are shown

on Plates 12, 13 and 14.

‘8.4 - TEST SEQUENCE AND MEASUREWMENTS

Three series of tests were carried out. ILoadings were

applied in the sequences and the time duration designated on
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]
Plate 8 - Layout of wall system on embankment
——  before filling.

Plate 9 - View of walls after filling.



Plate 8 - Layout of wall system on embankment
before filling.

'
Plate 9 - View of walls after filling.

N

@
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Piate 10 -

Details of dial gage
installation to
measure deflection
of anchor piles.

Plate 11 - View of west wall showing location
of dial gages. Corresponding dial
gage installation also located on
the east wall.
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Plate 10 -

Details of dial gage
installation to
measure deflection
of anchor piles.

Plate 11 -

View of west wall showing location
of dial rages. Corresponding dial
gage installation also located on
the east wall.



Plate 12 - Layout of loading lanes for strip loads
simulated by layers of bricks.

Plate 13 - View of model loaded with two parallel
—  strip loads. ZEach strip load represents
twice the equivalent load by 100-ton
ore cars on track.

70



70

Plate 12 - Layout of loading lanes for strip loads
simulated by layers of bricks.

Plate 13 - View of model loaded with two parallel
- strip loads. Zach strip load represents
twice the eguivalent load by 100-ton
ore carg on track,.



Plate 14 -

General view with model loaded at
both walls.
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the test data sheets.

'Test Series I, which comprises of Tests 1 to 7 inclusive,
was carried out to design load of 84.6 1bs./lin, foot which
is equivalent to q = 1,500 1bs./sq. foot derived in Section 5.2
for loading from the 100-ton ore cars., The locations of the
dial gages to measure deflections of anchor piles on each wall
are given in cross sections in Fig.8-5,and Fig.8-6,

As the wall system was observed to be rather stable from
Test Series I, and that the observed relative deflection of
the anchor piles or movement of the walls appeared to be so
small, it was decided that loadings for Test Series II and ITI

were increased to twice the design loads,
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9. TEST RESULTS

All tests were carried out in 720 to 80°F weather
under sunny condition. Temperature effect on the model
materials and dial gages was considered to be negligible,

Results of measured deflections on the anchor piles
under the various application of load combinations are
presented in tabulated forms grouped under Table 9-1
consisting of Tests 1 to 16 inclusive. The main results
are represented by load-deflection curves in Figures 9-1,
9~2 and 9-3.

Movement of the wall observed in Test Series I was
relatively larger compared with the other Test Series II
and III with higher applied loads. This was probably due to
an improper-initial contact of fill with wall components,
or an initial slack in the tie rod system. It could also be
due to an initial state of the sand fill which allowed
itself to adjust and consolidate under the application of
surface loads.

Actual deflections measured on all tests are small
as predicted. The movements of the walls are generally
considered non-linear. It would require a trial analysis

to interpolate any intermediate condition by load-deflection

relationshilp.
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. PEST 1 - TEST SERIES I (Tests 1 to 7 inclusive)

'LOADING SEQUENCE: - Loading on Track A to design load
of 84.6 1lbs,./lin. f%t.

_ WEST WALL
.
B IOADIKG EASURED DEFLECTION IN 10 INCH
E{ﬁgséd UniformILoéd of Anchor Pile at Section & Dial Gage No.
int 1b i? £t c -0 S-S5|8-F
Minutes s./lin.f%. 1 2 3 p 5 6
Q ' 0 0 0 0 0] 0 0
15 28,2 + 10 + 17 |+ 15 0O |+ 10 |+ 10
30 56.4 + 35 + 24 |+ 25 O [+ 20 [+ 35
60 84.6 + 45 + 39 + 55 O |+ 40 |+ 45
Calculated deflection
at design load + 8 0 |+ 20 0 O 0
EAST WALL
MEASURED DEFLECTION IN 10~% INCH
TIME, LOADLYG, Of Anchor Pile at Section & Dial Gage o
Elapsed |Uniform Load
in in c-C S-S {N-X
Minutes |1lbs./lin.ft. 1 2 3 4 5 6
0 0 0 0 0 0 0 0
15 28,2 - 51-5 ol + 2| - 5| - &
30 56. 4 -15| -12| + 5| + 4| -15] - 12
60 84.6 - 35 - 16 0 + 2 - 20 - 18
No calculations made
for inward deflection X x X X x b'd

+ = outward deflection
= -inward deflection

Table 9-1 - Anchor pile deflection results, Tests 1 to 16 inclusive.
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.- PEST 2 - TEST SERIES I (Tests 1 to 7 inclusive)

"TOADING SEQUENCE: - Track A loaded with existing load of
84.6 1bs,/lin, ft. resulting et end
of Test 1.

- Loading on Track B to design load of
84.6 lbs./lin. ft.

WEST WALL z
TIME LOADING MEASURED DEFLECTION IN 10~ ' INCH
Elapséd Uniform Loéd 0f Anchor Pile at Section & Dial Gage Ko
iamtes |1b a1t °-© s5-s5 8-2
Minutes s./lin.£%. 1 > 3 p 5 6
0 0 0 0 0 0 0 0
60 84.6 +15 |+ 11 |{+10 |+ 5 |+ 10 |+ 5
Deflection at end of .
Test 1. + 45 + 38 | + 55 O |+ 40 | + 45
Resulting deflection '
at end of Test 2. + 60 + 49 + 65 + 5 + 50 + 50
Calculated deflection
with Tracks A & B at
design load. + 10 0 |+ 27 0 0 0
EAST WALL
MEASURED DEFLECTION IN 10-* INCH
TIME, LOADLNG, 0f Anchor Pile at Section & Dial Gage No
Elapsed |Uniform Ioad - s - N
in in ¢-0C S N
Minutes |1lbs./lin.f%. 1 2 3 4 5 6
0 0 0o 0 0 0 0 0
60 84.6 - 20 - 16 - 5 - 2 - 15 - 15
Deflection end of :
Test 1. - 35 - 16 0O |+ 2 - 20 - 18
Resulting deflection
at end of Test 2.° -5 |-32 |- 5 0 -3 |- 33
No calculation made
for inward deflection. X X X X X X

+.= outward deflection
« = -inward deflection



TEST 3 - TEST SERIES I (Tests 1 to 7 inclusive)

d with existing
ft. resulting at

. - Tracks A & B each loade
load of 84.6 1lbs./lin.
end of Test 2.

- Ioading on Track D to design load of
84.6 ibs./lin. fIt.

'TOADING SEQUENCE

78

WEST WALL T
TIME TOADING MEASURED DEFLECTION IN 10”7 INCH
Elapsed |Uniform Toad | O Anchor Pile at Section & Dial Gage No.
in :1&1 ot c-20 S-S|N-X
Minutes |1lbs./lin.ft. 1 > 3 4 5 6
0 0 0 0 0 o} 0 0
60 84,6 o |- 4 0 o |- 5 |- 5
Resulting deflection )
at end of Test 2. +60 |+49 |+65 [+ 5 |+50 |+ 50
Resulting deflection
at end of Test 3. +60 |+45 |+65 [+ 5 |+ 45 |t 45
FAST WALL
: -4
MEASURED DEFLECTION IN 10 INCH
TIHE, LOADINE, of Anchor Pile at Section . Dial Gage Ho
Elapsed |Uniform Toad
in in c-0C S-S5|¥- N__
Minutes |1lbs./lin.ft. 1 2 3 4 5 6
0 0 0 0 0 0o o 0
60 84,6 +55 |+ 14 | + 15 -10 |+ 10 | + 14
Resulting deflection
at end of Test 2. -5 |=-32 |- 5 0O |-35 |- 33
Resulting deflection
at end of Test 3. 0O |-18 |+ 10 -1 |- 25 - 19

"+ = outward deflection
- =-inward deflection
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. PEST 4 - TEST SERIES I (Tests 1 to 7 inclusive)

LOADING SEQUENCE: - Pracks A, B & D each loaded with existing
load of 84.6 1lbs./lin. ft. resulting at
end of Test 3.

- Loading on Track C to design load of 84.6
1bs./lin. ft. with load transferred directly
from Track B.

WEST WALL
TIME, LOADIRG, MEASURED DEFLECTION IN 10-4 INCH
Elapsed |Uniform Load 0of Anchor Pile at Section & Dial Gage No.
m1ints 1b /g:rilnft c-¢ s-S| N-F
nu e L] L] L]
° 1 2 3 4 5 6
0 0 0 0 0 0 0 0
60 84.6 - 5|-81]-10 o|l-10 |- 5
Resulting deflection :
at end of Test 3 . +60 |+ 45 | +65 |+ 5 | +45 | + 45
Resulting deflection '
at end of Test 4 + 55 + 37 + 55 + 5 + 35 + 40
EAST WALL
-4
TIME, LOADIXNG, MEASURED DEFLECTION IN 10 © INCH
Elapsed |Uniform Load__Q_i_’_Anchor Pile at Section & Dial Gage Na
in in c-¢ S-S|¥-H
Minutes |1lbs./lin.ft. 1 2 3 4 5 6
0 0 0] 0] 0 - 0 0 0
60 84.6 + 15 + 7 + 5 - 2 + 25 + 8
Resulting deflection
at end of Test 3 ¢} - 18 | + 10 - 10 - 25 - 19
Resulting deflection
at end of Test 4 + 15 - 11 + 15 - 12 0 - 11

+ = outward deflection
- =-inward deflection



TEST 5 - TEST SERIES I (Tests 1 to 7 inclusive)
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.LOADING SEQUENCE: = Tracks A, C & D each loaded with existing
load of 84.6 lbs,/lin, ft. resulting at
end of Test 4.

- Unloading Track A only.

WEST WALL r
TIME JOADING MEASURED DEFLECTION IN 10~ % INCH
Elapsed |Uniform Load| Of Anchor Pile at Section & Dial Gage No.
1int 1bs. /lin. £t c-0 S-S/ 8- %
Minutes s./lin.ft. 1 2 3 2 5 6
0 84.6 0 0 0 0 0 0
60 0 -20 |-19 |(=-15 [~ 5 |-15 | - 15
Resulting deflection : )
at end of Test 4. + 55 + 37 + 55 + 5 + 35 + 40
Resulting deflection
at end of Test 5. + 35 + 18 | + 40 0 + 20 | + 25
EAST WALL
MEASURED DEFLECTION IN 10~ % INCH
TIME, LOADING, Of Anchor Pile at Section & Dial Gage No
Elapsed |Uniform Ioad
in in c-C S~-S|N-1NX
Minutes |1lbs./lin.f%. 1 2 3 4 5 6
o 84.0 0 0 0 0 0 0
60 0 + 10 |+ 5 0 - 2 - 10 | + 4
Resulting deflection
at end of Test 4. + 15 - 11 + 15 - 12 0 - 11
Resulting deflection
at end of Test 5. + 25 - 6 + 15 - 14 - 10 - 7
Calculated deflection
with Tracks C & D at
design load. + 10 0 + 27 0 0 0

+ = outward deflection

= -inward deflection



TEST 6 -

.LOADING SEQUENCE: - Tracks C & D each loaded with existing
load of 84.6 1lbs,/lin. f%. resultlng

at end of Test 5.

- Unloading Track C only.

TEST SERIES I (Tests 1 to 7 inclusive)

8l

WEST WALL
TIME, IO0ADING, MEASURED DEFLECTION IN 10 -4 INCH
Elapsed |Uniform Load| Of Anchor Pile at Section & Dial Gage No,
in in C-C S-S|N-§
Minutes |1bs./lin.f%.
/ 1 2 3 4 5 6
0 84.6 0 0 0 0 0 0
60 0 0 - 12 - 5 0 - 5 - 5
Resulting deflection .
at end of Test 5. + 35 + 18 | + 40 0O |+ 20 + 25
Resulting deflection
at end of Test 6. + 35 |+ 6 |+ 35 O |+15 |+ 20
EAST WALL
TIME, IOADIRNG, HMEASURED DEFLECTION IN lO;: {NCH -
Elapsed |Uniform Load Of Anchor pPile at Section al Gage FNo
in in c-C S~-S|¥N-H
Minutes |1lbs./lin.ft. 1 2 3 4 5 6
0 84.6 0 0 0 6] 0 0
60 0 + 5 |- 31~ 5 0 0 0
Resulting deflecfion
at end of Test 5. + 25 - 6 |+ 15 -14 {~-10 | - 7T
Resulting deflection
at end of Test 6 + 30 - 9 + 10 - 14 - 10 - 7
Calculated deflection
with Track D at
design load. + 8 O |+ 20 0 0 0o

+ = outward deflection

=-Inward deflection
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TEST SERIES I (Tests 1 to 7 inclusive)

LOADING SEQUENCE: - Track D loaded with existing

at end of Test 6.
-~ Unloading Track D, only.

load of 84,6 1bs,./lin, f£t. resulting

82

WEST WALL
TIME, LOADING, MEASURED DEFLECTION IN 10 -4 INCH
Elapsed |Uniform Load| Of Anchor Pile at Section & Dial Gage No,
trates |1bs./lin.£t c- ¢ S-S 8-F
uves . . . -
Min s n 1 2 3 4 5 6
0 84.6 0 0 0 0 0 0
60 0 O |+ 3 0 - 5 - 5 0
Resulting deflection i
at end of Test 6. _ |+ 35 + 6 + 35 O |+ 15 + 20
Resulting deflection
with all loads re- )
moved. + 35 + 9 + 35 - 5 + 10 |+ 20
EAST WALL
¥ MEASURED DEFLECTION IN 10~% INCH
TIME, IOADING,| ., 4 ohor Pile at Section % Dial Gage Na
Elapsed {Uniform Load
in in c-¢C S-S|K-HXN
¥inutes |lbs./lin.ft. 1 2 3 4 5 6
0 84.6 0 0 0 0 0 0
60 0 - 15 -14)] - 20 - 3 - 10 - 13
Resulting deflection
at end of Test 6. + 30 - 9 + 10 - 14 - 10 - 1
Resulting deflection
with all loads re-
moved., + 15 - 23 - 10 - 17 - 20 - 20

+ = outward deflection
- =-inward deflection



. PEST 8 - TEST SERIES II (Tests 8 to 12 inclusive)

LOADING SEQUENCE: - Loading Tracks A & B simultaneously

on each track.

to maximum load of 169,.2 1bs./lin, ft.
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WEST WALL 7
TIME, TOADING MEASURED DEFLECTION IN 10~ ¥ INCH
Elapsed |Uniform Load | Of Anchor Pile at Section & Dial Gage No.
in . i? ot c-20¢ S-S|N-¥X
Minutes |1bs./lin.ft. 1 5 3 4 5 6
0 0 0 0 0 0 0 0
30 56.4 +10 | +13 | +15 | +10 | +15 | + 10
60 112.8 +30 [ +28 | + 35 0| +30 | + 30
90 l69.2 +50 | +38 | +45 |+ 5| + 35 | + 40
Calculated deflection .
at maximum loads + 20 O | + 54 0 0 0
EAST WALL

MEASURED DEFLECTION IN 10~ INCH

Hi
TIME, LOADING, Qf Anchor Pile at Section & Dial Gage Na|
Elapsed |Uniform ILoad S-S |¥-%
in in c-¢
Minutes |1lbs./lin.ft. 1 2 3 4 | 5 6
0. 0 0 0o 0 0 0 0
30 56.4 “45 1 ~12 |+ 5 |- 4|-151}- 6
60 112,8 - 65 -17 |+ 5 - 6 - 15 - 13
90 169, 2 - 70 -21 |+ 5 - 9 - 20 - 19
No calculations made
for inward deflection X X X X X X

+ = outward deflection
- = -Inward deflsction
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" PEST 9 - TEST SERIES II (Tests 8 to 12 inclusive)

LOADING SEQUENCE: - Tracks A & B each loaded with existing
load of 169.2 1lbs./lin. ft. resulting at
end of Test 8.

- Loading on Track D to maximum load of
169.2 1lbs./lin. £t.

WEST WALL T
TIME, LOADING MEASURED DEFLECTION IF 10~ 7 INCH
Elapsed |Uniform Load | Of Anchor Pile at Section & Dial Gage No.
sont bs. /Lin. £t c-¢ 5-S|8-7
Minutes |{lbs./lin.f%t. 1 2 3 4 5 6
0 0 0 o} 0 0 0 0
60 169.2 0 + 4 + 5 0 + 5 + 5
Deflection at end of :
Test 8 + 50 + 38 + 45 + 5 + 35 + 40
Resulting deflection
at end of Test 9 +50 | +42 | +50 |+ 5 |+ 40 | + 45
EAST WALL
MEASURED DEFLECTION IN 10 % INCH
TIME, LOADING, 0of Anchor Pile at Section & Dial Gage No
Elapsed |Uniform ILoad
in in g-C S-S |H-1XN
Minutes [1lbs./lin.f%t. 1 2 3 4 | 5 6
o 0 0 0 0 0 0 0
60 169.2 +45 |+ 11 [ +20 |- 3 |+20 |+10
Deflection at end of :
Test 8 - T0 - 21 + 5 - 9 - 20 - 19
Resulting deflection
at end of Test 9 - 25 - 10 + 25 - 12 (¢ - 9

+ = outward deflection
- =-inward deflection



- TEST 10 -
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TREST SERIES II (Tests 8 to 12 inclusive)

LOADING SEQUENCE: - Tracks A, B & D each loaded with existing

end of Test 9.
-~ loading on Track C to maximum load of
169.2 1lbs./lin, ft., with load transferred

directly from Track B.

load of 169.2 1lbs,./lin, ft. resulting at

WEST WALL
TIME, LOADIRG, MEASURED DEFLECTION IN 10”4 INCH
Elapsed |Uniform ILoad 0f Anchor Pile at Section & Dial Gage No.
Miiﬁtes 1bs /%?n £t c-¢ S-S N-¥
. [ . 1 2 4 5 6
0 0 0 0o 0 0 0 0
60 169.2 + 10 | -~ 1 0 0 0 0
Resulting deflection
at end of Test 9 + 50 |+ 42 | +50 |+ 5 |+ 40 | + 45
Resulting deflection :
at end of Test 10 +60 | +41 | +50 [+ 5 | + 40 | + 45
EAST WALL
-4
TIME, LOADING, MEASURED DEFLECTION IN 10 ¥ INCH
1
Elapsed |Uniform Load 0f Anchor Pile at Section & Dilal Gage No
in in c-¢C S-S |N-1X
Minutes |1lbs./lin.ft. 1 2 4 | S 6
0. 0 0 0 0 0 0 0
60 169.2 +40 |+ 22 | +20 |+ 8 | +20 | + 22
Resulting deflection |
at end of Test 9. - 25 -10 | + 25 - 12 0| - g
Resulting deflection
at end of Test 10, +15 | +12 | +45 | - 4 |+ 20 | + 13

+ = outward deflection
- =-inward deflection
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TEST 11 -~ TEST SERIES II (Tests 8 to 12 iriclusive)

"TLOADING SEQUENCE: - Tracks A, C & D each loaded with existing
load of 169.2 1lbs./lin, ft. resulting at
end of Test 10.

- Unloading Track A only.

WEST WALL
TIME, LOADING, MEASURED DEFLECTION IN 10~% INcH
Elapsed |Uniform ILoad 0f Anchor Pile at Section & Dial Gage No.
Mingves |1b /}Iil £% c -0 S-S/ 8-¥
nutes . n.ft.
© S 1 2 3 4 5 6
0 169.2 0 0 0 0 0 0o
60 0 - 25 - 22 -20 | + 5 - 20 | - 20
Resulting deflection . )
at end of Test 10. +60 | +41 | +50 |+ 5 + 40 | + 45
Resulting deflection
at end of Test 1ll. + 35 + 19 | + 30 | + 10 + 20 | + 25
EAST WALL
-4
¥G MEASURED DEFLECTION IN 10 INCH
TIME, LOADING, of Anchor Pile at Section & Dial Gage Na
Elapsed |Uniform Ioad
in in c-C S-S5S|¥N-H
Minutes |lbs./lin.ft. 1 2 3 4 5 6
0 169.2 0 0 0 0 0 0
60 o + 15 -10 {4+ 5 t+ 2| +10 |+ 11
Resulting deflection
at end of Test 10. +15 | +12 | + 45 | - 4 | + 20 | + 13
Resulting deflection
at end of Test 1ll. + 30 + 2 + 50 - 2 + 30 + 24
Calculated deflection
with Tracks ¢ & D
at maximum load + 20 0 + 54 0 0 0

+ = outward deflection
- = -inward deflection



TEST 12 -

PEST SERIES II (Tests 8 to 12 inclusive)
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LOADING SEQUENCE: - Tracks C & D each loaded with existing

end of Test 11.
- Unloading Tracks C & D simultaneously.

load of 169,2 lbs./lin. ft. resulting at

WEST WALL
TIME, LOADING, MEASURED DEFLECTION IN 10~% INCH
Elapsed |Uniform ILoad 0f Anchor Pile at Section & Dial Gage Ko,
in in c-C S-S|N-§
Minutes |1lbs./lin.f%t.
/ 1 2 3 4 5 6
0 169.2 0 0 0 0 0] 0
120 0 +15 | +10 | +10 |+ 5 |+10 |+ 5
Resulting deflection .
at end of Test 1ll. + 35 + 19 + 30 + 10 + 20 + 25
Resulting deflection
at end of Test 12 +50 | +29 | +40 |+ 15 |+ 30 | + 30
EAST WALL
TIME, TOADIRG, f'MEAgURED DEFLECTION IN lO'i {NGH
Flapsed |Uniform Ioad of Anchor Pile at Section & Dial Gage Na
in in c-¢C S-S|F-NX
Minutes [1lbs./lin.f%. 1 2 3 4 5 6
0 169.2 0 0 0 0 0 0
120 0 0 - 14 - 20 0 + 5 - 6
Resulting deflection
at end of Test 1ll. +30 |+ 2| +50 |- 2 |+3 |+ 24
Resulting deflection
at end of Test 12. + 30 - 12 + 30 - 2 + 35 + 18

+ = outward deflection
- = -inward deflection



PEST 13 -

TEST SERIES III (Tests 13 to 16 inclusive)

88

LOADING SEQUENCE: - Loading Track A to maximun load of 169.2

lbs./lin. ft. and then unloading to no load.

WEST WALL

TIEE, LOADING, MEASURED DEFLECTION IN 10 T INCH
Flapsed |Uniform Ioad| Of Anchor Pile at Section & Dial Gage No.
in in cC-0¢ S-5s N-F§
Minutes |1lbs./lin.f%t.
s/ 1 2 3 4 5 6
0 0 0] 0 0 0 0 0
20 84.6 +15 +15 +15 +25 + 5 +10
40 169.2 +20 +30 +30, +45 +30 +20
60 84.6 +15 +20 +25 +35 | +30 +15
90 0 + 5 +10 +10 +25 +30 +10
Calculated deflection
at maximum load ..... +15 0 +40 +15 +40 +40
EAST WALL
TIME, LOADING, MFASURED DEFLECTION IN 10 °© INCH
Elapsed | Uniform Load| Of Anchor Pile at Section & Dial Gage Wo,
in in c-¢C S -8 N-X
{ 0 o 0 0] 0 0 0 0
20 84.6 -20 -5 -5 -20 -15 0
40 169.2 -25 -10 0 =25 -20 ~O
60 84.6 =30 -15 0] -30 -15 0
90 0 -30 =15 0 =30 -10 0]
Fo calculations made
for inward deflection X X X p 4 X b4
+ = outward deflection

- = jnward deflection



TEST 14 - TEST SERIES I1I (Tests 13 to 16 inclusive)

LOADING SEQUENCE:

to no load.,
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- Loading Tracks A & B each to maximum load
of 169.2 1bs,/lin, ft. and then unloading

WEST WALL

TIHE, LOADING, MEASURED DEFLECTION IN 10 ' INCH
Elapsed |Uniform Load| Of Anchor Pile at Section & Dial Gage No.
in in c -0 S-°5 N-X
Minutes |lbs,/lin.f%. 1 5 3 4 5 6
0 0 0 0 0 0 0 0
20 84.6 + 35 + 20 + 20 + 50 0 |+ 10
40 169.2 + 75 |+ 45 |+ 65 [+95 |+ 30 |+ 35
60 84,6 +75 |+ 40 [+55 (+90 [+ 30 |+ 30
120 0 + 55 + 30 |+ 40 + 70 + 25 {+ 20
Calculated deflection
with Tracks A & B at
maximum load ceeses |+ 20 O [+54 |+ 20 |+ 54 |+ 54
EAST WALL
TIME, LOADING, MEASURED DEFLECTION IN 10°4 INCH
Elapsed | Uniform Load]| Of Anchor Pile at Section & Disl Gage No,
in in ¢c-¢C S -5 H-X
Minutes | 1bs./lin.ft.[ 2 3 4 5 6
0 0 0 o 0 0 0 0
20 84.6 - 20 - 10 0 - 15 + 5 0
40 169,2 - 40 ~ 40 - 10 - 20 0 0
60 84.6 - 50 - 40 - 10 - 20 0 0
120 0 - 75 - 50 - 10 - 30 0 - 10
No calculations made
for inward deflection X X b 4 X b4 b:4

+ = outward deflection
- = inward deflection
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TEST 15 - TEST SERIES III (Tests 13 to 16-inclusive)

LOADING SEQUENCE: - Loading Tracks C & D to maximum load of
169.2 1bs./lin, ft. .

WEST WALL

=%
LOADING MEASURED DEFLECTION IN 10™ © INCH
E?.ggéd Uniform Load| Of Anchor Pile at Section & Dial Gage To.
in in c-C S-S5 N-§
Minutes |1lbs./lin.ft. 1 > 3 4 5 6
0 0] 0 0 0 0 0 0
30 84,6 O |- 5 |- 5 O |- 5 |- 5
60 169.2 = 5 -2 |-10 |- 5 |-10 |- 10
No calculations made
for inward deflection x x X x b 4 b4
EAST WALL
=7
IOADING MEASURED DEFLECTION IN 10 INCH
Efﬁgﬁgd Uniform Load| Of Anchor Pile at Section & Dial Gage No.
in in cC-0 S -5 N-X
Minutes | 1bs./lin.ft.[ 7 2 3 4 5 6
0 0 0 0 0 0 0 0
30 84.6 + 15 O (+15 |+ 5 |+ 25 [+ 20
60 169.2 + 65 + 20 |+ 40 + 65 + 50 |+ 45
Calculated deflection
with Tracks C & D at
maximum load ,...... |+ 20 O |+54 |+20 |+ 54 |+ 54

+ = outward deflection
- = inward deflection
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TEST 16 - TEST SERIES III (Tests 13 to 16 inclusive)

B : - Tracks C & D each loaded with existing load
LOADLITE SRQUANCE of 169.2 1lbs,/lin. f£t. resulting at end
of Test 15.
- Loading on Track A to maximum load of 169,2
lbs, /lin. ft.

WEST WALL 1
ING MEASURED DEFLECTION IN 10 INCH
Blapsed | Dniorn Load| OF Anohor Biie se seorisy 2Dies Gage To.
in in c-20 S-S N-X%
Minutes |1bs./lin,f%. 1 > 3 4 5 6
0 0 0 0 0 0 0 0
60 169.2 + 50 |+ 10 + 25 + 45 + 5 + 20
Deflection at end of )
Test 15 ©090°0000s00ee = 5 "lo -10 - 5 -10 -10
Resulting deflection '
with Tracks A, ¢ & D .
at maximum load ..., |+ 45 0 + 15 + 40 - 5 + 10
Resulting deflection
with all loads removed|+ 25 - 10 + 5 + 25 - 5 + 10
EAST WALL
=
ADING MEASURED DEFLECTION IN 10 INCH
Eﬁiﬁﬁgd Un%gorm Load| Of Anchor Pile at_Section & Dial Gage XNo.
in in c-20 S-S5 F-N
Minutes | 1bs./lin,ft.[” 7 2 3 4 5 6
0 0 0 0 0 0 0 -0
60 169.2 + 15 + 10 O]+ 5 - 5 0
Deflection at end of
Test 15 tvvevnnnnnnn +65 | +20 | + 40 + 65 [+ 50 | + 45
Resulting deflection
with Tracks A, ¢ & D
at maximum load .,,, +80 | +30 | + 40 | + 70 | + 45 | + 45
Resulting deflection
with all loads removed| + 20 + 10 + 10 + 45 + 10 + 10

+ = outward deflection
- = inward deflection
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Fig.9-1 - Deflection curves for anchor pile on model.
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Fig.9-2 - Deflection curves for anchor pile on model.
(Test Series II)
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Fig.9-3 - Deflection curve
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10. coNcLUsIONS

(1). The experimental results indicate that the deflections
meéasured on the anchor piles under the application of surface
loads génerally fall along the pattern and the range predicted
by theory. The actual values lieasured are small gs expected,
but they show that certain trend of movement took place simyl-
taneously on both walls. Movement occurred mainly in the
upper part of the wall, The test results show that when load
was applied at one wall, that wall would move outward and pull
the other wall inward with it, When the loads were reversed,
there was generally some recovery from the movement, However,
recovery was generally found %o be non-linear, and full re-
covery was not evident even when all applied loads were removed,
(2). The response of one wall under load action to react
against the other wall is obvious, The degree of response
should relate to the.flexibility or resistance of the walls

to movement., It would be complex to evaluate the response by

loading., Measurements, however, show fhat it appeared to be
dependent to g large extent on both the active ang passive
states of the fill pleced against the walls, and the direct
Or reversible effects of the applied loads. It is evident
from these observations that 800d compaction of the £i11 is
an important factor in limiting and reducing possible'large

or undesirable deformation that may be produced by repetitive



96

loadings. Poor compaction and variation in fill density,
local yield and separation between fill and inner face of
the wall can significantly affect the movement and therefore
the overall stability of the wall system.

(3). Both the Rankine's theory and the strip load method
used for evaluating lateral pressures against the walls
appeared to be adequate. Earth pressure is considered to
have an advantageous balancing effect on the wall system.
Hence, simultaneous filling on both walls and achieving
uniformity in fill density would be important considera-
tions in construction.

(4). As largest movement occurs in the upper section of the
wéll, the effect of surface loads on the upper tie rods can
be considerable. These rods should be embedded in sufficient
depth and protected to avoid abrasion and the possibility of
distbrtion or displacement from alignment by impact and direct
stress action from répetitive loadings. The lower tie rods
were found to be comparatively more stable, and the measure-
ments indicated that there was»relatively little or no move-
mgnt there. |

(5). Since movements do occur along the tie rods, tﬁe ana-
lytical assumption that the anchor pile will not yield at the
supportihg points is not entirely valid. Since lower Tie
rods were found to have almost no movement, relative displace-
ment between the two supporting points in the anchor pile
should be considered. Considering unbalanced effects from

applied loads, modification %o the proposed design procedure
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should make allowance for some relative displacement of the
upper supporting point in the actual design of the anchor
pile member, This allowance will depend on the degree of
fixity and rigidity at both the supporting points.

(6). A balanced design for equal pull in tie rods, or for
:qual tensile and compressive stresses in the anchor pile is
desirable and may oe achieved by appropriate choice of depths
for tie rods. The tie rod depth parameters "a" and "d" in the
equations for axial forces and bending moments in Sections 3
and 6 can be used to advantage.

(7). Considering that both walls are tied against each other
and that lateral pressures against walls are in an outward
direction, the resultant axial force developed in each tie
rod would be the sum of forces resulting from each of the
various lateral pressures considered on each wall,

(8). Finaliy, performance of the wall system under the
various loading conditions was observed to be satisfactory
as there was no sign of yield or abnormal structural deform-
ation in any part of the walls. The fact that the wall system
was loaded to twice its maximum design load as carried out

in Test Series II and III shows that such a wall is.stable

and can be designed for practical purpose.
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APPENDIX A

NUMERICAL EXAMPLE CONSIDERING EARTH PRESSURE ONLY

Example considers only lateral earth pressure for
design of 20 ft. high retaining wall to be constructed on
each side of an existing railway embankment as shown in
Fig.A-1., The equations derived in Section 3 will be used

for design.

Symmq rical

About
4

< v
ot T 131 .%i. 131 13“ 1%. 5T
| ' =. . .>-- I ‘,_‘_.g,s_.__
; o o S o W 0 N SUNUL [ SN 2

? B IR NN i A GG '-\\\\\\"i RS RRI 7N
R N ) / ’
a | fGianula:{T;-_~“ el (All railway ties = 8' long)
S S 4 5 Fill-- . e Upper Tie Rod 1, !
R
. ik
Wall 'Cfi 4{% . . .
37 . “xisting (/ﬂzmistlng Embankment Flll)
Lo Slope 13:1 - ’
b -y’ﬂ F {
P - 2 Lower Tie Rod ~,
d ] {

Fig.A-1 - Cross Section & Dimensions of Railway
Embankment with retaining wall system.

Given data: H = 20 ft. - Y = 125 1lbs./cu. ft.
a= 6 ft. g = 35°
a = 3 ft. K = 0.27

a
s = 14 f+t.
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Lateral pressure on anchor pile:

Substituting into Eq.(3-1),
P, = 9,450 1bs./ft. of pile,

Forces in tie rods:

Substituting into Eqs.(3-2) and (3-3),
Fl = 31,500 lbs,

F 63,000 1bs,

2

Shear in anchor pile:

Substituting into Eqs.(3-4),
236, 3x°
236.3x° - 31,500

Case (a), S

]

Case (b), S

Case (c), S 236.3x2 - 94,500
Above equations given in 1lbs, and results are

represented by curve in Fig.A-2.

Bending moment in anchor pile:

Substituting into Egs.(3-5),

78.75%°

78.75%° - 31,500(x = 6)

78.75%° - 31,500(x - 6) = 63,000(x = 17).

Case (a), M

Case (b), M
Case (¢), M

Above equations given in ft.-lbs, and results are

represented by curve in Fig.A-2.

Maximum bending moment in anchor pile:

Substituting into Eqs.(3-6) and (3-7),
h = 11.55 ft.

M

max 53’000 fto-leQ
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Deflection in anchor pile:

Substituting into Egs.(3-8),
Cése (a)y, y= = E%E ( 3.94x5 - 25,500x + 122,300 )

- 'ElT ( 3.94x% - 5,25047 + 94,500x2

Case (v), ¥
- 433,100x + 302,950 )
Case (¢), Deflection for this is comparatively small
and will be omitted in this example,
Above equations given in ft, and results are

represented by curve in PFig.A-2.



Height of retaining wall in feet

100

0 u
p 3
L =
6 -f— L\ ]
6 - /
10 - .//
12 - / 53,000 ™
/’/
14 . ///
16»h4{//’
= .
18 -| /
20 - /
0 0 / Omv.-d
SHEAR BENDING MOMEZNT DEFLECTION
(l"=25,000 1bs) (l"=50,000 ft-1b) ( l"=2991999

Fig.A-2 - Shear, bending moment and deflection on

due to lateral earth pressure.

£t.)

E = 1lbs/sq.ft.

I=f£t4

anchor pile
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APPENDIX B

NUMERICAL EXAMPLE CONSIDERING RAILWAY TOADING ONLY

Example considers only lateral pressure from railway
loading for design of 20 ft. high retaining to be constructed
on each side of un existing embankment as shown in Fig.A-1l
of the numerical example in Appendix A. The lateral pressure
exerted on each wall comes from loadings on the two new
tracks adjacent to the wall, and design values are taken from
the modified pressure diagram of Fig.5~4. The equations
derived in Section 6 will be used for design.

Given data: H = 20 ft. 0; = 750 1bs./sq.f%t.
a= 6 ft. J, = 300 1bs./sq.ft.
a= 3 ft,

s = 14 £%.

Lateral pressure on anchor pile:

Substituting into Egs.(6-1),

Pl = 10,500 1lbs./ft. of pile,

P, = 4,200 lbs./ft. of pile.

Force in tie rods:

Substifuting into Egs.(6-4) and (6-5),

P 84,000 lbs,

1
2

F 50,400 lbs.

‘Shear in anchor pile:

Substituting into Egs.(6-6),

Case {a), S = 875x2,



102

Case (b), § = -225%° + 13,200x ~-. 123,600
Case (c¢), § = =-225x° + 13,200x - 174,000
Above equations given in lbs. and results are

represented by curve in Fig.B-1l.

Bending moment in anchor pile:

Substituting into Egs.(6-7),
Case (a), M = 291.7x3

-75%2 + 6,600x% - 123,600x + 583,200
2

Czse (b), M

Case (c), M = -75x° + 6,600x° - 174,000 + 1,440,000
Above equations given in ft.-1lbs. and results are

represented by curve in Fig.B-1l.

Maximum bending moment in anchor pile:

Substituting into Eqs.(6-8) and (6-9),
h

12,11 f%.

Mm ax

81,000 ft.-1bs.,

Deflection in anchor pile:

Substituting into Egs.(6-10),

- 7%? ( 14.58x%° - 94,400x + 453,500 )

-t ( -3.75x5 +'550x4 - 20,6OOx3

EI

Case (a), ¥

Case (b)), ¥y
+ 291,600%° - 1,478,400x + 2,139,000)
Case (c¢), Deflection for this case is comparatively

small and will be omitted in this example.

Above results given in ft. and results are represented

by curve in Fig.B-1.
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