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AESTRACT

A side bearing block foundation is a system used to resist large
overturning moments and/or lateral forces. The existing design equations
for side bearing block foundations are not considered too reliable. An
attempt 1is made to develop design equations, which are reasonably
reliable and easy to use in practice. The sequence was as follows:

A}  Derivation of preliminary design equations.

The ultimate moment capacity was assumed to occur when the ultimate
soil resistance was reached along the side bearing walls. It was found
that the resultant friction force at the base of the foundation affected
to a great extent the capacity of the foundation to resist an overturning
moment. To compare the results of the design equations to the data of a
full-scale field test and to the results of an analysis performed by the
finite element method, sample calculations were made.

B) Conducting a full-scale field test.

The test foundation was loaded by means of leverarms. Soil
pressures were measured by the use of strain gages.

The wultimate moment capacity of the block foundation was
approximated by using the Toad-deflection curve obtained from the field
test.

C) An analysis, based on finite elements was made using a computer
program.

Some of the assumptions were:

- a bilinear stress-strain curve for the soil elements with yield

vstresses according to the Rankine soil pressure theory.

- two dimensional interface elements.

- two dimensional isoparametric solid elements.
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The results of the computed rotation center compared well to that
obtained by the field test and the finite element program.

It was found that a “"correction factor" of 24 (for the lateral earth
pressures based on Rankine's theory) was required to be used in the
design equations. This correction factor 1is only valid for the
dimensions used for the test foundation. The factors affecting the
magnitude of the “"correction factors" are discussed.

For the design of side bearing block foundations, the design loads
and the allowable deflection are discussed in a sample computation
(Appendix F).

Recommendations for further study are made.



CHAPTER 1
INTRODUCTION

The resistance of a foundation system against lateral loads and/or
moments is of importance to the design of fixed supports. For the design
of foundations subjected to large lateral loads and/or moments two
systems exist:

1. Pile foundations
2. Block foundations

During the last one hundred years, many experiments and tests were
conducted (26, 14 and others) and a variety of methods of analyses and
design of piles subjected to lateral loads were proposed, but the design
of piles subjected to lateral loads is still a matter of concern.

Based on large-scale tests conducted in France, Sweden and Great
Britain, empirical formulas and tables were developed for the design of
side bearing block foundations against lateral loads and/or overturning
moments. Those formulas and tables for many types of soils were based on
an assumed rotation center at the base of the foundation (6) or at an
assumed fixed point above the base (28, 31).

A rigorous solution for the design of a side bearing block
foundation is very complex. The solution to the problem is rigorous if
the computed stresses are perfectly compatible with the conditions of
equilibrium, the boundary conditions, and the assumed mechanical
properties of the material. However, it is necessary to develop a
"theoretical" solution based on acceptable assumptions, to find practical
methods to solve the problem by modifications and simplifications and to

develop design equations involving "simple calculations" for side bearing



block foundations which are sufficiently reliable and practical. The
mechanical response of a soil is affected by its material
characteristics. The stress-strain characteristics of a soil are very
complex; those characteristics are nonlinearity, time dependency,
dependency on the magnitudes of the stresses in the soil, anisotropicity,
and others. Furthermore, the characteristics are affected by a variety
of factors, i.e., stress history, soil moisture, and permeability. Thus
it becomes necessary to idealize the behavior of the soil by adopting
some arbitrary simplifications and to represent the stress-strain
characteristics in a reasonable way to achieve a practical approximation.
The intention of the present study is to develop a "theoretical"
practical solution and to derive practical design equations for side
bearing block foundations. The approach is as follows:
A. A theoretical derivation of preliminary equations based on
some simplifying assumptions.
B. Experimental project: conducting a full-scale field test
to obtain data on the ultimate moment capacity of a
laterally loaded block foundation.
C. Application of a finite element approach using a computer
program in order to compare to the results obtained in A
and B. Values of the soil parameters were obtained from
simple lab tests and utilized in the input of the ANSYS
computer program.
For an evaluation of the reliability of the equations developed in A, the
results of B and C are needed. The results of the comparison and the

combined analysis are incorporated in a final set of design equations.



As only one field test was conducted and a two-dimensional
assumption in the computer program was applied, more field tests and a
three-dimensional computer program will probably be needed to obtain a
more refined and reliable solution to the foundation problem. The
present work is therefore seen as an initial step in providing insight
into the failure mechanism for the block foundation and as a base for

. studies of a more readily applicable nature.



CHAPTER 2
LITERATURE SEARCH
The design of foundations subjected to lateral loads and/or large
moments has been the subject of various investigations and studies for
more than a century. Although literature and data presently available
for the design of lateral load resisting block foundations are scarce,
1iterafure on lateral load resisting piles is numerous. As similarities
exist between lateral 1load bearing piles and side bearing block
foundations, some related data and assumptions valid for the analysis of

piles are useful in the analyses of side bearing block foundations.

2.1 Lateral Load Bearing Piles

The earliest experiments (Sandeman in 1880 and others) provided data
for the design of laterally loaded piles. As a result of those tests,
empirical formulas were derived and became available (12, 14 and others),
but the danger based on limited data was realized, and large safety

factors were used for the allowable loads on piles.

2.1.1 The "Pole" Theory or Rigid Pile Method

The "Pole" theory (36) subsequently improved upon and most favored
by practicing engineers, assumes an absolutely rigid pole pivoting about
‘a point along its length (36). Czerniak (8) assumed that before the

passive pressure is reached, the earth mass is in an elastic state.

Referring to Fig. 1, the unit resistance Ry = %X , as the soil resistance
is assumed to increase proportionately with depth. Since Ay = (C—%—X)A

(Fig. la), and P_ = A Wy , the pressure diagram is parabolic (Fig. 1lc).

y vyl
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Figure 1., Resistance of a Laterally Loaded Pile

By differentiating Py with respect to y the maximum pressure at r/2 is

obtained. The other maximum value occurs at depth y = L. By setting

each of the maximum values equal to the allowable pressure, two values

are obtained for L (Fig. la). The value for L obtained by setting the

allowable pressure equal to the maximum pressure at r/2 governs the

design. Czerniak (8) obtained the allowable pressure from a building
code table, while Downs (10) assumed the "allowable" pressure to be the

passive soil pressure based on Rankine's theory at y = r/2 and y = L,

respectively.
Broms (4) classified the piles as:

A.  Short piles



B. Intermediate piles

C. Long piles
The classification is based on the dimensionless quantity nL, in which n
is equal to (nh/EI)l/5 and " is the coefficient of horizontal subgrade
reaction (5). Broms classified a pile as short if nL is less than 2 and
as long if nL exceeds 4. For single piles, the modulus of subgrade
reaction k was used for the computation of the lateral deflections at
working loads. For the ultimate lateral resistance, it was assumed that
the ultimate resistance was reached when the "full lateral resistance of
the soil" develops along the total length of the pile (or when the yield
strength of the pile section is reached). For short piles it was assumed
that the ultimate 1lateral resistance was governed by the lateral
resistance of the soil, and that the rotation center was at the bottom.
For single short piles the maximum lateral earth pressure at failure was
assumed to be three times the passive earth pressure based on Rankine's
theory for a cohesionless soil. The reason for this assumption is based

on the observations made by Prakash (25).

2.1.2 The Winkler Approach

The Winkler method, proposed by E. Winkler in 1867, is in some ways
similar to the "pole theory," but it treats the soil mass at the side
bearing "walls" of the piles as a series of springs:

A. The springs are independent of each other, i.e., no

interaction exists between the springs.



B. The soil 1is assumed to‘ be 1linearly elastic for the
calculation of the ultimate resistance against lateral
loads.

The Winkler hypothesis states that the contact pressure P at a point
is proportional to the displacement W of that point, i.e., P = kW, in
which k is the modulus of subgrade reaction (2, 29). This linear elastic
behavior is widely used in soil-foundation interaction problems, although
it is a difficult task to establish a realistic value of the modulus of
subgrade reaction of a soil (11).

Bowles (2) developed a computer program using the Winkler approach
and the finite element method in which the friction at the walls and the
stresses at the base of the pile are neglected.

The finite difference method has been appliied by several authors,
although in practice, people were skeptical of this analytical method.

The present methods used in the design of piles subjected to lateral
loads are considered relatively inaccurate and large safety factors are

used for the allowable lateral loads on piles (16).

2.1.3 Block Foundation Subject to Lateral Loads

No reliable and accurate methods are available for the design and
analysis of side bearing block foundations. In some handbooks, standards
are given as guides in the design of block foundations subject to lateral
loads. Those standards are based on experience (6, 28, 31).

Caquot/Kerisel (6) discussed a practical French method, used by "Die
Technishe Kommission des Syndicat Professionel des Producteurs und

Distributeurs d'Energie Electrique" (Fig. 2).
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Figure 2. Soil Pressure Diagrams for Side Bearing
Block Foundations (Caquot/Kerisel)

This French method assumes that at the ultimate moment resistance, earth

pressures P. =y y tan2 (45 - %) and P_ =y y tan? (45 + %) are developed

P
at the rear wall and front wall, respectively. It was also assumed that

at the utmost front of the base, the soil stress was equal to the

ultimate bearing capacity e of the soil.
- 2 ¢y, _ 2 ¢
For A, = tan” (45 - 5); Ap = tan® (45 + 7)

b = the width of the foundation perpendicular to the
plane of the figure
2 p *o " *a
b= (1 - &) v = (L2
3 obch 60bC

M_ = ultimate moment resistance with respect to 0

M! = moment resistance of the soil pressures at the base
with respect to 0

M; = moment resistance of the lateral soil pressures at
the side bearing walls with respect to O
r Xy - 2P
"p = PlL -3 = PL- 555
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MY = b 3(5 Y he X 1 Yh Xa)

M =M +M =p(L-2P )+bh3(x-x)
r r r 3 chb 6cbc p a

By expanding and collecting terms

M_ = uPL + vybh3

r

It can be concluded that:

1. The point of rotation is assuﬁed to be at the base (point R).

2. The friction is neglected.
The values for five different soils, based on data from tests on
transmission tower foundations, were presented by "the Kommission" in
tabulated form. (Note: this method is similar to that of Seelye (28),
but Seelye assumed that the rotation center was at a depth of 2h/3 at the
rear wall of the foundation).

For shallow concrete block foundations subjected to lateral loads
Simpson and Edwards (31) used formulas valid for the analysis of wood
poles in Great Britain (Fig. 3). Two different assumptions which evolved

from experience in "all types of soils" are as follows:
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width of the block foundation perpendicular to the

plane of the figure

k and K are constants based on experience

D
z

i

embedded depth

amount of soil neglected (at least one foot)

In Fig. 3a, it was assumed that the soil resistance per unit deflection

increases

proportionately with depth.

The stress

parabolic, and b or D has to be assumed to solve the equation:

P(H + 20

3

)

= kbD3/12

distribution

is
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In Fig. 3b, a constant soil resistance per unit deflection is assumed.

The stress distribution is linear and

2
(D - Z)y _ (D - 7)
P(H+ 2z + ———?———) = Kb —
Note: The moment resistance due to the soil reaction at the bottom of

the foundation has been neglected (and d = breadth of the
foundation has not been mentioned).

Friction forces at the base are neglected.

The points of rotation are assumed to be fixed as shown in the
figures.

From the above discussion it can be concluded that a more exact
solution 1is possible. For the side bearing block foundations,
Caquot/Kerisel (6) suggested that "the determination of a temporary
rotation center" C (Fig. 4) would be the basis of an exact solution, and
that tests in Sweden proved that the location of the rotation center

depended on "the nature" of the soil and the force-system.

wr-—‘:r—nﬂ R A
h 2h
3
Cx +
o
N
| b /4
—b

Figure 4. Rotation Center of Side Bearing Block Foundations
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Caquot/Kerisel also mentioned that the tests by the "Association
Suisse des E]ectficiens“ showed that the rotation center was generally at
C, i.e., at a depth (2/3)h and at a distance of (1/4)b from the
"compressed" side (Fig. 4). However, no practical solution was

developed.
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CHAPTER 3

THEORETICAL DERIVATION OF PRELIMINARY EQUATIONS FOR
THE DESIGN OF SIDE BEARING BLOCK FOUNDATIONS

3.1 General Considerations

In the following, an attempt is made to derive practical solutions
for the design of side bearing block foundations which will not involve
complicated computations.

Some significant data and assumptions "valid" for the aha]ysis of
side bearing piles will be wused for guidance and utilized in the
derivation of the preliminary solutions for the design and analysis of
the block foundations.

Terzaghi (33) observed from tests on large retaining walls that,
after the walls have moved beyond a certain critical distance, the
distribution of the lateral pressure in sand is always hydrostatic.
Therefore, for the analysis. active and passive lateral earth pressures
based on Rankine's theory are adopted for the values of the maximum earth
pressures. This method assumes that no friction exists between the soil
and vertical faces of the foundation. If, for a vertical face and a
horizontal ground surface an error exists because of this assumption, the
error will be made on the safe side (27).

The following items will be discussed in order.

A. General theory for soil resistance of a wall section

subjected to an overturning moment and a horizontal force.

B. Soil pressures for a side bearing block foundation

subjected to an overturning moment and a horizontal force.
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C. Derivation of preliminary design equations for side
bearing block foundations.

D. Applications of the preliminary design equations to the
test foundation.

In this report at the end of most of the sections, soils with

cohesion will also be discussed.

3.2 General Theory for Soil Resistance of a Wall Section
Subjected to an Overturning Moment and a Horizontal Force

Rankine's pressures:

P
P

Yy tan2(45 + %) vyyK

P

P Yy tan2(45 - %)

a
Consider a wall section with the following data given (Fig. 5):

y-gka (3.1)

embedded height = L

width (perpendicular to the plan of figure) = 1 unit
thickness t = very small

stiffness = infinite

depth of rotation center = Yrc

For small values of H and M, the wall section rotates about point R, but
the soil pressures at the front vertical face and at the rear vertical
face will be smaller than Pp and Pa (at all points). For greater values
of the overturning moment, Pp and Pa are induced at the top points E and
F; and for successively greater values of the overturning moment, Pp and
Pa will also be reached at lower and lower points. The same is true for

points below the rotation point R where Pp and Pa will first be reached
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at the lowest points B and A and then successively at higher and higher
points.

If Pa'is superimposed onto Pp, the results are the pressure
diagrams as shown in Figs. 6, 7, 8 and 9.

H /—\
A -~y ‘i N N
HE
1\
3l
1]
W
il
Yrc 1 L
1l
i
i
i ]
il
\
» -1R
3
Al |
t
-+

Figure 5. Side Bearing Wall Section
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Pressure Diagram for Soil Pressures Smaller than
Soil Pressures Based on Rankine's Theory, at A1l Points
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Pressure Diagram for Soil Pressures Based on
Rankine's Theory Only Induced at the Top of the Wall Section
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at Ultimate Soil Resistance

Pressure Diagram



18

In Fig. 6, where all the soil pressures are smaller than the
pressures based on Rankine's theory, the state of pressure is elastic and
the stress is proportional to the deflection. The pressure diagram is
parabolic for cohesionless soils, and the rotation and pressure diagram
can be computed by the "pole theory" using the soil modulus (modulus of
subgrade reaction)

Kg = Ag + B, y' (2)
As and BS can be evaluated by tests. Approximate values are given by
Broms (4) for cohesive and cohesionless soil. For cohesionless soils
A, =0andn =1 (2 and 4). By assuming the rotation center (Fig. 1) to
be at a depth Yrc’ and the deflection at the top = A, the horizontal
displacement (if the "pole" is absolutely rigid") at depth y is:

Y
a, = (5—) »
y rc

and the horizontal pressure at depth y is:

By the equations of static equilibrium: ZFX = 0 and IM = 0, the rotation
center and the rotation can be found.

In Fig. 7, where the soil pressures based on Rankine's theory are
reacﬁed only at the top of the wall, the pressure diagram can be computed
by the method used for the calculations of the pressure diagram of Fig. 8
as follows.

In Fig. 8, where the soil pressures based on Rankine's theory are
reached at the upper and lower parts of the wall section, the pressure

diagram will be computed as follows (Fig. 10):
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Figure 10. Pressure Diagram and (Kp - Ka) Diagram for Soil Pressures

Based on Rankine's Theory Reached at the
Upper and Lower Parts of the Wall Section

The stresses based on Rankine's theory are reached at the top part and

the value of the soil at depth yqp is: Pyl = yyl(Kp - Ka) for 0 < y; < h.
For depths greater than h, the soil pressures will be smaller than
y(h + y)(K

b " Ka) and are equal to vy(H + y)(Kp - Ka)

(Fig. 10c). The
value of (Kp - K,)*' can be computed from Fig. 10c:

r, -y r, -y
- 1 1 2 ¢ 2 ¢

(Kp - Ka) = ( ) (K = ) (tan®[45 + ?l - tan“[45 - ?])

and the soil pressure at depth (h + y) is:

Y‘l-_y
) (% = )

Pih 4 y) = v(h +y) (
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This is a second order curve (Fig. 10b) and for y = " the pressure is
equal to zero (for a depth Yrc from the surface).
The case shown in Fig, 7 is for h = 0, where the 5011 pressure based

on Rankine's theory is only induced at the top, and where

' -y
P = yy (L5——) (K_ - K)
y Ve p 2

For the case shown in Fig. 9, the pressure diagrams for the parts
above and below the rotation point R, are both following the (Kp - Ka)
Tines. This is a "theoretical” pressure diagram, since in reality the
deflection very near point R cannot be so great as to induce the
pressures predicted by Rankine's theory. The ultimate soil resistance
and the ultimate moment capacity is easily computable. For a known
horizontal force H, Yrc and M (Fig. 9) can be solved by applying M = 0
and $F, = 0. The foundation will theoretically not be able to sustain a

H
moment greater than the ultimate.
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3.3 Soil Pressures for a Side Bearing Block Foundation
Subjected to an Overturning Moment and a Horizontal Force

3.3.1 Soil Pressures on a Prismatic Block Foundation
m
H___~
T s l L AC 7.9
| .
|
| |
N D -
1 p
B

Figure 11. Side Bearing Block Foundation

For the value of the ultimate lateral resistance, the pressures
based on Rankine's theory have been assumed. In Section 3.1 it was
indicated that this includes the assumption that no friction exists
between the front and rear faces of the foundation and the soil. The
pressure diagrams for an increasing overturning moment are jllustrated in

Figs. 12a, b, ¢ and Fig. 13.
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Figure 13. Maximum Soil Pressures at the Side Bearing Walls

A. In Fig. 12a, the overturning moment is so small that the soil
pressures along the vertical front and rear faces are all
smaller than the soil pressures based on Rankine's theory.

B. In Fig. 12b and Fig. 12¢, the overturning moment is larger,
such that the "maximum" soil pressures are reached at the upper
part only, or at the upper and lower parts of the front and
rear faces of the foundation.

C. In Fig. 13, at the ultimate moment capacity, the soil pressures
at the front and rear faces are equal to the soil pressures
based on Rankine's theory along the total depth of the block

foundation.
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For all three cases, the friction between the soil and the walls

perpendicular to the side bearing walls has been neglected.

3.3.2 Analysis for Soil Stresses at the Front and Rear Faces of the
Foundation Which are Smaller than the Soil Pressures Based on
Rankine's Theory (Fig. 12a)

The soil pressures at the front and rear vertical faces can be
computed, as the state of stress can be assumed to be the elastic state.
The "pole theory" can be used to compute the parabolic stress diagram

(see Section 3.2) and the rotation.

3.3.3 Analysis for the Soil Pressures Based on Rankine's Theory
Reached Oniy at the Upper Part or at the Upper and Lower Parts
of the Front and Rear Faces of the Foundation (Figs. 12b and c)

The soil pressures in this case do not give the ultimate moment
capacity of the foundation. However, the case in Fig. 12b will be
analyzed here, and the resultant horizontal soil pressures with their

Tines of action computed.
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Figure 14, Soil Pressure Diagram for Soil Pressures Based on
Rankine's Theory, Reached at the Top Only
For simplicity, the case where the soil pressure based on Rankine's
theory 1is reached only at the top point T of the rear and front wall
(Fig. 14) is considered.

From. Section 3.2:

Y y
vy (——) (K - K,)

O
"

y Yrc
Y Y -y
Hy = STS P dy = v(K_ - K ) /TC y(-55——) dy
1 0 y P a 0 rc
2
2 3 Y Y
- - Yoy rc _ . rc
= vl = k) (G- ) el - k)
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H, acts at depth h

1 1
Hy h =I'”CP ydy = y(K -K)I"Cy(Y—"C—:—l) ydy
N P2ty Ve
3
3 4 ¥ y
= - Y oY __y rC . - _rc_
YKy - K) (5 -qy—) L v(Ky - Ky) 13
rc O
h =YY‘C
1~ "2
and
( ) oy ey ( ><L3 - Y‘Z‘C)
Hy = - vy(K_ =-K) /s y dy = -v(K_ - K R
2 p a Y p a’ "3y 2 6
Yrc rc rc
H ' Lo 2Y = Ve e Yic
2 h2 = - Y(Kp - Ka) ¢ y( Yr ) dy -Y(Kp - Ka)(EV—_ -t *Tg-)
C rc
rc
3
(L4_L3+YrC)
T'_Yrc 3 12
"2 - 3 2 Y2
L _ L + _re )
W,z Yo

Yrc can be obtained from ZH = 0.

Similarly, Hl’ hl’ H2 and h2 can be computed for the pressure diagrams in

Figs. 12b and ¢ (see Section 3.1).

3.4 Derivation of Preliminary Design Equations
for Side Bearing Block Foundations

At the ultimate loads, the soil pressures at the front and rear
faces are equal to the soil pressures based on Rankine's theory along the

total depth of the block foundation (Fig. 13).
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Figure 15. Pressure Diagrams for Cohesive and Cohesionless Soils

For side bearing block foundations, the pressure diagram shown in
Fig. 15b is generally used for cohesionless soils and the pressure
diagram shown in Fig. 15a is generally used for cohesive soils. (The

application of the loads is generally ™"quick," causing excess pore
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pressures. This means an "undrained" soil resistance.) The friction
forces at all the wails are again neglected, but the friction force H1 at
the bottom is important in the determination of the rotation center.

coefficient of friction at the base of the foundation.

U

Vtot

H1 will have a maximum value:

total vertical load

Hl,max = “Vtot

In Fig. 15b, the friction force at the base, is too small to

Hl,max
_prevent the base from sliding backwards. This is generally the case for

cohesionless soils. Hence from Figs. 15b and 15¢

H + Hl,max + H2 > 0 (3.1)

The foundation rotates about a rotation center above the base, so that
passive soil pressures develop at the bottom part of the rear vertical

face and that H, maintains horizontal equilibrium:

3

H+ Hl,max * H2 * H3

For equilibrium, the rotation center cannot be at the base, and should be

=0

at some distance above the base. This is generally the case for

cohesionless soils where H is rather small (Fig, 15b). The location

1,max
of the rotation center can be determined from the equations of

equilibrium.

The design equations are derived as follows:

If Ope = the gross bearing capacity of the soil
y = friction coefficient between sand and concrete
Hl,max = w0t (3.2)
H, = 1 BY2 (K. - K.) (for cohesionless soils) (3.3)
2 2 rc'\ a :



H =-{%yL2(K —K)-%sz (K - K.)} B (3.4)

-2V

= ; _ tot
Efy = 0 gives X = e B (3.5)

(the tension part of the pressure diagram at the base is ignored)

tF = 0 gives H + Hl,max t+Hy + Hy =0 (3.6)

Substitution of the values of H H2, and H3 in Equation 3.6 gives a

1,max?
quadratic equation in Yrc'

The distance Y3 in Fig. 16 is computed as follows:

(L-v.) ", \ix}:c\\\ "
IR NN\ Z

Figure 16. Pressure Diagram for the Lower Part of the Block Foundation

L -Y L - Yrc

- 1] rc "
HyVy = Hy (——5) + HY (—55)

L-Y By(L - Y_ )
_ Ka) ( 5 Y‘C) rc

Y3 = {BYYrc(L - Yrc)(Kp
L -Y

rc
(L) 3/ K
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(3.7)

and the ultimate moment Mmax is obtained from ZMO = 0 (Figs. 15b, 15c and

16)
Moy = (-HL = Ho(L - —L€) - Hyv, - (% abcxrc)(g . reyy (3.8)

Three equations are available (Equations 3.5, 3.6 and 3.8). Two
quantities are "fixed" unknowns: ch and Yrc' The third unknown is the
optional quantity. For given values of Mmax’ H, and Vtot’ the dimensions
B, D, and L are unknowns, but by assuming two of the three values, the
third value can be solved with the three equations (the optional
quantity). To avoid lengthy calculations, it is best to assume B and L.
Equation 3.6 gives Yrc and Equation 3.7 gives Y3. The value of D is then
computed using Equation 3.8.

Note:

1. For cohesive soils, Fig. 15a is used. For
H o+ Hlmax * HZ > 0

the foundation rotates so that passive soil pressures develop at the

bottom part of the rear vertical face and that H3 maintains hori-

zontal equilibrium,

IH=20

H+ Hipax T Hp + Hy =0 (3.9)
where  H__ = (B % D) 0.67c + Vtan &f (3.10)
where c = cohesion and ¢' = 0 ("quick load")

Py = W tan®(45 + ) + 2c' tan(d5 + 5-) = W + 2
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Pa = vy tan2(45 - %—) - 2¢' tan(45 - %L) =vy - 2

The cohesion ¢ is equal to ¢' (apparent cohesion)
The cohesion ¢ = <y (apparent cohesion under undrained condition)
Cy is the average value for different depths

Pp - Pa = 4c¢ (3.11)

x == (3.12)

e is based on the undrained condition (¢ = Q).

o, =cNEE +gN¢E¢E g %YBNYEY (3.13)

bc ¢’c’cd q°9°q

for ¢ = 0, N N and NY (= 0) can be obtained from a Prandtl-

¢’ q

Reissner and Caquot-Kerisel table (37) and Ec’ Eq from a de Beer-

Vesic table (37). The depthfactors Ecd and ¢ 4 can be obtained from

q
the formulas proposed by Hansen (37):

1 + 0.4tan"1(D/B)

Ecd =
€gg = 1+ 2tans(L - sine)% tan"1(D/8B)
Mmax is obtained from M = 0
YY‘C L - rc
Mo = HL o+ (L - 5E) ¢y (— ) (3.14)

It was mentioned that for the ultimate moment capacity, the pressure
diagram is generally as shown in Fig. 15b for cohesionless soils.
However, for a 1large vertical force or for other appropriate
reasons, the rotation center for cohesionless soils could be at the
base if the friction force H1 at the base is large enough to prevent

the base from sliding backwards. The pressure diagram at the side
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bearing walls for a cohesjonless soil will be as shown in Fig. 17,

and the design equations will thus be simplified.

Lgad L) R . S o

(Kp- Ka)
Line

Figure 17. Pressure Diagram at the Ultimate Moment Capacity
for Cohesionless Soils (Rotation Center
at the Base of the Foundation)
The design procedure, for the rotation center at the base of the
foundation, is as folilows:

For given Mmax (acting on the top of the foundation), H, and total
vertical 1locad, the dimensions of the block foundation can be
obtained by assuming 2 of the 3 values of L, D, and B and solving
for the third value. To avoid 1lengthy calculations, for this
particular case B and D are assumed, and L 1is solved by using
Equation 3.11.

3. The equations as derived, are only valid at ultimate soil resistance

(uTtimate loads).



33

3.5 Application of the Preliminary Design Equations
to the Test Foundation

The equations will be applied to compute the location of the
rotation center and the ultimate moment resistance, for given horizontal
and vertical forces. The ultimate moment resistance Mu is defined as the .
maximum "reaction moment" of the soil pressures with respect to the
center of the base of the foundation, and the maximum moment Mmax as the
moment acting on top of the foundation as the ultimate moment is reached.
The ultimate moment resistance is equal to the sum of the moments (byrthe
ultimate loads) acting on the foundation with respect to the center of
the base of the foundation.

As mentioned in Section 2.1.1, for laterally loaded single piles,
Broms (5) assumed the maximum lateral passive earth pressures to be three
times the passive earth pressures based on Rankine's theory for a
cohesionless soil. Downs (10) observed that, for full-scale field tests,
the "conventional" Rankine value for laterally loaded single piles was
exceeded by a value of five times and more. However, as no explanation
has ever been given, an acceptable explanation of the phenomenon is that
the three-dimensional arching effect is very influential for a "narrow"
pile (Figs. 18b and d), while for a wall with an infinite length the
Rankine earth pressure values would be approximated. For passive soil
pressures, the Rankine theory assumes that only the soil mass directly in
front of the pile is activated for the soil resistance (Fig. 18c). The
magnitude of B (Fig. 18c) apparently determines a “correction
coefficient" to the Rankine earth pressure values. For a "narrow" wall

the soil mass contributing to the soil resistance approximates the area
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in Fig. 18d, while for a "long" wall the soil mass contributing to the
soil resistance approximates the area in Fig. 18c.

A block foundation is neither "narrow" nor "long."” For the test
foundatjon (Fig. 19), the ultimate moment resistance is computed and the
maximum soil pressures are assumed to be 1 and 2} times the lateral
pressures based on Rankine's theory. As the results will be needed for

later comparisons (Chapter 6), two different Tload cases will be

considered:
Load Case I: Vtot = -19,110 1bs (total vertical load)
H = -4,980 1bs (horizontal load)
Load Case II: Vtot = -19,110 1bs
H = -10,980 1lbs

The rotation centers for the four load cases will also be computed. Data

are as follows:

¢ = 45° (sand); ¢ = 28° (loess)

tan(45 + §) = K = 5.828
tan’(45 - $) = K, = 0.172
Y, = 98.5 1bs/ft> (sand backfill)
y, = 113 Tbs/ft> (loess)
Yo oF 150 1bs/ft3 (concrete)
u = 0.57 (friction coefficient between sand and concrete)
Ope = 21,480 psf (Appendix A)
Note: The thin sand layer at the base of the foundation (2 inch) was

assumed to have no effect on the bearing capacity (loess). The

coefficient of friction however was based on this sand layer.
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Figure 19. Test Foundation and Pressure Diagrams

B=3ft D=3 ft L =7 ft
Load Case [: For soil pressures equal to one times the values based on

Rankine's theory:

v -19,110 1bs

tot

H -4,980 1bs
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-2V
ch = _—;t_q_t.:. (3.5)
: B
Ib¢
Xpe = 0.593 ft (Appendix A)
_ 2
Hy = 4 yBYL (K - Ky) (3.3)
Hy = -3 yB(K. - K )(L? - ¥ (3.4)
3 ™ a rc’ .
H1,max = wWiot
H + Hl,max + H2 + H3 =0 (3.6)
Yrc = 5,87 ft

Using Equations 3.3, 3.4, and 3.7 respectively, H2, H3, and Y3 are
obtained. :

H2 = 27,579 1bs H3 = -11,706 1bs Y3 = 0.546
Using Equation 3.8:
2Y X
_ rc B D rc
Mmax = -HL + H2 (L - 3 ) - H3Y3 * (7 Gbcxrc)(? - "g—)
Mmax = -68,762 1b-ft

M timate = Mmax * HL = -103,600 1b-ft

These values of Mmax and Yrc were evazluated for the original Rankine
values.

Mmax and Yrc are now evaluated for scil pressures 2% times as large

as the pressures based on Rankine's theory. The equations based on a

"correction factor" of 21 are:

Hl,max - '”Vtot (3.2a)
, _ 5 2
H2 = EYBYPC(KD - Ka) (3.3a)
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5p.4 2 2
H3 = 'EBYL (Kp - Ka)(l - Yrc) (3.4a)
oY
tot ‘
X = 2 (3.5a)
rc Ohe
H + Hl,max H2 + H3 =0 (3.6a)
2
. . SBY(Kp - KL =Y, )%(2Y, L) (3.78)
3 -12H3 *
2Y X
T _ rc _ _ (B D _“rc
Mnax = (L = Hall = == - Ha¥5 - (3opckc)(z - 3707 (3.8a)
using the equations,
Xpc =0.593 ft (Appendix A)
Yrc = 5.335 ft
Mmax = -153,757 1b-ft
Mu = Mmax + H* L = -188,600 1b-ft

Load Case II: For the soil pressures equal to the original Rankine

values:
Vtot = -19,110 1bs
H = -10,980 1bs
ch = 0.593 ft
Yrc = 6.16 ft
Mmax = -32,679 1b-ft
M M = -32,679 + -10,980 * 7 = -109,540 1b-ft

ultimate = 'u
For the soil pressures equal to 2% times the pressures based on

Rankine's theory:

X 0.593 ft

rc

YY‘C

5.466 ft
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Max 121,292 1b-ft

Mu |
The results for Load Cases I and II are presented in tabular form

-198,150 1b-ft (Mu =Max T H* L)

(Table 1).

3.6 Discussion

Rotation center. From the above analysis it can be concluded that

the ultimate moment is a function of the rotation center. The location
of the rotation center is a function of the total friction force at the
base of the foundation and the type of soil and cannot be assumed to be
the same for all types of soils as has been previously assumed (6, 28,

31).

Ultimate moment. Table 1 shows the ultimated moments (Mu) computed
by using the preliminary design equations for cohesionless soils.

It is seen that the ultimate moment capacity increases with an
increase of the horizontal force. This is logical for it can be observed
in Fig. 19 that an increase in H causes H2 to increase (fH = 0), which
causes the increase of the resisting moment (this can be seen by taking
the moment about the base). Since the rotation point moves toward the
base, H3 decreases, which causes the increase of the ultimate moment
capacity. It is also seen that the increase of Mu is rather small (about

5%) for an increase in the horizontal force of more than 100%.

Design for cohesive soils (Figs. 15a& and c). For cohesive soils,

Equations 3.9 through 3.14 should be wused according to Fig. 15a
(Section 3.4). It is seen that the design equations for cohesive soils

are more simple than those for cohesionless soils.



40

061861  00S°60T 062121 089°2€  €L°S £65°0 SL(1°9 £65°0 06801 011°61
029°881  009°€OT  09/°€SI  09/°89  GEE'G £65°0 18" £65°0 086° 0T1°61
(34-91) (34-91) (33-91) (34-91) (33) (33) (33) (34) (at) (q1)
=z :z sanjep  san|ep sanjep sanjep sanjep sanjep Speo1 Speo’
san|ep saniep Sulyuey Suljuey  duljuey  Buljuey  duljuey  IJUL)URY  |RIUOZLAOH [BILIU3N
suijued  oulyuey  sawtfy §2 (eutblup sswi) §z sawpy §2 (eutbruag (eulbiuag Le3ol Le3oy
sawt) §2 LeutbLag 404 404 404 u;> 40} u;x 404 u;> 404 u;x
404 404 JUBMION  JuBWOY J423u3) A33U39) NEVIIEY] 433u3)
9JUR]SLSI9Y dOURYSLS3Y wWNWLXRW wWNWLXe  UOLILIOY UOL3R}OY uoL3e10y uoL3RLO0Y
U3WoY Ju3wWop
ajewty(n  ajewtyn

£403Yy] s,3uLjuRy UO paseg saniep ayl
sawL] §2 pue sawi] [ 03 |enbj saunssadd |LOS 40y

483Ud) uoL3e}0Y 3y} pue A3Ldede) Juawol d3eWLY| BYF *IUSWOL WNWLXel BY|

‘1 9t1qey



41

CHAPTER 4
EXPERIMENTAL PROJECT

4.1 Background

The full-scale test described in the following section has been
conducted as an initial phase to provide data on the ultimate resistance
of a laterally loaded block foundation. Anocther objective was to obtain
data for lateral soil pressures at specific points of the 1loaded
foundation. Although it was realized that one test would be insufficient
to supply meaningful data, it was hopec that enough data would be
obtained to be of practica] use in the derivation of design equations of
side bearing block foundations.

For the design of the foundation we have two decisive limits:

A. An allowable lateral displacement {Appendix F).

B. The ultimate soil resistance needed for the factored loads on

which the structural design of the foundation is based.

It was believed that the ultimate moment capacity of the foundation would
be indicated by a sudden increase in the "deflection rate" of the
foundation. The results obtained from the experimental data will be
compared to the results from the derived equations and from the

finite-element computer program.

4.2 Equipment and Test Foundation

A reinforced concrete block foundation (3x3x7 ft) was used in the
test. The soil in situ was loess. The remaining space of the hole
(8x8x7 ft) was backfilled with sand arc dry tamped with a 250 1b

mechanical tamper. A vertical steel colurn (W14x61), embedded and fixed
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in the foundation, was used for the application of horizontal and
vertical loads which caused the overturning moments. To facilitate the
application of these loads, a framework was constructed at the top of the
column as shown in Fig. 20. The vertical loads were applied by means of
a device consisting of a leverarm and load box 1 (Fig. 2la), which caused
tensijon forces in a cable connected by a pulley to the end of the frame,
as shown in Fig. 20. Two reinforced concrete auxiliary foundations were
needed for this device (Fig. 20). The horizontal components of the
forces in the cable to the left and to the right of the frame neutralized
each other as the slope of the cable to the auxiliary foundation on each
side was 32.25°. The horizontal loads were applied by means of another
device consisting of a leverarm and load box 2 (Fig. 21b), which caused
tension forces in a cable, sloping upwards with an angle of 29° and
connected to the top of the frame (Fig. 20). Another auxiliary
foundation was needed for this device (Fig. 20). To measure horizontal
soil pressures at arbitrary points in the side bearing walls and soil
pressures at the base of the foundation, steel boxes were used, each
containing two strain gages (Fig. 24), glued opposite to each other on a
steel rod. This steel rod is welded to the pressure face (circular steel
plate). The pressures were computed from the readings obtained with the
use of a strain gage indicator. A total of 44 boxes and 5 strain gage
indicators were used. On each side-bearing wall, 6 rows of boxes were
placed, each row consisting of three boxes (Fig. 22). Eight boxes were
placed at the bottom (Fig. 23).

The tensions in the cables obtained by the system of the leverarms

were checked by placing a strain gage on a transducer in each cable.
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4.3 Test Procedure

The test was performed at the Test Track in Puliman, WA, on
September 27, 1984. The soil in situ was loess. A 2-inch tamped sand
layer formed the base of the 3x3x7 ¢t reinforced concrete foundation.
Before the concrete was placed, eight boxes complete with the pressure
faces, rods and waterproofed strain gages were installed at the bottom of
the foundation, the cables being protected by paralon pipes. To place
the system of strain gage boxes in the side bearing walls, only the boxes
were fastened to the formwork. After the concrete for the foundation was
placed, the steel circular pressure faces were screwed to the boxes
(after the removal of the formwork). The cables to the surface were
protected by paralon pipes, and the remaining space of the hole
(8x8x7 ft) was backfilled with sand and tamped with a 250 1bs mechanical
tamper until the sand was dense.

The loading sequence and the necessary related activities at the
site were as follows:

First step: System of connection of the strain gages to the

strain gage indicators.

Second step: Application of vertical loads.

Third step: Application of horizontal loads.

The activities in the field as mentioned above took about nine hours to
complete.

First step: System of connecticn of the strain gages to the strain

gage indicators. The two "“active" strain gages in the box with two

additional "dummy" strain gages were zonnected in a Wheatstone Bridge

(Fig. 25). The objectives of the four arm bridge connection were:
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(a) to measure axial strain, (b) to eliminate bending strain, and (c) to

achieve temperature compensation.

Dummy \ Active
D A
Active \ / Dummy
c B

Figure 25. Four Arm Bridge Connection: Applied Circuit

|
Strain Gages | /Rod
T~ '/EE]
C
Pressure face .|
U
=

Figure 26. Box with Rod, Pressure Face and Strain Gages
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The active gages in the boxes were in the ground, and the dummies which
were glued on a steel rod were laid or the ground at about the same
location (protected from direct sunlight). The applied circuit was

expected to fulfill the three objectives since:

Ra _ Rp
B R

Axial strain was measured with double sensitivity since the ratio RA/RB
decreases whﬂe.RD/RC increases if Ry and R. decrease (compression). The
bending is compensated (Fig. 26) since FC decreases if RA increases at
the same rate (and vice versa) and the ratio RA/RB would still be equal
to RD/RC'

The applied circuit was also expected to have temperature
compensation as the temperature increase at ground level and in the
ground was supposed to be the same, so the ratio RA/RB for an increase of
temperature would still be equal to RD/RC. As will be later seen, this
last assumption was not true (Appendix C). The dummy strain gages had
the same apparent strain characteristics as the active ones, and were
mounted on the same material as the active ones.

Second step: Application of vertical loads. Vertical loads were

applied in increments at load box 1 resulting in moments and magnified
vertical Tloads acting on the foundation. During this 1loading, no
horizontal forces were acting on the foundation, as the horizontal
components of the forces in the cable to the Teft and to the right of the
pulley cancel each other out (the slope to the left and right of the

frame were made equal).
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At this stage and at most load increments, the horizontal and
vertical movements of the top of the foundation were measured by using a
transit and a level (Fig. 27).

Readings at the strain gages were recorded at each load increment.

Third step: Application of horizontal loads. While keeping the

vertical Tload on the foundation at about 6,600 1bs, incremental
horizontal loads were applied to the foundation. By applying a load at
box 2 (Fig. 20), a tension force was created in the cable connected to
the framework. This force produced not only a horizontal load, but also -
a vertical load to the foundation. As it was desired to keep the
vertical load constant (at about 6,600 1bs), the load in box 1 had to be
decreased as the load in box 2 increased; vertical loads were applied in
increments at load box 2, resulting in moments and magnified vertical
loads and horizontal loads on the foundation. The load in box 1 was
decreased accordingly in order to keep the vertical load to the frame at
about 6,600 1bs.

At most load increments, the horizontal and vertical movements of
the top of the foundation were recorded using a transit and a level
(Fig. 27).

Readings at the strain gages were also recorded.
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Figure 27. Horizontal and Vertical Movements of the Foundation

4.4 Test Results

During the second step, incremental loads were successively applied
four times at box 1 (Fig. 20). The magnification ratio of a vertical
weight in box 1 to the tension in the cable (Fig. 2la) is: 138.75"/9" =
15.42 1b/1b. A weight of 1 1b at box 1 will induce (Fig. 20) a vertical
load at the foundation of 15.42 * 2 sin32.35° = 16.5 1bs. As the
distance from the pulley (where the cable is connected) to the center of
the foundation is 6.98 ft, the 1-1b weight in box 1 will induce a moment
of 16.5 * 6.98 = 115.17 1b-ft at the foundation center. The component
horizontal forces cancel each other out. The recorded transit value of g
and B (Fig. 27) gave the value of h = R(Bi - 8), where R = 15.63'
= 4764 mm and g = 51°14' (d and u [Fig. 27] where recorded with the
level, where at the "static" load u, d and h were assumed to be 0). The

results are as follows:
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Table 2. Loads Applied at Foundation from Load Box 1 (Step 2)

Load at Vertical Loads
Load Box 1 at Center of -Moment d u h
Increment (1bs) Foundation (1bs) (1b-ft) (mm) (mm)  (mm)
1 71 1,170 8,170 ——— e-- -
2 171 2,820 19,680 --= === 0.692
3 271 . 4,470 31,200 0.5 0.5 1.386
4 397 6,550 45,210 ---  ---  3.464
Note: The values of the moments are the values for the loads acting

about the center of the base of the foundation (caused by the
loads from load box 1 only).

During the third step, incremental loads were successively applied
six times at box 2, while the load at box 1 was decreased accordingly, to
keep the "total" vertical load at about 6,600 lbs (for the calculations
see Appendix B). The magnification ratio of a vertical load of 1 1b in
box 2 to the vertical load induced at the end of the frame (Figs. 20 and
21b) is (158"/9") sin29° = 8.51 1b/1b. The magnification ratio of a
vertical load of 1 1b at box 2 to the induced horizontal force acting at
the top of the frame (Figs. 20 and 21b) is (158"/9") co0s29° = 15.35
1b/1b. As the distance from the top of the frame to the base of the
foundation is 14 ft, the magnification ratio of a vertical load of 1 1b
to the induced moment at the bottom of the foundation is:

8.51 * 6.98 + 15.35 * 14 = 274.3 1b/1b-ft

A vertical load of 1 1b induces a moment of 274.3 1b-ft at the
foundation center. As in Step 2, the values of d and u were obtained
with the level and the transit (at the static load u, d and h were

assumed to be 0). The results are as shown in Table 3.
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At the beginning of Step 3, after the application of the horizontal
load of 2000 1bs to the top of the foundation (and the related vertical
load), a crack in the sand on the surface between the soil and the back
of the foundation was observed to have formed. Before this first crack
appeared, none was observed to have formed, and although no special
attention was given to crack formations, no crack was probably formed
before this time, as seven persons present near the location of the crack
did not perceive the crack formation. As the loads increased, the crack
widened. Although the crack widened at each load increment, a total
collapse did not occur even at the final load (Table 3).

Determination of the location of the rotation center of the block
foundation. From Fig. 28 and the recorded horizontal and vertical
movements of the top of the foundation, the values of ch and Yrc can be

computed as follows:

- . d _d

Xpe =PO=qo=*PQ= g9g*D (4.4.1)
_d+u

tana = =3 (4.4.2)
=y

tang = ¢ (4.4.3)
- h

ar = Y (4.4.4)

D-X
CoSy = ———;—ﬁg (4.4.5)
Yrc = rsiny ’ (4.4.6)

Sample calculations are included in Appendix B. The computed values
are tabulated in Table 4. The "static" Toads and moments (Table 4) are

caused by the weight of the frame, leverarms, etc.
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Figure 28. Rotation of the Block Foundation
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Horizontal movement of the top of the foundation. The values of the

the horizontal movement h of the top of the foundation have been computed
from Fig. 27 (at the "static" load, h was assumed to be 0).

h = R(B.

i - 81) where R = 15.63' and g = 51°14'

The recorded values of 8. give the subsequent values of h. The tabulated
values of h versus the total moment acting about the center of the base
of the foundation are presented in tabulated form (Table 5), and are
plotted fn Fig. 29. The curve in Fig. 29 was obtained by a quadratic
least squares approximation. The crack observed between the soil surface

and the concrete was measured and is alsc tabulated in Table 5.

Table 5. Horizontal Movements of the Top of the Foundation

Total Moment

Acting About the Horizontal Width of the
Center of the Movement of Crack Between
Bottom of the the Top of Soil Surface
Load Foundation the Foundation and Concrete
Increment (1b-ft) Angle h (mm) (mm)
1 32,210 - - ~——
2 43,180 51°14' 30" 0.692 ~——-
3 54,710 51°15" 1.386 ——
4 68,710 51°16' 30" 3.464 -
5 _104,970 51°22' 11.086 10.9
6 117,800 51°24' 30" 14,551 15.1
7 139,470 - 51°31" 30" 24.251 24.8
8 161,140 51°42' 38.802 36.3
9 182,820 51°52' 52.660 50.0
10 204,490 52°02' 60.518 61.0

Strain gage measurements. To measure horizontal soil pressures at

arbitrary "points" at the side bearing walls and at the base of the



58

foundation, strain gage boxes, each containing two strain gages were used
(Figs. 22, 23 and 24). To check the computed tension in the cables,
obtained by the system of leverarms (Figs. 20 and 21), a device
containing one strain gage was placed in each cable. The connection
system is described in the first step of Section 4.3. Due to an error in
the assumptions of the system, the system did not produce usable results

as explained in Appendix C.

4.4.1 Determination of the Ultimate Moment Resistance

Fig. 29 shows that failure is not indicated by a "sudden" increase
in the horizontal reflection of the top of the foundation. The
load-deflection curve (obtained by a quadratic least sguares
approximation) showed a peak strength of Mu = 196,200 1b-ft for

- M
h = 65.6 mm (EF = 0).

The rotation center and horizontal movement of the base of the

foundation. It was mentioned in Section 3.4 that generally the maximum
friction forces at the base of the foundation are too small to restrain
the base from siiding backwards, and that the development of passive soil
‘ pressures at the bottom part of the rear vertical face (as the bottom
part rotates backwards) ensure the equilibrium of the forces in the X
direction. This would mean that the rotation center is above the base of
the foundation. The test results show, that for this particular case,

the rotation point is above the base.
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CHAPTER 5
COMPUTER PROGRAM
An analysis of the side bearing block foundation was made using a
computer program called "ANSYS," an engineering analysis program based on

finite elements.

5.1 Discussion of the Model/Results

Finite element mesh. To design the finite element mesh, compromises

had to be made so that sufficiently accurate results could be obtained
with computer runs of reasonable run time. The smaller the elements the
more accurate the results, but the more time is needed to run the
program. Several trials had been made before the choice for the mesh was
determined. The mesh which was chosen had smaller elements where stress
concentration was expected, and larger elements far removed from regions
of stress concentration which would not significantly influence the
accuracy. The elements which were used were still too large, but the
average time to run the program was already up to seven days. The
reasons for the time needed was as follows:

- The ANSYS program is resident in the PRIME 400 computer (not
sufficiently fast).

- After the yield stress is exceeded, the incremental loads at the
successive load steps have to be sufficiently small. If the change
in the load is too great, a "fictitious permanent set" is prodﬁced
which cannot be removed by the corrective iterations of the program
(ANSYS: Examples 8.6). In ANSYS, the Toad increase should not

exceed .05P or (ET/E)P, whichever 1is greater (where ET = tangent
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modulus of the most highly stressed point and E = Young's modulus)

(ANSYS: Theoretical Manual 4.1.2). Also, the load increase should

not induce a "great" plasticity ratio which is the ratio between the

plastic strain increment and the elastic strain. As an example,

ANSYS suggests a value for the plasticity ratio of 3 (ANSYS 2.30.5)

but no fixed number is set for specific materials.

For the chosen mesh, 115 load steps were needed and for each load
step an average of 3 corrective iterations were needed. The 1load
increase was still too great and "permanent set" was produced, but the
time to run the program was already too long. For the element aspect
ratio (base to height), the findings by Kulhawy (21) were taken into
consideration which state that for "soil" problems, a ratio of five in
the region of stress concentration, and a ratio of ten away from it, was
found to not seriously affect the results. In this solution, the aspect
ratio of the soil elements near the concrete foundation was chosen to be
two and one-half and, away from the foundation, the aspect ratio was
taken as two (Fig. 30).

The mesh boundaries and boundary conditions. The locations of the

mesh boundaries and the boundary conditions had to be determined in order
to have negligible influence on the problem. After careful
consideration, the boundaries and boundary conditions as shown in Fig. 30
were considered to be sufficiently appropriate.

Type and dimensions of the element. For the two-dimensional

analysis, two-dimensional isoparametric sclid elements with a constant
thickness of one inch were used (stif 42). A three-dimensional analysis

would require more than the seven days (average) to run the program once.
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ANSYS 1is resident in the PRIME 400 computer (not sufficiently fast for
this problem). Stif 12, type 3 (a two dimensional element) was chosen
for the interface elements (placed along the boundaries of the soil and
concrete) with zero stiffness; interface elements with zero stiffnesses
were needed to connect the concrete elements to the cohesionless soil
elements which would "otherwise" sustain tension. Stif 12, type 2 was
chosen to the other interface elements sustaining compression.

Elastic modulus, stiffness of interface element and Poisson's ratio.

The elastic moduli for the soil elements were determined by lab tests
(Appendix A); for the cohesionless loess soil, the elastic modulus before
the yield stress was reached, was assumed constant at 2,200 psi and for
the cohesionless sand soil, was assumed constant at 10,000 psi. As the
cohesionless loess and sand are incapable of sustaining tension, the
elastic modulus had to be changed to near zero in the direction where
tension occurred (average element stress) at the ultimate loads and the
problem reanalyzed. After the first run (run until the ultimate load was
reached), 61 loess elements and 38 sand elements had to sustain tension
in the x or y direction, or in the x and y direction. The elastic modulus
for these elements was changed to .001 psi in the direction in which the
elements had to sustain tension. This procedure was repeated until at
the fifth run only three loess elements and two sand elements showed
positive average element stresses, and the results of this run were
accepted as the final one.

The Poisson ratios for loess and for sand, were assumed to be 0.25
and 0.35, respectively. Those values were obtained from tables (3) as

functions of 4.
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For the two-dimensional interface elements (stif 12), the analysis
is nonconservative. For those interface elements which had to sustain a
tensile force the stiffness was set to zero. The stiffnesses of the
“noncorner” interface elements are two times the stiffnesses of the
corner interface elements.

Yield stresses and bilinear stress-strain curves. For the loess and

sand elements, yield stresses were assigned based on the Rankine theory
for soil pressures. The nonlinear stress-strain relationship for the
soil was simulated by a bilinear curve. The first segment covered the
range of stresses up to the yield stress, after which the slope changed
to almost horizontal (.001). It was assumed that the yield stresses
followed the hydrostatic pattern of the soil pressures based on Rankine's
theory, Yy(Kp - Ka)’ Since the yield stress for each element (having a
finite height) was constant, the linear distribution of stress could not
be maintained. This caused different yield stresses to be assigned to
seven adjacent layers. (For the elements near the concrete elements,
each layer was subdivided into three sublayers [see Appendix DJ.)

The gross ultimate bearing capacity of the soil underneath the
foundation was 21,480 psf (Appendix A); the ultimate moment resistance
was assumed to occur when the yield stress in each of the soil elements
adjacent to the interface elements was "exceeded," and the ultimate
bearing capacity at the bottom of the fourdation was reached.

Friction. The friction coefficient between the base of the concrete
foundation and the underlying sand layer has been calculated as 0.57 in

accordance with Bowles (2), who recommerds tan(.667¢) for cohesionless
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soils (¢ = 45° for this case). The friction coefficient between the
concrete side bearing wall and the sand was also taken as 0.57.

Considerations of plane strain and plane stress. If the foundation

walls were "infinitely" long, as in the case of long stiff retaining
walls, there will be only a deformation of the soil elements in the X and
Y directions and the condition of plane strain is satisfied. As the
walls of the block foundation are not infinitely long, the soil elements
will also deform in the Z direction and in this case the condition of
plane stres; is satisfied. The plain stress assumption for the
foundation problem was thought to yield sufficiently accurate results.
Load steps. One hundred-fifteen 1qad steps were needed to obtain
the ultimate moment capacity of the foundation. The first load step was
chosen so that the stress in one of the elements was slightly greater
than the yield stress (ANSYS: Examples 8.6). Subsequent load steps were
then needed to arrive at the ultimate loads. The ultimate loads were
assumed to have been reached when the yield stresses for all the soil
elements adjacent to the interface elements (at the side bearing walls of
the foundation) were "exceeded." The increase of the loads in succeeding
load steps had to be sufficiently small, as explained previously. An
average of three iterations at each load step was needed to achieve
"convergence" (the iterative procedure consists of successive corrections
to a solution, until equilibrium under the total Toad is approximated to
some acceptable degree). The increase in the loads for succeeding load
steps had to be very small, as explained in the discussion for the finite
element mesh, and was taken as .05P (ANSYS 2.27.1), and, after the 70th

load step, was taken as .006P. The reason for this change in the rate of
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the Toad increase was that, with a load increase of .05P, the increase of
the plasticity ratio at the beginning of the load steps was sufficiently
small (about .009). However, the rate of increase of the plasticity
ratio increased with the increase of the total load, producing a
"permanent set.” This rate of increase could only be decreased by
lowering the rate of load increase.

Others. Ultimate moment resistance and vield stresses. As can be

seen from the results of the 115th load step (Appendix E), the yield
stresses in the soil were considerably exceeded, although the- ANSYS
program was supposed to "hold" the soil stresses at the yield stresses
(when the yield stresses were exceeded). The reasons for the occurrence
were:

A. The rate of load increase was toc high, and at each increase
when the yield stress was exceeded, the following corrective
iterations could not remove the error (ANSYS: Examples 8.6).
The rate of the load increase should therefore be decreased;
however, more time would be needed to run the program.

B. At the boundary of two elements with different yield stresses,
the yield stresses influence each other. Each layer was
divided into three sublayers (with the same yield stress). If
the layer was subdivided into more sublayers, the "error" would
be smaller. But this would mear an increase_of the number of
elements and an increase of the running time of the program.

With the input used in ANSYS, one run took an average of seven days,

and a further change in the present input was found unworkable.
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The ultimate moment resistance was predicted to occur when the yield
stresses in all the soil elements adjacent to the interface elements at
the side bearing walls were "exceeded," and the bearing capacity at the
bottom of the foundation was reached, the latter being 21,480 psf
(= 149 psi). At the 115th load step, the soil stresses (for some of the
elements near the side bearing walls) were increasing at a rate of about
3 percent. As the soil stresses were already considerably above the
yield stresses, this rate of increase, for a succeeding load step, would
produce greater inaccuracies in the results. The soil stress at the
utmost front of the base was 4,050 psf, not yet near the ultimate bearing
capacity. However, for the reason mentioned before, the ultimate moment
capacity of the foundation was assumed to have been reached at the 115th
load step.

The distance between the forces of the couple acting on the top of
the foundation is 18 inches (Fig. 30). At the ultimate moment capacity
of the foundation, the "couple forces" acting on the top of the
foundation were equal to 1,572 1bs, and the horizontal force H acting on
the top of the foundation was equal to 111.9 * 36 = 4,028 1bs.
Mmax =1,572 * 18 * 36 = 1,018,656 1b-in = 84,900 1b-ft. Mu is needed

for practical reasons and found to be Mu = 84,900 + H * 7 = 113,100

1b-ft.
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CHAPTER 6
DISCUSSION AND COMPARISONS
For the derivations of practical design equations the following will
be compared:
A.  The results of the preliminary design equations.
B.  The results of the data from the full-scale field test.
C. The results of the finite element approach using the computer

program ANSYS,

Table 6. Values of the Ultimate Moment Capacity

M
u
(1b-ft)
Preliminary design equations
(Equations 3.2 to 3.8) 109,500
Preliminary design equations
(Equations 3.2a to 3.8a) 198,150
Field test 196,200
Finite element/computer program 113,100

The Equations 3.2 to 3.8 were for the original Rankine values while
the Equations 3.2a to 3.8a (Section 3.5) were for 2% times the lateral
earth pressures based on Rankine's theory.

The ultimate moments in Table 6 were for the same vertical load
V = 19,110 1bs, but for different Tlateral loads. For the design
equations H = -10,980 1bs, for the field test H = -10,980 1bs and for the
finite element computer program H = -4,030 1Ibs. It was found in

Section 3.6 that the ultimate moment for H = -10,980 lbs was only 5%
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higher than that for H = -4,980 1bs (for a constant V = 19,110 1bs).
Therefore, a comparison is possible between the moments in Table 6.

Field test. The field test showed that (for a vertical load of
approximately 19,110 1bs and a horizontal 1load of 10,980 1bs) the
ultimate moment resistance is 196,200 1b-ft (Section 4.4). This value
was obtained from the curve in Fig. 29. This value is about two times as
large as the value for the finite element/computer program and the value
for the design equations (for the maximum soil pressures equal to the
soil pressures based on Rankine's theory).

Computer program. The results showed Mu to be 113,100 1b-ft, about

one-half the ultimate moment obtained from the field test. This was to
be expected, as the yield stresses were obtained from the lateral soil
stresses based on Rankine's theory and the friction forces at the walls
parallel to H were neglected.

Preliminary design equations. In Section 3.3 the ultimate moment

resistance for the maximum soil pressures equal to 1 and 2% times the
lateral pressures based on Rankine‘s theory have been computed. As can
be seen, the results for 24 times the pressures based on Rankine's theory
are approximately equal to the results from the load test. This is
principally caused by the three-dimensional arching effect (Section 3.5).
Another factor contributing to the magnitude of the "correction factor"
for the lateral pressures based on Rankine's theory is the friction at
the walls parallel to H. For piles (Section 3.5) Broms (5) assumed a
correction factor of three and Downs {10) observed that a correction

factor of five or more was needed.
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In Section 3.5 the "arching effect" was discussed. It was expected
that an infinitely long wall would not be affected by the "arching
effect" and that the arching effect would be influential for a "narrow"
wall,

However, the area of the walls parallel to H determines also the
magnitude of the resisting moment and the magnitude of the correction
factor.

Therefore, the design equations 3.2a to 3.8a (Section 3.5), based on
lateral pressures equal to 24 times the pressures according to Rankine's
theory are only valid for prismatic block foundations having a square

. L _7
base and a ratio of D~ 3
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CHAPTER 7
CONCLUSION AND RECOMMENDATIONS
7.1 Conclusions

7.1.1 Reljability of the Design Equations

For a prismatic block foundation with a square base: B =D = 3 ft
and L = 7 ft, it was observed that the lateral earth pressures based on
Rankine's theory had to be multiplied by a "correction factor" of 2% to
obtain an ultimate moment approximately equal to that obtained from the
field test. This factor is incorporated in Ecuations 3.2a to 3.8a
(Section 3.5). This correction factor is only valid for a block
foundation with the above-mentioned dimensions. This has been discussed
in Chapter 6. For better accuracy, the ultimate moment has to be
confirmed by more tests at the same site for block foundations with the
same dimensions to obtain a more exact coefficient for the lateral earth
pressures., For other dimensions or other types of soil or other

densities the correction factor would be different,

7.1.2 Rotation Center

From the results at Section 3.5 it is seen that Yrc and Mu increase
if the lateral force increases (Sections 3.5 and 23.6). The increase in
Mu is relatively small., The values of the rotaticn center are tabulated
in Table 7 (for loading conditions as in Section €;. As can be seen, the
rotation center is above the base. Yrc obtained by the three methods

compared well to each other.
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Table 7. Comparison of the Location of the Rotation Center

Ve Xpee

(ft) (ft)
Design equations (Equations 3.2a to 3.8a) 5.47 0.59
Field test 5.0 1.3
Finite elements/computer program 4.89 0.32

For the design of side bearing biock foundations the existing
literature showed that assumptions were made about the location of the
rotation center:

a. Simpson and Edwards (31) discussed two methods used in Great Britain
(Section 2.1.3). In the first method the rotation center was
assumed to be at a depth %L; in the second method the rotation
center was assumed to be at a depth 7 + (E_%_Z)’ where Z is the
amount of top soil to be neglected.

b. Caquot-Kerisel (6) discussed a French method used in Germany. The
rotatién center was assumed to be at the base.

c. Seelye (28) assumed the rotation center to be at a depth %L.

The results from the design equations, field test and finite element/

computer program are Yrc = 0.78L, 0.7iL and 0.7L, respectively. For a

"large" vertical load however, the rotation center should be at the base

(Section 3.4).

7.2 Recommendations

, The results and conclusions of the oresent study have led to the

following suggestions for further studies ‘n this area.
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7.2.1 Field Tests

a. The correction factor of 24 for the Tateral earth pressures based on
Rankine's theory (for a prismatic block foundation with a square
base: B =D =3 ft and L = 7 ft) has to be confirmed by more tests.
For the same dimensions, tests are required for the same physical
conditions (density of backfill, etc.).
Tests are also needed to determine the influence of the density of
the backfill and the influence of the soil in situ (surrounding the
backfill) on.the correction factor.

b. The correction factors have to be determined for foundations with
different B, different % and different % ratios, since the
three-dimensional arching effect and the friction at the walls

pafa]]e] to H affect the magnitude of the correction factor

(Section 6).

7.2.2 Computer Program/Finite Element Formulation

The input to the program was based on a bilinear stress-strain curve
(Section 5.1), a simulation of the nonlinear stress-strain curve of the
soil. A two-dimensional (stif 42) plane stress element with unit
thickness was used. The frictional forces at the walls paraliel to the
applied forces were neglected, since the analysis was two dimensional.

For more accurate results the following is recommended:

A) A three-dimensional analysis, taking into account the

frictional forces at the walls parallel to the horizontal

action forces.
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The load increase should be taker smaller, as has been pointed
out in the discussion for the finite element mesh
(Section 5.1).

An analysis should be made with a more sophisticated stress-

strain relationship for the soil.
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APPENDIX A
SOIL LAB TESTS AND APPLICATION OF THE DESIGN EQUATIONS
The following soil tests were performed
a. Sand cone test - to determine the density
b. Direct shear test - to determine the angle of internal friction
c. Compressibility test - to determine the elastic modulus
The following were obtained:

For the backfill (sand):

Qg = 45

v, = 94.5 lbs/ft’

ES = 10,000 psi

v = 0.35 (tabulated)
For the soil in situ (loess):

QL = 28

y_ = 113 1bs/ft’

EL = 2,200 psi

v = 0.25

The ultimate gross bearing capacity was determined by using 3.13

(Section 3.4).

be = CNEE g * AN EEqq * BN EE o

c = 0; for ¢ = 28°:

g

N =14.72 and N_ = 16.72 (37)
q Y

from a table (37):
Eq = 1.531; EY= 0.6
and the depthfactors:
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£ =1+ 2tane(1 - 2sine) tan~12 = 1.349

qd B

fva =1

Ope = (7 % 94.5) 14.72 % 1.531 * 1.38g + 3 * 94.5 * 16.72 * 0.6
%e = 21,480 psf

In Section 3.5 the equations were applied to the test foundation.
As had been discussed in Section 3.5, three equations (Eqs. 3.5, 3.6 and
3.8) are available with two "fixed" unknowns, ch and Yrc' The third
"optional® unknown in this case is M . , as L, D, and B are known

quantities. For the data in Section 3.5, ch, Y. . and Mmax are computed

rc

as follows:

Sample calculations for Load Case I (see Section 3.5):

2V
- . tot _ 2 * 19,110 _
(Equatlon 3.5). ch o,bc = m = 0.593 ft
(Equation 3.3): H, = 3vBYZ (K - K.) = 22:2(3 * 5.656Y2 ) = 801.74Y2
2 rc 'p a 2 rc rc
(Equation 3.4): Hy = -41B(K - Ka)(L2 - ch) = -39,285 + 801.74Y§C
(Equation 3.2): H = -w__ = -0.57 * 19,110 = -10,893 Tbs
(Equation 3.6): H + Hl,max + H2 + H3 =0
4,980 - 10,893 + 801.74Y§C - 39,285 + 801.74Y$C =0
Y. = 5.87"

Equations 3.3, 3.4 and 3.7 give:

H2 = 27,579 1bs H3 = -11,706 1bs Y3 = 0.546 ft

Substituting ch, Yrc’ HZ’ H3 and Y3 into Equation 3.8 gives:
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2y i X
= rc = D _rc
Mpax = ~HL * Hy(L = —==) - Ha¥g + (5 X Iz - =)
M = -68,762 Tb-ft
M= Mo+ HEL
M, =M = -103,600 1b-ft

The results for Load Case I and _oad Case II are presented in

tabular form (Table 1).
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APPENDIX B
CALCULATIONS OF THE MOMENTS AND LOADS
ABOUT THE BASE OF THE FOUNDATION
AND OF THE LOCATION OF THE ROTATION CENTER

Sample calculations for Step 2: Application of a load at box 1 and
the resulting loads to the foundation.

As had been explained in Section 4.4, a vertical weight of 1 1b
produces a vertical load of 16.5 1bs at the center of the foundation and
an additional moment of 115.7 1Tb-ft (the magnification ratio of the
vertical load is 16.5 and for the moment = 115.17).

For load increment 1, the load of 71 1bs in box 1 induces a Qértica1

load and moment at the foundation equal to:

v

b1 16.5 * 71 = 1,170 1bs

M 115.17 * 71 = 8,170 1b-ft

bl
Table 2 gives the values of load increment 1 through load increment 4 of
Step 2.

Sample calculations for Step 3: Application of a load at box 2 and
box 1 and the resuiting loads to the foundation.

For box 2, the magnification ratios for the vertical load, the
horizontal load, and the moment are: 8.51 1b/1b, 15.35 1b/1b and
274.3 1b/1b-ft, respectively. For load increment 5 with vertical loads

of 397 1bs in box 1 and 130 1bs in box 2, the resulting loads are as

follows:
For box 1:
Vyq = 397 * 16.5 = 6,550 1bs
Mbl = 397 * 115.17 = 45,720 1b-ft

For box 2:
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Vb2 = 130 * 8.51 = 1,110 1lbs
Hb2 = 130 * 15.35 = 2,000 1bs
sz = 130 * 274.3 = 35,660 (zcting at the base of the

foundation)

and the total values for box 1 and box 2 at load increment 5:

Vtot = 6,550 + 1,110 = 7,660 1bs
Htot = 2,000 1bs
Mtot = 45,720 + 35,660 = 81,380 1b-ft

Table 3 gives the values for V, H, and ™ for load increment 5 through
Toad increment 10.
Sample calculations for the location of the rotation center:

For load increment 5, from the recorded data (Table 4) (see also

Fig. 28):
d=4.0mm u = 3.5mm _h = 11.086 mm D = 36" R = 15.63 ft
. _d .
ch = d—I—G D (Equatmn 4.4.1)
X = o223 =1.6 ft
rc 7.5
. _d :
tana = o—— (Equation 4.4.2)
tana = 7.5 . a=0.001094 rad
(3 * 12)2.54 * 10 ’ :
‘tang = % (Equation 4.4.3)
_ 3.5 _ o
tang = 11.086 = 19.8369
_h .
= 2 0sE (Equation 4.4.4)
h 11.086

F = 3cosg ~ 0.001094c0s19.8369

1417.3 mm = 4.65 ft

-
]



cosy

COSY

1]

YPC

YPC

The results are

D - ch
r
},'%g .y = 72.478
rsiny
4.65 * 0.9536 = 4.434 ft

tabulated in Table 4.
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(Equation 4.4.5)

(Equation 4.4.6)
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APPENDIX C
STRAIN MEASUREMENTS AND COMPUTATIONS OF SOIL PRESSURES
The following is a discussion of the approach used in the strain
gage indicator recordings and the resulting errors in the computation of
the soil stresses.
As had been mentioned in Section 4.3, the objectives of the system
of connection of the Wheatstone-bridge circuit (Fig. 25) were:
a) to measure axial strain,
b) to eliminate bending strain, and
c) to achieve temperature compensation.
As explained in Section 4.3, objective b was achieved. However,

temperature compensation was not accomplished. For a balanced bridge

(Fig. 25),
. fo
Rg RE

RA and RC’ the active strain gages, were represented by the two strain

gages (Fig. 24) in the strain gage box (placed below the soil surface,

"between" the concrete and the soil). RB and RD’ the "dummies," were
laid on the surface of the ground at the same location as the active
gages and protected by a jacket from direct sunlight. RB and RD were
glued on a round rod of the same diameter and material as the rod used
with the active strain gages. Buring the Tloading process, the
temperature increased as the sun shone and a «cold wind blew
intermittently (with a moderate velocity). As Ry and R. were glued on

the same rod and RB and RD on another rod, the temperature increase of RD

was equal to that of RB’ while the temperature increase of RA was equal



85

to that of RC‘ The increase of the temperatqre of the rod of RA and RC
was supposed to be equal to the increase of the temperature of the rod of
RB and RD'

If this were true, RA/RB would be equal RD/RC’ and temperature
compensation would have been achieved. However, as the rod of the latter
pair was on the ground while the rod of the former pair was in the
ground, the increase of temperature of the latter rod was much les¢s than
the former rod. Moreover, as the wind (rather cold) was blowing
intermittently over the cover of the dummy gages, the dummy gages were
subjected to changing temperatures. The influence of the wind was
noticeable, since a drift in the readings was perceived. The readings
sometimes changed erratically, even at a static load. An electric line
along the road (distance = 35 yards) was at first thought to have been
the reason.

An examination of the results after conversion to soil stress values
showed that .the results were not usable. A few sample readings and
computed soil stresses (at the load where the crack between concrete and
s0il was perceived, i.e., load increment 5 [see Table 37), will be shown

and discussed (see also Fig. 32):

rod diameter = }"

cross section area of the rod = 0.19635 inz
diameter of the pressure face = 5-3/4 inch
2

area of the pressure face = 25.97 in
elastic modulus of steel rod = 29 * 106 psi
The soil at the initial readings were already in a state of stress. If

we take the coefficient of earth pressure at rest for dense sand
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Ko = 0.4, and v, = 119 1bs/ft3, the value of the initial soil stresses at
the walls are: '
vsZ;iKp
and at the base of the foundation:
= 150 1bs/ft3)

Zy (where v

concrete concrete
For boxes 8, 6, 7, 22 and 10 (see Table 7 for readings):

p, = 29 * 105 » (42980 - 4,482y . 1456 &« 4 19635

> 279 1bs (double

sensitivity)

379 1bs

29 » 100 « (32445 : 3,312y + 197 5. 19635

e
]

29 * 100 * (19§—§—§§§) * 107% * 0.19635 = 353 1bs

<
n

159 1bs

P

pp = 29 * 10° » (21,098 - 21,070y + 1076 » (19635

6

6 (30,170

29 * 106 30,095

* 0.19635 = 214 1bs

it

* 107

P

10 2

Dividing these values with the area of the pressure face of the box gives

the stresses (Table 7).

Table 7. Readings and Soil Stresses

Pressure Initial Total
Initial Final at Soil Soil Soil
Box Reading Reading Rod Stress Stresses Stresses

(10-5 in) _(10'5 in) (1bs)  (bs/sg in) (1bs/sq in) (Ibs/sq in)

8 4,482 4,580 279 10.7 7.3 18.0
7 3,312 3,445 379 13.7 7.3 20.8
6 582 706 353 14.6 7.3 21.9
22 21,070 21,098 159 £.2 0.2 6.4

2.1 10.3

[Qu]
~No

10 30,095 30,170 214
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Note: The readings were from Toad increment 5 (Table 3).

The soil stress at box 8 should have been greater than the stress at
box 6; the stress at box 22 was also expected to be greater than that at
box 10 as the foundation was rotating to the left /Fig. 31). The rest of
the data also showed that the computed soil stresses (according to the

readings) were not usable.



Fiqure 31

Location of Strain Gege Boxes at the Foundation
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APPENDIX D
DETERMINATION OF YIELD STRESSES

The yield stresses were calculated based on Rankine's theory for

passive soil pressures (having a linear pressure distribution [Fig. 32]).

Figure 32. Linear Pressure Distribution

The passive soil pressure based on Rankine's theory for cohesionless

soils is:
For sand,
2 1]
= + = K
Pp yytan©(45 2) Ky 3
For ¢ = 45° and vy = 94.5 1b/ft> = 0.0547 1b/in
P, = 0.0547y(5.8284)
P, = 0.31874y
For loess,
P = yytan?(45 + ) = yyK (21a)
p 2 p
For v = 113 Ibs/ft> = 0.0654 1bs/in°, and ¢ = 28° (20)
P = 0.18113y

P
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For practical reasons (computer rur time) the soil at the front and
at the rear of the 7 ft high block foundation was divided into 7 strata,
each stratum having a constant yield stress equal to the average yield

stress at the middle of the stratum (Fig. 33).

For clay:
o, = (0.18113y) 1b/4n2
Stratum 1: o, = .18113(6) - 1.091bs/in?
Stratum 2: 0., = .18113(18) = 3.26 1bs/in?
Stratum 3: 0,5 = .18113(30) = £.63 1bs/in’
Stratum 4: o, = .18113(42) = 7.61 1bs/in’
Stratum §: o5 = .18113(54) = .78 1bs/in’
Stratum 6: o ¢ = .18113(66) = 11.95 1bs/in®
Stratum 7: o = .18113(78) = 14.13 1bs/in?
For sand:
o, = 0.31874y
Thus:
0,5 = 1.91 1bs/in?
9,9 = 5:73 1bs/in
oy1g = 9:56 1bs/in?
oyqq = 13.38 1bs/in’
oy = 17.2 1bs/in’
0,3 = 21.04 1bs/in
Oypq = 24.86 1bs/in?

Each stratum was subdivided into three layers, all three layers having

the same yield stress.
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Figure 33. Average Soil Pressures Based on Rankine's Theory
Note: At the ultimate wmoment capacity, the resulits showed the

location of the rotation center of the block foundation to be
at a depth of about 4.89 ft from the ground surface.

The subdivision of each layer was needed for practicé] reasons and
to lessen the effect that two layers with different yield stresses have
on each other. Two adjacent layers influence each other, and if the
yield stresses of those layers are different, the yield stresses of both

are affected.



APPENDIX E
ANSYS INPYUT AND FIMAL RESULTS

ANSYS
/INT
/PREP? i
/TITLE, MOMENT KESISTANCE OF SIDE BEARING BLOCK FOUNDATIONS
C### THIS IS FOR BASE CORNERS,EACH CONNECTED 8Y 1 VERTICAL INTERF. EL.
C##x  YIELD IS TAKEN INTO CONSIDERATION
C#x# ELEM. NEAR CONCR. SIDES ARE 1/3 FT HIGH
KAN, 8
ETIl"ZlY '3
ET/2:125511,,8
ET,3,12,4,1,,,2

EY,4,425,,3

KRF 1 #PRINT NODALAND REACTION FORCES
KNL» 1 #PROCESS PLASTICITY EFFECTS
TREF, 168

Cxx% TYFE IN THE MATERIAL FROPERTIES
EX,15,2.2E3 xLOESS
EX>16,18E3 xSAND
EX,17,36E5 #CONCRETE
NUXY, 15, 25€-2
NUXY,16,35E-2
NUXY,17,17E-2

C## £ AND NUXY FOR ORTH. ELEM.:
£X,19,.881 $EY,19,18E3 %SAND
EX,21,18E3 $EY,21,.881 #SAND
NUXY,19,8.8
NUXY,28,8.8
NUXY,21,8.08
EX,22,.881 $EY,22,2,2E3 *LOESS
EX,23,.881 *LOESS
EX:24,2.2E3 $EY,24,.001 %¥LOESS
NUXY,22,8.8
NUXY,23,8.8
NUXY,24,8.8
ACEL,8,384.4

C#xx FOR LOESS (1/8 DENS.)

DENS) i, .821E-3
»2,.821E-3
+3,.821E-3
14, .B21E~3
15, .821E-3
26, .B21E~-3
17 -GZIE-3
215, .B821E-3
222, .821E-3
» 23,8
v 24,8

C##% FOR SAND
DENS,8,.818:-$
,9,.818E-3
,18, .818E-3
,11,.818E-3
»12, ,818E-3
»13,.818E-3
+14,,.018E~3
DENS, 16, .81BE-3
? 197 .GIBE-3
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,»28,8
»21,9
Cxs® FOR CONCRETE
DENS,17, .83E-3
C#%% INPUT FOR YIELD PROPERTIES
NPTGEN,1,2,108,58
Cxxs ELAST. MODUL. FOR ELASTIC PORTION OF LOESS AND SAND
BPDATA,EX,1,1,2.2E3,2,.2E3
1EX»2,1,2.2E3,2.2E3
+EX,3,1:2.2E3,2.2E3
JEX,451,2.263,2.2E3
'EX,S5,1,2.2E3,2.2E3
yEXs6:1,2.2E3,2.2E3
+EX,75,1,2.2E3,2,2E3
APDATA.EX,8,1,18E3, 1BE3
EX,%,1,18E3,18E3
+EX,18,1,18E3,18E3
»EX»11,1,10E3,18E3
1EX,1251,18E3, 18E3
»EX»13,1,18E3,18€E3
+EX»14+1,18E3,10E3
MPDATA,NUXY,1,2,25E-2
» NUXY,2,2,285E-2
+NUXY, 4, 2,25E-2
»NUXY,5,2,25E-2
1 NUXY»6,2,25E-2
S NUXYs7,2,25E-2
RPDATA, NUXY,8,2,35E-2
»NUXY,9,2,33E-2
» NUXY, 18,2,35E-2
+NUXY,11,2,33E~2
s NUXY»12,2,35E-2
» NUXY, 1372135E—2
+NUXY,14,2,35E-2
NL>1,13,2 $NL»2,13,2 SNL,3,13,2 $NL,4,13,2
NL,S,13,2 $NL,6,13,2 SNL,7,13,2 $NL.8,13,2
NL,7,13,2 SNL,18,13,2 SNL,11,13,2 $NL.,12,13,2
NL,13,13,2 SNL,14,13,2
NL,1,19,108,150 $NL,2,19,186,158 $NL,3,19,188,158 $NL,4,19,168,158
NL,S5,19,188,158 $NL,S6,19,188,158 $NL,7,19,1808,158 $NL,8,19,108,158
NL.,9.19,188,158 $NL,18,19,108,158 $NL,11,19,18@8,158 $NL,12,19,188,15@
NL,13,19,198,150 $NL.14,19,180,159
NL.1,25,1.089,1.89
+2:25-3,26,3,26
13:25:5,43,5.43
24228,7.61,7.61
»5,25,9.78,9.78
»6,25,11,95,11,95
»7:25+14.13,14.13
NL,8,25,1.82,1.82
19125:5.6:5.6
»18,25,9.1,9.1
»11,25,12.7,12.7
»12,25,16.4+16.4
»13,25,28,28
»14,25,23.7,23.7
C##% SLOPE OF PLASTIC FORTION
NL,1,31.9.09981,08.8081
»2,31,8,60881,08.0881
+3,31,8,0001,0.90081
»4,31,0.08061,0.8081
»5,31,8.,0081,0.0001
+46,31,0.6001,8.8801
»7,31,0.0081,08.3801
NL,8,31.8.8881,8.80881
»9,31,08.00081,08.0001



CEws
Crsx

Coxx

Cxex

Crux

Cx®x

Cx#x

Cuesx

Crxs

+18,31,08.00801,0.8001
»11,31,8.80601,0.0881
212,31,0.90861.8,00881
»13,31,8.0001,08.0881
»14,31,0.0801,0.08001

MUy, 18,.4

TYPE IN THE REAL CONSTANTS

FOR THE CONCR. AND SOIL ELEMENTS
Relst

FOR CORNER SIDE INTERFACE ELEM.
R,2,278,24E5,8,2.8

FORSIDE INTERF.NODES W. STIFFNESS
R,3,278,48E5,8,2.8

FOR B STIFFN. SIDE INTERF.ELEM.
R:4,278,8,-.961,2.08

FOR CORNER BASE INTERF. ELEM. W. STIFFN.
R+5,,13.5€S,0,2.8

FOR BASE INTERF. ELEM. W. STIFFN.
R:6,,27€5,08,2.8

FOR CORNER INTERF.ELEM. W. O STIFFN.
R:7,,0,-.801,2.8

CREATE THE 48% NODES

N:1,8,8 $N,5,96,8 $N,9,144,8 $N-11,164,8 $N,12,173.999,8 $N»13,174,0
N,17,218,8 $N,18,210.861,8 $N,21,248,8 $N,22,252,8 $N,23,276,0
FILL,1,5 SFILL,5,9 SFILL,9,11 SFILL,13,17 SFILL,18,21 $N,342,228,-86
NGEN1774511123111"12 $N,24,132,-4 ’NrZS’l“r" ‘“'281173-9991‘4
FILL,25,28 $N,29,174,~4 $NGEN,2,11,24,29,1,,-4 $N,38,218,-4 $N,31,210.881,-4
N»34,248,-4 $FILL,31,34 SNGEN,2,11,30,34,1,,-4 $M,69,132,-16 $N,70,144,~16
N7731173.999r'16 $N,74,174,-16 ’FILLI7B'73

NGEN,2,11,89,74,1,,-4 $N,75,210,~-148 $N,76,218,883i.-15 $N,79.248,-16
FILL)76779 ’NGEN!2111175179v1),’4 $N,114.132,-28 ’N31151144t'28
N+118,173.999,-28 $N,119,174,-28 S$FILL,115,118 SMNGEN,2,11,114,119,1,,-4
N,128,218,-28 $N,121,210.901,-28 $N,124,248,-28 $FILL,121,124
NGEN12111'1281124711"4 ’N1159'132;'49 $N,168,144.-48

N)163v173-9991‘4a ‘FILL:163)163 $N, 164,174,448 $NBEN,2.11,1591164,1,,-4
N,165,210,-4@ $M,166,210.801,-48 $N,169,240,-40 SFILL, 166,169
NGEN’2111!165v1691111‘4

N-204r132:-52 ‘N12051144t"52 ‘N12881173.999!'52 ‘FILL)2‘5:2’8 ‘N'209:1741‘52

NGEN,2,11,284,209,1,,-4 $N,210,210,-52 thZIIIZl.-.Ily-SZ $M,214,248,-52
FILL,211,214 SNGEN,2,11,218,214,1,,-4 $N,249,132--64 SN, 208,144,-64
N7253s173-999r‘64 $FILL:25@:253 ‘N125471747‘64 ’~B€N7211112491254v1;r-4
N»255,210,-64 $N,256,210.881,-64 $H,259,248,-64 SFILL,256,259
NGEN,2,11,255,259,1,,-4

N»294+132,-76 $N»295,144,-76 $N,298,173.999,-76 $FILL,295,298
N72991174t'76 ‘NGEN:Z:II!Z?‘:Z??:I:I“ #N,388,218.-76 ’N13811219-9011‘76
N>3B4,248,-76 SFILL,3081,384 $NGEN,2,11,388,384,1,.~4 $N,316,174,-84
N,328,218,-84 $FILL,316,328 $N,321,174,-84.881 $M,325,218,-84.061
N'326701’84 ‘N1338)96;'B4 ’Nl333,132,'84 $FILL:321:32§ $FILL,326,338
FILL13301333 $N,334,144,-86 $N1337v174!‘86 ‘N134112191‘86 $N,344,248,-84
NGEN,2,55,271,278,1,,-12 $FILL,334,337 $FILL,337-34] $FILL,342,344
NGEN,2,53,292,293,1,,-12 $NGEN,2,76,271,281,1,,-2¢4¢ $N,358,174,-94
N,362,218,-96 $N,365,248,-96 $N,346,252,-96 $N,307.276,-96 SFILL,358,262
FILL,362,363 $NGEN,3,21,347,367,1,,-12

Cxx% CREATE THE 487 ELEMENTS :
C##% LOESS ELEM.
TYPE,4 SREAL,1 $MAT,22 $E,46,47,2,1 SEGEN,3,1.1
TYPE,4 SREAL,1 $MAT,24 3£,49,50,5,4
TYFE,1 $REAL.1 $MAT,1 $E,58,51,6,5 $EGEN,2,1,4 $£,24,8,7,7
£.52,35,24,7 $£,53,35,52,52 $€,24,25,9.8 $€,35,3£.25,24 $E,53,54,36,35
TYFE,4 $REAL,1 $MAT,24 $E,21,34,22,22 $8,45,67,22,34
TYPE,1 SREAL,1 $MAT,1 $E,45,66,87,67 $E,87,68,23-22
TYFE,1 SREAL,1 $MAT,2 $E,91,92,47,46 STYFE, 4 SKESL.1 $MAT,24

E,

92,93,48,47 $TYPE,1 $REAL,1 $MAT,2 $E,93,94,4%,43

TYFE,4 $SREAL,1 $MAT,24 $E,94,95,56,49 $TYFE,1 SRE=L,1 $MAT,2 $E,95,96,%91,58
TYPE,4 $REAL,1 $MAT,24 $E,96,97,52,S1 STYPE, 1 SREAL.L $MAT,2
E,69,53,52,52 $E,97,80,69,52 $TYFE,4 $REAL.1 $MA™ .24 $E,98,88,%7,97

94
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TYPE,1 SREAL,1 $MAT.2 $E,69,78,54,53 $£,38,81,78,49 $E£,98,99,81,88
TYPE,4 $SREAL,1 $MAT,24 $E,66,79:67,67 $TYPE,4 SREAL,1 $MAT,23 $E.98,112,67,79
TYPE,4 $REAL,1 $MAT,22 $£,98,111,112,112 $TYPE,4 $REAL,1 $MAT,23
E.112,113,68,67
TYPE,1 $REAL,1 $MAT,3 $E,136.137,92,91 $EGEN,S5,1,33 $TYPE,4 $REAL,1 $MAT,24
E»141,142,97,96 $TYPE,1 SREAL.1 SMAT,3 $E,114,98,97,97 $E,142,125,114,97
E,143,125,142,142 $€,114,115,99,98 $E,125,126,115,114
Ei143,144,126,125 $TYPE,4 $REAL,1 $MAT,22 $E,111,124,112,112
E,135,157,112,124 $E,135,156,157,157

E£,157,158,113,112
TYFE:1 $REAL,1 $MAT.4 $E,181,182,137,136 $EGEN,4,1,4%

TYPE,4 $REAL,1 $MAT,24 $E,185,186,141,148 $E,186,187,142,141
E,159,143,142,142 $TYPE,1 SREAL.1 $MAT.4 $E,187,178,139,142
E,188,176,187,187 $£,159,168,144,143 $€,178,171,168,159 $E,168,189,171,17@
TYPE,4 S$REAL.1 $MAT,23 $E,156,169,157,157 $E,188,2082,157,169
E.188,281,282,282 $€,282,2083,158,157 $TYPE,1 SREAL,1 $MAT,D
E:226,227,182,181 $EGEN,4,1,465 STYPE,4 SREAL,1 $MAT,24 $E,238,231,184,183
TYPE,1 S$REAL.1 $MAT,S $E,231,232,187,186 $E,204,188,187,187
£,232,215,204,187
E,233,215,232,232 $E,204,205,189,188 $£,215,216,2085,2084 $E,233,234,216,213

TYPE,4 SREAL,1 SMAT,23 $E,201,214,262,202 $TYPE.4 $REAL,1 $MAT.24
E,225:247,282,214 $E,225,246,247,247 $TYPE,4 $REAL.1 $MAT,23

E,247,248,283,202 $TYPE,1 $REAL.1 SMAT.,6

£,271,272,227,2246 $EGEN,3,1,81 $TYPE.4 SREPL,1 $MAT,24 $E,274,275,230,229

TYPE.1 SREAL.,1 S$MAT,é6 $E,275,276,231,238
EGEN,2,1,85 $E,249,233,232,232 $E,277,268,249,232
£,278,268,277,277 $E,24%,258,234,233 $E,268,261,258,249 $E,278,279,261,268

TYPE,4 SREAL,1 $MAT.24 $E,246,259,247,247
£,270,292,247,259 $E,278,291,292,292 $E,292,293,248,247

TYPE,1 SREAL.,1 $MAT,7

E,326,327,272,271 SEGEN.6,1,97 $E,294,278,277,277 $E,332,385,294,277
E,333,305,332,332 $£,294,295,279,278 $TYPE,4 $REAL,1 $MAT,22

E,385,386,295,294 $E,333,334,386,385 $TYPE,4 $REAL,1 $MAT,24
E,291,304,292,292 $LYPE,4 SREAL,1 $MAT,23 $E,3135,345,292,304

TYPE:4 $SREAL,1 SRAT,24 $E,315,344,345,345 $E,345,346,293,292
TYPE,1 SREAL.1 $MAT,15

E,347,348,327,326 $EBEN,7,1,113

TYPE,4 SREAL,1 $MAT,22 $E,354,335,334,333

EGEN:7,1,128 $TYPE,4 SREAL.1 SMAT,23 $E,361,362,341,348

TYPE,1 SREAL,1 $MAT,22 $E,362,363,342,341 SEGEN,2,1.128

TYPE,1 SREAL,1 SMAT, 1S $E,364,365,344,343 $EBEN.2,1,138

TYPE,4 SREAL,1 $MAT,22 $E,366,367,346,345

TYFE,1 $REAL,1 $MAT,15 $€,368,369,348,347 $EGEN,6,1,133

TYPE, 4 SREAL,1 SMAT,22 $E.374,375,354,353 SEGEN,14,1,139

TYPE,1 $SREAL,1 $MAT,15 $E,J89,398,36%,368 SEGEN,S,1,153

TYPE,4 SREAL,1 $MAT,23 $E.394,395,374,373 $EGEN,2,1,158

TYPE: 4 $SREAL,1 $MAT,22
£,396,397,376,375 $TYPE,1 $REAL.1 $MAT,15 $E,397,398,377,376

TYPE,4 $SREAL.1 $MAT,24 $E,398,399,378,377 :

TYPE,4 SREAL.1 $MAT,22 $E,399,4808,379,378 $EGEN.18,1,143

C=x# SAND ELEA.
TYPE,1 S$REAL,1 $MAT,8 :

E,25,26,10,9 $EGEN,3,1,173 $TYPE,4 SREAL,1 $MAT,21 $E,36,37,26,25

TYPE,;1 $REAL,1 $MAT,8 $&,37,38,27,26 SEGEN,2,1,177 $TYPE,4 S$REAL-1 $MAT,21

E»54,55,37,36 $TYPE,1 $REAL.1 $MAT,B $E,55,56,38,37 $EGEN,2,1,1886
E,31,32,19,18 $EGEN,3,1,182 $E,42,43,32,31 $EGEN.2,1,185

TYFE, 4 $SREAL.1 SPMAT,20 $E,44,45.,34,33 STYPE,1 $SREAL.,1 $MAT.8
E;83,64,43,42 $EGEN,2,1,188 $TYPE,4 SREAL,1 $MAT,20 $E,485,66,45,44
TYPE,4 $REAL,1 SMAT.21 $E,78,71,55,54 $TYPE,1 $REAL.1 $MAT,9

E,71,72,356,35 $EGEN,2,1,192 $TYPE,4 SREAL,1 S$MAT,21
E,81,82,71,78 STYFE,1 $REAL.1 $MAT,9 $E.,82,83,72,71 $EGEN,2,1,195

TYPE,4 SREAL,1 $MAT,21 $E,99,108,82,81 $TYPE.,! SREAL.1 $MAT.% $E,190.101,83,32

EGEN+2,1,198 $E,76,77,64,63

TYPE,4 $REAL.1 $MAT,19 $E,77,78,65,64 STYPE,1 $REAL,1 $MAT,9? $E.78,79,66,465
E,87.88,77,76 $E£.,88,89.78,77 $EGEN,2,1,204 $TYPE,4 $REAL.1 $MAT,19
£,188,189,88,87 $£,189.110,89,88 $EGEN,2,1,287
TYFE,4 SREAL,1 S$MAT,21 $E,113,1146,108,99 STYFE.1 $REAL,1 $MAT,18
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€,116,117,181,1680 $EGEN,2,1,21@ $E,124,127.116-115 $EGEN,3,1,212
 E,144,145,127,126 $EGEN»J3,1,215 $TYPE,4 $REAL.1 $MAT,19
£,121,122,189,108 $EGEN,3,1,218 $E,132,133,122,-121 $EGEN.3,1,221
TYPE,»1 SREAL,1 $MAT,18 $E.,153,154,133,132 $TYPE,« SREAL,1 $MAT,28
E,154,155,134,133
TYPE,4 SREAL,1 SMAT,19 $E£,155,156,135,134 $TYPE,1 SREAL.L1 $MAT,11
E,168,161,145,144 $EGEN,3,1.227 $E,171,172,161,1568 SEGEN,3,1,238
E,189,198,172,171 $EGEN,3,1.233 $E,166,167,154,153 $EGEN,2,1,236
TYPE,4 SREAL,1 $MAT,21 $E,168,1469,156,155 $TYPE.+ SREAL.1 $MAT,28
E,177:178,167,166
EGEN»2,1,239 $TYPE,4 $REAL,1 $MAT,20 $E,179,188.1469,168 $TYPE,1 $REAL,1 $MAT,11
E,198,199,178,177 STYPE,4 $REAL,1 $MAT,20 S$E,1799,280,179,178
TYPE,4 $REAL,1 SMAT,19 $E,288,2081,180,179 $TYFE.! S$REAL.,1 $MAT.12
E,285,206,190,189 $EGEN,3,1,245 $E,216,217,284,285 $EGEN,3,1,248
E,234,235,217,216 $EGEN,2,1,251 $TYPE,4 SREAL,1 $MAT,19 $E,236,237,219,218
E,211,212,199,198 $TYPE,4 $SREAL,1 $MAT,20 $£,212,213,280,199
E,213,214,281,280 $TYPE,4 $REAL,1 $MAT,28 ¢f,222,223,212,211
TYPE,4 SREAL,1 $MAT,21 $E,223,224,213,212 $E,224,225,214,213
TYPE,4 SREAL.1 $MAT.29
E,243,244,223,222 $E,244,245,224,223 STYPE, 1 SREAL,1 $MAT,13
E,245,244,223,225 $E,258,251,235,234
TYPE,4 SREAL,1 $MAT,21 $€,251,252,236,235 $TYPE,4 SREAL,1 $MAT,19
E,252,253,237,236 $TYPE,1 SREAL,1 SMAT,13 $E,261.2482,251,258
TYPE,4 $REAL,1 $MAT,21 $E,262,263,252,2%531 STYPE.4 SREAL,1 $MAT,20
€,263,264,253,252 $TYPE,4 SREAL.1 $MAT,19
E,279,280,262,261 $TYPE.4 SREAL,1 SMAT,20 $E,Z88,281,263,262 $EGEN,2,1,270
TYPE,4 SREAL,1 $MAT,21 $E,256,257,244,243 $EGEN,2,1,272
TYPE-4 SREAL,1 $MAT,28
E,258,259,246,245 $TYPE,4 SREAL,1 $MAT,21 $E,267,2868,257,256 $EGEN,2,1,275%
£,269,278,259,258 STYPE,1 SREAL,1 $MAT,13
E.288,289,268,267 $TYPE,4 SREAL,1 $MAT,21 $E£,289,298,269,268
TYPE,1 SREAL,1 $MAT,13 $E,290,291,278,269
TYPE,4 SREAL,1 $MAT,19 $E,295,294,288,279 $STYPE.4 SREAL,1 $MAT,28
E»296,297,281,280 $EGEN,2,1,282 $STYPE,4 SREAL,L SMAT,19
E»386,387,296,295 $TYPE,4 $REAL,1 $MAT,28 $E,387.388,297,296
EGEN-2,1,285 STYPE,4 SREAL,1 SMAT.19 $E,334,335.387,384
TYPE,4 SREAL,1 $MAT.28
E»335,336,388,387 $£,336,321,309,388 STYPE,1 SMEAL,1 $MAT,14
£,301,302,289,288 $TYPE,4 SREAL.1 SMAT,21 $&,3@2,303,298,289
E,303,304,291,299 $TYPE,1 SREAL.1 $MAT,14 $E,312,313,382,3081
TYPE,4 SREAL,1 $MAT,20 $E,313,314,3083,302 SEGEW.2,1,294
TYPE,1 $REAL,1 $PAT,14 $E,325,342,313,312 $TYPE.4 SREAL,1 $MAT,21
£,342,343,314,313 $E,343,344,315,314 $TYPE.4 SREAL,1 SMAT,19
€,337,321,336,336 $E,337,338,322,321 SEGEN,J,5.388 $TYFPE,4 $KEAL,1 $MAT,28
E,348,341,325,324 $E,325,341,342,342
Cx¥% CONCRETE SELEM.
TYPE,1 SREAL,1 $MAT,17
E,13,29,14,14 $E,48,59,14,29 $E,48,58,59,59 $£.59,68,15,14 $EBGEN,2,1,388
E,38,17,16,16 $E,61,41,38,14 $E£,62,41,61,61 $E.,58,74,39,59 $£,85,104,59,74
E,85,183,184, 1084
E,1084,185,68,59 $EGEN,2,1,318 $£,75,62,61,61 $£,186,86,75,61
E,107,86,186,186 $E,1083,119,104,104 $£,138,147,184,119 $E,138,148,149,149
E,149,1350,185,164 $EGEN,2,1,324 $E£,128,187,184,186 $E£,151,131,128,186
£,191,152,131,131
E,148,164,149,149 $E,175,194,149,164 $E,175,193,194,194 $E,194,195,158,149
EGEN-2,1,332 $E,1465,192,151,151 $E,196,176,165,151 $£,197,176,196,196
£,193,209,194,194 $£,229,239,194,2089 $E,2208,238,239,239 $E,239,248,195,194
EGEN,2,1,348 $E,219,197,196,196 $E,241,221,2198.196
E,242,221,241,241 $€,238,254, 239,239
E,265,284,239,254 $E,265,283,284,284 $E,284,285,2408,239 $EGEN,2,1,348
E,200,242,241,241 $E,286,2646,255,241 $E,287,266.286,286
E,283,299,284,284 $E,319,317,284,299 $£,318,316,317,317 $E,317,318,28%,284
EGEN,2,1,356 $E,380,287,286,286 $E,286,319,31..,388 $£,328,311,319,319
C##% INTERFACE ELENM.
C#%x CORNERS HAVE DIFFERENT STIFFNESSES
TYPE,2 SREAL,2 $MAT,18 $E.,12,13
TYFE,2 SREAL,3 S$MAT,18 SE,28,29 S$EGEM.Z,11,342 $E,57,98 $E,73,74



EGEN,2,11,365 $E,1082,103 $E,118,119 $EGEN,2,11,348 $E,147,148
E»163,164 $EGEN,2,11,371 $E,192,193
$TYPE,3 SREAL.,4 $MAT,18 $E,208,209 $E,219.220 $€£,237,233
£, 233,254 $EGEN,2,11,377 $E, 282,283 $£,298,299 $EGEN,2,11,380
TYPE,3 SREAL.4 S$MAT,18 $E,17,18 $E,38,31 $EGEN.2,11,383 $E,82,63
E»75,76 $EGEN,2,11,386 $£,107,188 $E,128,121 $EGEN,2,11,389
E,152,183 $E, 185,166 $EGEN,2,11,392 $E,197,198 $E,218,211
EGEN»2,11,395
TYFE,2 $REAL,3 $MAT,18 $E, 242,243 $E, 255,256
E 266,267 $E,287,288 $€,300,381 $EGEN,2,11,401
TYPE,2 $REAL.S $MAT,18 $E,321,314
TYPE,2 S$REAL,6 $MAT,18 $E,322,317 $£,323,318
TYPE,3 S$REAL.7 S$MAT,18 $E.324,319 $EGEN,2,1,486

C##x 1ST LOAD STEP
ITER,~5,1,1
TUNIF,106.9
CNVR,.03,,.81,,8

Cz¥x  DETERMINE THE BOUNDARY CONDITIONS
D,1,UX,8,,271,45 $D,326,UX,8,,368,21 $D,389,UX,8,,48%.1,UY
0,23,UX,8,,293,45 $D,346,UX,0,,388,21
F,369,FY,-.081

LWRITE

AFWRITE

FINISH

/EXE313

/INPUT, 27

FINISH

/POST1

FINISH

/EOF

ANSYS

/INT

/PREP7

RESUME

DENS,1,.1695E-3
12, «1695E-3
+ 3, . 1699E-3
14 .1699E~3
15, .1695E~3
161-16’5E‘3
»75.1695E-3
»15, . 1695E-3
1225 .1695E-3
!23:.16955'3
1249 .1695E-3
Cx#% FOR SAND
DENS,8,.1415E-3
»?r.1415E-3
»185.1415E-3
211, ,1415E-3
,12!-14155‘3
»13s . 1415E-3
114, .1415E-3
DENS,16,.1413E-3
71?: .1‘!15E"‘3
»28, .14135E-3
»21,.1415E-3
C##% FOR CONCRETE
DENS,17,,2252E~3
C#xx 8TH LOAD STEP
ITER,-3,1,1
TUNIF.1808.9
CNVR,.83,,.81,,8
Cx#% DETERMINE THE BOUNDARY CONDITIONS
D,1.UX,8,,271,45 $D,326,U%X,8,,368,21 0,389, @,,489.1,UY



2 23,UX.8,,293,45  §D,346,UX,8,,388,21

Fr18,FY,-49.5 $F,14,FY,-289
LUWRITE

115TH LOARD STEF

ITER!“’!:Iyl

TUNIF,188.8

CNYK, .33,,.01,,8
Fr15:FY,~-266 $F,14,FY,-1572
LWRITE

SLOAD, 1

AFWRITE

FINISH

/LGED

/INFUT, 27

FINISH

AFO8TL

STRESS,FY,42,2

SET,115,3 SNLINES, 4088 $FRSIRES

$F,16,F7,28%

$F,16,FY, 1572

EALL SNLINES, 18068 SESEL,ELEM, 361,487 $FREFOK
EALL  SNLINES, 20868 S$NRSEL,NODE, 13,329 $PRDISP
EALL SNLINES, 2088 $ESEL,ELEM,299,384 $FRESTR
EALL SNLINES, 26888 SESEL.ELEM, 122,129 SPRESTR

FINISH
SEQF

COMO -END
Lo

$FL15,FX,-111.9
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SAMPLE OUTPUT FOR SOTL ELEMENT STRESSES (ELEMENTS ADJACENT TO THE

INTERFACE ECLEMENTS, AT THE SIDE SEARING WALLS).

#x#%% POST1 ELEMENT STRESS LISTING #xxsx
LOAD STEP 115 ITERATION= 3 SECTION= 1
ELENM FX FY

Cxx FOR ELEMENTS AT THE FRONT FACE, ADJACENT TO
THE INTERFACE ELEMENTS:

178 -2.7484 =2.3147
178 -2.67%6 ~2.2317
181 ~2.4349 -2.3883
193 -s.5821 ~4.3136
196 6.3%14 ~4.4464
199  -6.8283 -4,3315
211 -18.338 ~4.,4445
214 -~9.8984 ~5.2448
217  -11.618 ~6.3588
229  -13.538 -7.3899
232 -11.418 -7.3908
235 -8.3712 -6.3716
247 -18.88% ~4.8127
258 -5.4487 ~2.1891

253 -0.290@2E-85-8.23471
265 -8.51864E-85 0.14314E-01
268 ©.1181BE-84 8,30758E-85
271 9.83034E-85 9.87548E-0S5
283  8.12609E-84 8.22385E-04
286  8.373936-04 9.43168E-G4
289  8.13115E-83 8.56888E-84
Cx#% FOR ELEMENTS AT THE REAR FACE, ADJACENT TO
THE INTERFACE ELEMENTS:

182 -0.13415  -9.43971€-01
185  6.56896E-01-6.12461

188 -9.21381  -@.21@31

208 -8.13625  -8.24162

283 -9.11380E-81-8.21988

286 -8.19918E-03-8.21743

218 -@.74939€-83-9.25682

221 -8.55827E-83-8.28244

224 9.20083E-81-8.44135

236 -B.31772E-81-8,32655

239 -8.77538E-88-8.37696

242 -8.13895E-81-8.55549

254 -8.27644E-82-8.54918

257 -8.23117E-81-8. 46795

248 -2.20353E-81-8.46662

272 -4.1638 -8.18%961
275 -26.979 ~-8.17992
278 -16.978 8.86977
298 -8.9427 8.88674
293  -13.486 2.85853

296 ~18.584 8.088344
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APPENDIX F
DESIGN OF SIDE BEARING B'OCK FOUNDATIONS

For the design of side bearing block foundations, decisive limits
are needed,

A)  The design loads, obtained by multiplying the loads acting

on the foundation (obtained by applying the factored loads
to the superstructure) by safety factors.

B) The allowable rotation.

The functional requirements of the superstructure determine the
magnitude of the safety factors. The design loads (used to obtain the
dimensions of the foundation from the design equations) are obtained by
multiplying the allowable loads by safety factors. The allowable loads
for the foundation are obtained by applying the factored loads (from
building codes) to the superstructure.

Each structure will have its own specifications for the magnitudes
of total and differential settlements, rotation, etc. The magnitudes of
the safety factors are determined by those specifications. In the
following, a general case is discussed where the bearing capacity and an
allowable rotation of .0025 rad (38) are the only two determining
specified factors.

Design loads. Different safety factors are suggested for the

overturning loads (moment and horizontal force) and the vertical load.

For a square footing and a ratio of % = % (Section 6), a safety factor of

6 is suggested for the moment and horizontal load for cohesionless soils

(Fellenius [16] used a safety factor of S for Taterally loaded piles in

cohesive soils). The suggested safety factor for the vertical load is 2
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for cohesionless soils, in accordance with usual practice for concentric
vertical loads. These safety factors will be applied to Equations 3.2a
to 3.8a (Section 3.5). These design equations are based on the
assumption that the 1lateral earth pressures at the ultimate soil
resistance are 24 times the earth pressures based on Rankine's theory.
Equations 3.2a to 3.8a are used (Section 3.5).

Allowable rotation. The magnitude of the allowable rotation depends

on the functional requirements of the structure. A rotation of
0.0025 rad. is generally allowed (38).

Foundation design. The procedure is as follows:

1) The dimensions of the block foundation are computed using the design
loads.

2) The rotation is then computed by applying the allowable loads to the
foundation. The calculated rotation should be smaller than the
allowable rotation.

The following data are known:

The allowable loads are
H = ~1830 1bs
M= -20,215 1b-ft (at the top of the foundation)
u = 0.57
V = -9,555 1bs
¢ = 45° (sand backfill)
¢ = 28° (soil at the base of the foundation)
vy = 119 1bs/cu ft (sand)
c=10
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= 56 ton/cu ft = 112,000 lbs/cu ft
(coefficient of horizontal subgrade reaction [5])

"h
Computation of the dimensions: The design loads are obtained by
using a safety factor of 6 for the lateral load and moment and a
safety factor of 2 for the vertical load.

Hy = 6 * H

-10,980 1bs

* 7 = 198,150 1b-ft)

=<
i

6 * M = -121,290 1b-ft (Mu =M, - H

D D
V =2 * 9,555 = 19,110 1bs

assume B=3ftand L =7 ft (Fig. 15)

Using Equation 3.6a (Section 3.5) e = 5.47 ft
Using Equation 3.7a, Y3 = 0.735 ft
Ope = 21,480 psf (Appendix A)

Using Equation 3.5a (Section 3.5) ch = 0.593 ft
Using Equation 3.8a, D=3 ft
The dimensions are: L =7 ft

B =3ft

D=3ft
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2. Rotation:

+4
“"F‘ T
y
g
y \ Yrc
\
|
l -
‘.

Figure 34. Soil Pressure Diagram of the Block Foundation

To compute the rotation, the "rigid pile theory" is adopted here and
applied to the block foundation. The additional moment resistance due to
the vertical soil reaction at the base is neglected; the error in the
computed rotation is an error on the safe side.

= * T -
Hl,max 0.57 * 9,555 5,446 1bs

The deflection at the top is assumed to be A. The deflection Ay at depth

Y (Fig. 34) is:

-y
rc
A, = — A
Y Yrc
The pressure at depth y at the foundation is: Py =B Ks Ay
2
Wee =¥

P =B(n, ¥)a = n (——
y h B’ "y h Yrc

YA
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L n, Y L 3
- - _h ,rc L
H2+H3-6Pydy--y—(——2-—- =)a
rc
ZH = 0 gives:
o Yell 3
A A sl ) = H) pax *H T 7,276 (a)
The resisting moment (of the soil) Mres about the groundline):
3
nad L n Y L 4
h 2 h rc L
Moc = JA(yY,.. - y°) ydy = +— ( - 7)8
res vrc 0 rc {rc 3 4
Taking moments about the ground level gives:
3
n, Y L 4
h ,'rc L'y _ -
by—(—F— - 7) = Hy pay ¥ L - M=-17,604 (b)

rc

dividing (b) with (a) gives:

Yrc = 5.88 ft

substituting Y. in equation (b) gives:

0.XK.:

Note:

A .01283 ft, and the rotation

a = ;$12§§ = 0.0022 rad. < allowable rotation (.0025)
rc
The dimensions can be maintained.
The horizontal deflectiona , calculated with this method will
be compared with the deflecticn h obtained from the field test

for load increment 3 and 5 (Table 4).

a. For load increment 3, H = -1,310 Tbs; V = -17,120 1bs; M = -54,710

1b-ft, acting at the center of the base of the foundation. The

moment acting at the top is therefore

M= -54,710 - (-1,310 * 7) = -45,540 1b-ft

Hl,max = -17,120 * 0.57 = -9,728 1bs

as before
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n, YrCLZ 3

A—Y—;-C-(—é——- - -§—) = Hl,max +H = -11,068 (a)
M Yrcl‘2 L4

e - = * - = -

AYrC(__g__ 7) = W pax * L - M= -22,766 (b)

dividing (b) by (a) gives:

Yrc = 5,71 ft

Biotal = .0221 ft = 6.7 mm

The deflection A for the "static" loads (H = -1,310 1bs; V = -3,110;
M = -23,490), calcuiated as before is |

= - * = -
Hl,max 3,110 * 0.57 1,773 1bs

0173 ft = 5.27 mm

Astat
A for load increment 3 is

A=A = 1.43 mm

tot ~ %stat
The field test showed for load increment 3:

h = 1.38 mm.
For load increment 5, H = -3,310 lbs; V = -20,310 1bs; M0 = -104,970
1bs. The moment at the top is

M= -104,970 - (-3,310 * 7) = -81,800 1b-ft

Hl,max_= -20,310 * 0.57 = 11,576 1ibs

Brot = 0.05244 ft = 15.98 mm

A for load increment 5 is

Y T 15.98 - 5.27 = 10.71 mm

The field test showed for load increment 5:

h = 11.086 mm.



106

Note: For cohesive soils, the modulus of subgrade reaction can be

assumed to be KS = §g£ (16), where c is the undrained shear

strength of the clay.



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	


