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ABSTRACT

oo -

Thisfstudy deals with the measurement of normal andsshear
stress distribution at the base of a rigid "rough" footing located in
sand. ' The model footing was|eduipped with six modifieq Cambridge
load cells and the s;nd was deformed under a plain straiﬁ coqﬁition.
The load cells were calibraﬁed under different loadiﬁg conditions

and load maQnitudeq»ﬁfter they had been installed in the féoting

calibration curves for normal point and line loads at different

e !

eccentricities and shear loads are presented - Apperidix A. The
property of the quartz sand wés determined bf a pf;vipua investigator
(ﬁgsnain 1974). A1l footing tests were cqrried out in a large sand-
box and were performed in conjunction witﬁ tests to determine the
bearing caﬁacity factors of footings on or near slopes. The study -
presented here deals exclusively with the calib;atibn of- the, Cam—
bridge load cellsland the measurements of normal and shear stress
di?i;ibutions at different load levels.

o IThe experimental results are also campaged to available

\
theoriea. The relationship between the;applied load and conthct

stresses and the relatiohship between the contact stresses have also
4
‘ : : )

g

been presented graphically.
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CHAPTER 1

¢

INTRODUCTION

1.1 General . - ?'if

Loads are usually transferred from strhctures to the
supportiﬁg soll by means of transition members of which the coﬁmonest
being emplbyéd‘today is the spread .foundation or footing. Thg
dimensiconing a;d the proper calculation of the' strength of these
transition members cannot be accurately accomplished without a full
knowledge of the following:

1. Magnitude of load.

2, Direction and point of: application of load.
3, Deformation of underlying soil, and ‘
4., The reaction pressure causéd by tﬁe load.

In this study, the reaction pressure which is usually the
most difficul; to determine, will be referred to as the contact - -
stresses which cbnsist of the normal stress, eccentricity of the
normai stress and the shear stress: ‘ . ’

When a transition membe;, suc;\as a footing, resting on a
soll is lodded, stresses are developed within the ;oilil Aﬁ increase in
load pioduces.aettlements_under the structute ané.heaQes ground it.

The settlement depé;ds on the compreasibili;y'characteristics of tﬂe
soil and as would be anticlpated, the shape of tﬂé settlement versus
load curve and the elastic properties gf the soil are essential

"

factg;s in the contact stress distribution.

SR
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Usually in the field, there is always some friction between
the footing and the soil. This has been carefully simulated in the

footing provided by gluing somessand on,the footing's surface. As
would be expected, the resultant of the contact stresses would not be

vertical and thus would possess horizontal and vertical components

referred to in this study as the shear and normal stresses, reSpectively.

However, since there_is a large variation in the normal stresa distri-

bution an eccentrieity would be anticipated.

Consequently, the-determination of the magnitudé, direction
and p?int of application of therabove stresges {(contact etteases),has.
* necessitated the construction of a rigid fgoting with six modified
Cambridge cells at the University of Ottgne which will be tested in a
steel box filled with sand at different relative_densities. The pre-
gent study ia part of a large project on the beafing capacity of sand
being undertaken by the Geotechnical Group of the Civil Engineerisg
Department of the University of Ottawa.

Earller exnerimental inyestigationa on Ehe stress distribu-
tion in the contaeE layer between a footing and soil nas indicated thnt
a number of factors affect their nature and shape. Among these fectois

4

are the following:.

/
1) Magnitude of loading under a virgin or reloading couditioé:
+

2) Foundation,depth.
3) Diastance to firm base.
4) Helght of groundwater level,

o

5) Size of foundation.

6) Shape o?/fOundaEion. * _ “\2




7) Rigidity of foundation.
8) Soil density. -
9) Load applicatio£*£AQe.

10) Load application time.

Earliex e;fgrimental investigations with load as the prime
factor indicated that the shape of the normal stress distribution at
the interface between a fontihg and a soil mediﬁm gave opposite
results depending on the type of s0il. The results were predominahtly
concave parabolic distriﬁutiona for clayey soil. On the other hand,
the results for tests in sand gave curves which varied from a con-

’

vex parabolic distribution to w-shaped curves depending on the co-

hesion in the sand and the depth.of embedment of the foundation.

However, the conclusion which can be derived is that, the

. . R
normal streas distribution under a foundation is not uniform. ,;his

might lead to a conservative design in sand and a probable unsafe

i

situation in clay under the presently used design load.

. Experimental investigations have also shown that the
shear stress has a convex parabolic distribution which increased
towards the edges of the footing. Thege edge stresses also increased

as the load increased and decressed as the normal stress decreased,

Theoretical solutions have been proposed by Boussinesq
(1885), Schultze (1961), Sedykh (1964), Schweickert (1964). and

Salvadural (1976). Their results are at best valid for cohesive




materials which exhibit a linear elastic rigid plastic characteris-
tice. Thus, any accurate thgorétical analysis of the contact Bfress
distribution in a granular medium must wait for a proper clarifica-

tion of the effects of the above mentioned factors.

1.2 Statement of the Problem

In this study, the six modified Cambridge load cells,

ey -

ialready installed in the footing, had to be calibrated in their

true operation condition.

9

The' distribution of the contact stresses (normal stress,
the eccentricity of the normal stress and shear stress) under the

centre segment of a rlgld rough strip footing (divided intokphree-
i

. 4
- two feet sectiong) provided with the six modified Cambridge load

cells had to be investigated;

The tests were performed In the University of Ottawa
sandbox with measurements made at the sand surface in order to -
study the effects of virgin loading and density variations on the

stresses at the base of the footing.

As has been enumerated previcusly, the contact stress
distribution depends on a number of factors. Thus, every effort was
made to maintain these factors comstant, with the exception of the

factor belng investigated.

The writer also thought it necessary to obtain the actual

load—~settlement relationship it order that the effect of the stress—

Y

ot
hUY



strain of the.granular medium on the contact stress distribution could
be deduced. )

from an earlier study performed by Doahaﬁ (1975), it was found
cumbersome and time-consﬁmiqg_to use the Kiethly instrument (model 155) -
null detector micrai%lcmeter as a recording device, Thus, a hook-up of /} !
the footing to a multichannel digital strain indicatof'hﬁs ﬁndertakenit
This did almost eliminate the time-lag effect in the strain readingé
for the six modified Cambridge load cells. N

Also, an effort has been made to study and explain the cause
for the existence of the net shé;r forces indicated by Doohan (1975).
Thus, as a first step the detrim;ntal factors introduced by tﬂe experi-
mental arrangement weré eliminated as much as possible. This was brought
about by a modified loading system coupled with a system that spreads
the sand intc the sandbox at constant demsity.

It was also thought necessary to investigate the conclusions
derived by Arthur and Roscoe (1961} on the independence of the values of
the Cambridge load cells calibration. Constants on the nature of
loading (line load, point load and surface load) and if their con-
clusions were also valid for the modified Cambridge cells, especially.
when calibrated as an intggral part of the fﬁoting.

As a minor section of this thesis, the experimental and

theoretical reaults‘have been compared. The graphical relationshlp

between contact stresses anﬂ.appliéd loads have also béen given.
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1.3 Outline of Thesis

The thesis consists of eight chapters in which Chapter 2
gives a review of some of the existing experimental and theoretical
studies. Chapter 3 describes the model footing and its components.

Chapter 4 deals with the calibration of the load cells mounted on

the footing for point lbad, line load and shear load followed by the
mathematical operations necessary for the determination of the load
ell constants. Also in this chapter, the effects of factors such

as load, eccentricity and temperature on the calibration constants

have been elucidated.

Chapters 5, 6 and 7 deal with the footing tests in the
sand box, the results and finally the analysis of Epe results and
subsequently the computations for the normal stregs, shear stress

] .

and eccentricity.

The thesis has been concluded by deductions made from the
study followed bj suggestions for further research on the contact

stress distribution between a rigid rough footing and sand.




CHAPTER 2

¥

» . . .
' On account of the mounting interest on the nature and shape

of the distribution of contact stresses, a brief rejiew will be given
here éf some of the model scale and full sgcale expérimenta'that have
been ?erformed.

Some of the available theoretical analysis on contact stress
distribution will also be reviewed. This will be followed.by'a dfé—
cussion in which.the egfecta of the factors enumerated in Chapter 1

will be scrutinized.
d\

2.1 Experimental Investigations

e

. ‘
This review will be subdivided into two sections: (A) model

scale tests, (B) full scale tests.

(A) Model Scale Tests

Kogler and Scheidig (1927) investigated the normal stress
distribution on a 63 cm diameter concrete footing at various depths in~
sand. They obtalned a convex parabola. They also found out that

loading the ground outside the footing, increasing the density of the

soill and using greater foundation depths merely flattened the convexdty

of the distribution. ]

Faber (1933) made normal stress distribution measurements on
a 12" ’ (32.}5'cm) diameter footing in sand. He obtained convex..-

parabolae at deﬁths of 0 em to(?O cm for the normal stress distribution

cergry_ -
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under various magnitudes of load. Some of his results are shown in

Figure 2,1.1.
1

Y
"Ohde (1942) measured the normal stress on a 20 cm x 40\2?
K
board footing on i?nd: He obtained a concave parabola, quite contrary

to the resilts of the researches indicated above.

In 1963, Krivorotov determined the normal stress on 14 o,
20 cm and 30 cm wide footings on dry river sand. He obtained saddle-
shaped distribution whose convexity increasedmﬁith load. He also found
out that a feduction in the density oflthe sand made the saddle-shape

of the curves less pronounced. Typical curves are shown in Figure 2,1.2.

Helenelund (1966), from the work done by Puskala and Schmidt
on a 30.5 cm diameter and 30 cm x 30 cm metal footings, he came to the

conclusion that normal stresses on rigid footings on sandy soills are

‘ e S
fairl§ uniformly distribuped, while in fine sand, the edge stresses

" are higher because of e apparlnt cohesion. He alaoﬁindicated that

the normal stresses in the céntral region of the footing increases

faster than the ed stresses an increase iﬁ load. He also

pointed out that an Yncrease ip/foundation depth and subsoil density

o,
merely reduces 9Lyia;ding-yw and thus increases the edge streases

while an increase in water level reduces the edge stresses because of

the loss in apparent cohesion. -

Kolchi, Akal and Hideo Otsuki (1974) made measurements on a

. 20 cm diameter footiﬁg provided with four semi-conductive tyﬁe pressure

cells, on sandy loam and sandy soils. ' ’ :
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In the former soil, for virgin loading fhey oytained a
normal stress distribution that was almmet uniform ove* the central
region, and thia;uniformity increased with 1pad.f}Thé fringe strésses
which were aﬁaliér than the stresses in the central region were found
to increase with load levels. ﬂqﬁever, on repeated loading, the

fringe stresses were found to decrease parabolically at_lower load

levels. ‘

b4

In sandy soil, a nearly uniform normal stress distribution
was obtained for lower load levels, while the frinée stresses decreased
remarkably at hipher load levels near the ultimgte load oé the gand.
Their results are shown in Figure 2.1.3.°. .

7

In 1972, Hﬂrtikainen reported normal stresgijé;tribution
measurements done at Helsinki University for 112 ‘test loads. The
tests were pexrformed in‘order to determine the effects of load mag- \"
nituae, ground water table, foundation depth and reloading on the
niiﬁai stress distribution. Their results indicated that these factors
affect the normal stress distribution. It was Bhéwn that for Qirgin
loading at the su?fhce of the dry sand that the normal stress distri-
bttion changed from concave to convex as the load increased to ultimate
1ggd. At reloading, the distribution was convex. In moist sand, they

found that the normal stress distribution was concave gnd hardly-

changed with load. - )

3

He also reported that, at lower load levels the shear atressef

Tare higher at reloadiag than at ﬁirgin loading while at’tﬁéir highest )
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loads, the shear stress was equally well distributed both at virgin
' A

loading and reloading conditions,

- Some of his results are shown in Figure 2,1.4.

(B) Full Scale Tests

Burger (1932) made measurements on a.bridge pler founded on

gravelly sand at a depth of 9.3 m. -The pler had eight pneumatic

présaure cells. He obtained a concave normal stress distribution.

However, the applied load was relativéi; small in comparison to the

ultimate load of the soll., His results are shown in Figure 2;1.5.

Siemonsen (1942);measured thé contact stresses on a 3.5 m x
3.5 m square footing prévided with Eaihak.preﬁsure cells, He found
that the normal stress at the edges of thé‘diagonal increased with
load. The highest load was in a range that could produce élastic de-
formation of the soil. - The footing was at =a depth of 8 m and O n :

very dense sand with the ground water table above the foundation level.

' Siedek (1948) invesfig;ted the normal stress distribution
under a 3.5 mx 3.5 m footing having thirteen Maihak pressure cells,
on fine sand below the ground water table. He obtained a concave,
distrib;tion within the load range in ﬁhich he operated. Thg no;ﬁal

stress distribution is shown in Figure 2.1.6.

Muller-Hande (1967) measured the normal stress distribution
under the foundation slab of a Berlin rallway track on coarse sand.
Readings were taken at each stage of conatruction and the authois con-

cluded that:

o

LT S
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(1). The actions between the deformation of the structure
and the foundation soil cann;t be estimated by calculation.’

(2) Tﬁe nature of the transition member base had a notable
role to play on the ;tresa diskribution.

‘ (3) The normal stress digtribution was concave in the

transverse dirgction and convex in the longitudinal direction. .

Muha (1961) qbtained a convex normal stress distribution
undér a 1 m x 1 m footing, provided wikh six pressure cells, on sand.
The shape of the diatribution mig{t be attributed to the high initial
load of 4.0 kp/cm2 which might have caused plastification of the

sand grains.

Bub (1963) investigated the normal and shear stresseﬁ under
a0.8mx2h f;oting, that had twelve Malhak pressure cells and four
calls capable of shear stress measurement installed iﬂ it, in dry
sandy soll. Tests were carried out at the surface and at var;ous\
dephhs._ He obtained a concave parabola which decreased in the central

part with depth and soil density for the normal stress distribution.

The shear stress distribution increased towards the edgés
according to a convex parabola. In the measurements made, the cells
for the normal and shear stresses had to be fitted side by side, thus

the normal and shear stresses were measured at different points,

Muhg and Elmiger (1969) showed that with™heir footing in
sand, ;he shear skress had a concave distributién which increased tb-

wards the'edges and the edge stresses increased with applied load.

F

a



- 18 -

kY

They also found out that the edgedshear stress decreased as the edge
normal stress deefeaae&l | . 7 \\

.Huhs and Bub (1965) used a 0.6 mx 1.2 m foeting, with four
pressure cells that could ﬁeasure otresses in three dimensions em-
bedded.in it, in loose, medium and dense san&. Tests were performed
at the surface and at varlous depths, fhe.weter level was also at';he
3011 surface. Their results showed that a concave normal stress dis-
tribution was obtained under loads that ;aused elastic deformation,
while an unsymmatrieal convex parabola was obtained for failure 1oads.

The shear stress was found to increase eowa;ds the edges. Their

results are shown in Figure 2;1.7.

Leussink,\ Blinde and Abedlmade (1966) made normal stress

distribution measuréménts under four footings A1; A,, By and B,. The

1
footings A, and Aé were 1 m X 2 m each while footings B, and B2 were .
1.5mx 1.5-m. They were all provided with glotzl ﬁressﬁre cells. (‘\\u_
The tests were made in uniform sand at the surface and at different |
depths and the loads were applied in steps up to failure. They found
out that with the soil in the elastic state a concave distribution

prevailed while a.convex distribution was obtained for the plastic

gtate.

2.2~ Model Expefiment

el

An account has been gilven by Borodachev and Tarikov (1972)
. . ~L- -
on‘the uge of an electrical el in tpe solution of contact stress

problems. However, inherent {in their -mode of solutiomns were the

A
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N
following assumptions:

(1) No frictional for%es at the base of the footing.
(2) No 1oéding outside the fboting.

(3) The soll is seml-infinite and elastic.

The procedure involves the application of a voltage at a
frequency that would create a quaai—stat:_ionary electric field in the
conducting plate of the shape of the footing #n the plan. Points.of
equal potential are then plotted by means of a probe. The charge at

the probe point is given by the relationship

s u, - u
ek 1 2
0 = 7 d E 3 2.1
] .
where 0 = surface charge density

£ =’dielectric constant of the plate used in simulating
* the footing |
E = electric field strength
u, = the plates potential
u, = the potential of the equipotential lines
d= distaﬁce between plate and the equipotential line of

tﬁe electric field.

[

6

Subsequently, the normal stress at the point where the sur-
face charge %énaity was determined is then given by
= B - ’ 2.
Pem V0 - i

where Y 1is a scale factor obtained from equation 2.2 after an
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experimental and theoretical comparison of solutions for a circular

ﬁlate, b
’ r )
The authors have sqlved the problem for a square plate with
. ' A
notches as shown in Figure Z;Zbﬂ,and_finally.gave the normal stress

distribution along AB and AK as

oy 2 R R
v ] qb +.a L + ay% + a3ko P. 2.3
- T (x,0) T 7 -~ F
2.,., &4 6
- , - b, + by +b,y° + bay, P -
(v,0) ; F '

/xS - Yg

regpectively, where

. i
P = force on plate
PN

F = contact area of plate

X =
o

Yo °

o N

a = half width of the plate, . R

The coefficients a,s 8y% a,, a3, bp, bl' b2 and b3 arer

obtained by the method of least squares.

It could be concluded fréﬁ their t;sfsreaults that a concave
~ normal stress distribution was obtained which agrees with their assump-
tion of an e}aatic medium (assuming that the shape obtained frém

Boussinesq's theory 1s the ideal), .They also stated that their results

v

might be 5% in error,
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2.3 Theoretical Analysia of Normal and Shear. Stress Distribution

There are few cases of the analysis of contact stress dis- -
tributions at the interface of a rigid footing and a granular medium

in the literature. However, three cases will_be'bited in this thesis.

‘The first case is the method’ﬂé@eloped by Schultze (1961).
He suggested that the normal BLress distribution under a footing can
be calculated by a ﬁPdiCi ds combination of the stress computed from
Boussinesq's equation fpr thq_elastkigéfgte and Prandtl and Buisman's
equation for the plastic ‘state..- This ultimately gives an equ;at:ion for
the elastic—plg? ic state. However, the problem has been considé%ed
in three steps, viz., elastic state, plastic state and elastic-plastic
gtate.

Elastic-State: Boussinesq's equation,lahich giveg a concave
parabolic normgl stress distribution under a ;igid smooth footing

loaded éxially has been adopted.

Thus
P 1
PB(X) E . - Iv.__._i‘.’ 2‘-5
Y 1= (x/a)
where
L] . .
Pa(x) = normal stress discé;butmon S

a = half width of the footing

P = axial load. . °

1
The above equation is_ipdeﬁendent of Youngs modg}us of the

goil and thus valid for surface loading. However, if gives infinite

o
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edge.stresses which invalidates the equation without modification.'

Plastic-State: A fﬁil parabolic distribution - is obtained
at this stage when the soil fails upon.the.application of a ;ertain
maximum load. Under this circumstance the ultim;te bearing capacity
provides‘the normal stress distribution:unger the'footing and is
shown in Figure 2.3.1,,che,distri:butid:i cufve._haa heen-divided into

rectangles and triangles.

" Thus, EJ \} RN

Ps(x) = CNc + YquD + Aayz NY(l - x/a) 2.6

3

One easily realizes that tﬁe factors N are the bearing
capacity factors which aré dependent on the internal angle of friction
of the soll, assumed frictions between the foundation and subsoil,

" the relative density of the soil and the shape of the sliding planes
which in@icate failure; Thus the normal stress is._the sum of three
componenfs according to equation 2.6.

1) -that dye to the apparent cohesion which gives a

rectangular distribution

2} that due to fduﬁdation depth which gives a

rectangular distribution .
and 3) that due to the footing width which gives a tri-

angular (roof-shaped) distribution.

y With equation 2.6 the normal stress distribution at failure

"= load is now compatible with the strength of the soil. The above is

2N

+

U

Mkt @ e =

Y
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however, not valid for the elastic state or the elastic—plasticrssate

which i1s often the situation under a footing,

Elastic-Plastic State: Reality is ;pproached by combining
the elastic state and plastic statg_equations. Under the middle region
of a footing Boussinesq'sﬁdistribution is assumed to be valid, bu;,
the edge stresses cannot exceed the bearing capacity of the soil.

Since for a given load -the stress distribution area must be constant
and the edge stresses not éxceéding the bearing capacity of the soil,
then the stresa must be displaced towards the centre., Thus from
Figure ?Jll,if the distance X from the centre of the footing is taken
as e_point of transition between the elastic and plastic states, then
tie stréss at this point from Boussinesq's (equation 2.5) and Prandtl

and Busiman (equation 2.6) must be ‘the same.

From the above a load P1 > P must be supported at the .

centre of the footing. Then at the transition point

P
1 1 . )
o M e———T € No ¥ Py + dav,N, Q1 = xy/3) 27
1 - (x,/a)
. 1
holds.
**  The shaded area in Figure 23 must be equal’to P/2.
) Thus
P P1 1 dx
7" Ta [ T— L (el by DN vl (Iox/a) dx} - 2.8
) 1-(x/a)* X

1 .

B Y S



P x a .
1 1
= — arc Sin -2+ a(CNc + YlDNq) (1 - xlla) + J I;a‘yzNY(l-x/.a)dx
" x

Py *
= —; arc Sin ——a._+ zal((!Nc + YlDNq) a- xlla)

1

+ eyl (8 ~ %) = bay N (a/2 - x;/23)

Pl xy . _
= — arc Sin = + a(CNc + YlDNq) (1 - xlla)

2 2
+ 2a YzNY - 4aY2NYx1 + ZyzNYxl

Fy *y
— arc Sin Y + a(CNC + 'YlDNq) a- xl/a)

2x1

+ ZaZYZN_-Y{l-— -t (xl/a)z}

PP X ' 2 2
-2-“: h? arc Sin -—a- + a(CNc + ’YlDNq) (l - xlla) 4+ 2a 'YZN (1"7(1/8) 2.9

Equations 2.7 and 2.9 can be solved to obtain Pl and X

and then finally ps(i).

The solution of the above equations have been simplified
by the introduction of constante such that
X

Cl = a(CNc + YlDNq)

2
C2 = 2a Y, v

B = x/a and &y = xlla
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Then equation 2,7 becomes

! 2
| \
and equation 2.9 becomes o ‘\
P P1 ' 2
7 = 7y arc Sia g, + C (1 - El) + C,y(1 - p;l) 2.11

Then putting for Pl in equation 2.11 from equation 2.10 we have

% = Cl[ V1 -‘gi arc Sin gl + (1 - $l)]

+ q2[2 /1- Ei arc Sin gi.(l - El)i+ a- 51)2] 2.1%
=C; . fcl(g) + C, . fczct;l), 2.13
S

where fclggl) =/ 1 - 52

1 arc Sin ;1 + (1 - 61)

fcz(gl) =2/1- z;i arc Sin &, .(1 - 5;) + (1 - gl)z_

A plot of §, va £, (§,) and £, (§.) is glven in Figure 2.3.2
s | ;™1 c, 1" 7% &
whence equation 2.9 can be solved by trial and error.for variocus
values'og El in order to obtain Pl and % and tﬁen finally Pa(x) from

equations 2.5 and 2.6,

The second method was developed by Sedykh (1964) in which'

he proposed a solution in which the plastic zone has been sufficlently

developed but an-air hole, has not been formed in the soil surface,

' L




S - 30- |
that i1s a soll wedge has not been formed. The problem wag solved for

the following conditions and assumptions:

1) Centred load on'}ye foundations,

2) rough foundation base,

3) constant‘vertical diaﬁlacemeﬁt and zefo horizontal
displacement at the base of the foundation for any particular load.

" 4) The displacement paths of tﬁe ;oil colncides with the
slip lines for the plastic zone.

5) An elastic state exists directly under the foundation
base at any load and inveatigationa by Gorbunov-Posadov have shown
that the plastic zonés kgbﬁf the edges of the foundations over a
length not exceeding approximately 0.05 of the width of thé foundation.

| 6) The boundary between the - elaatic and plastic zones have
two sections (refer to Figure 2 33) OA which is notfa 8lip line but
is analogous to a rigid retaining wall with rupture induced by the
passive ylelding of the soil to the right along the second section
ODC. ODC the extreme slip 1+§e of the plastic zone, that is, the
‘logarithmic spiral 0D and the straight section DC.

7) The three stress components along both sides of-the
Boundayy OA are mutually equal while the normal and tangential com-
ponents of stress on both sides of the bouﬁdary‘ODC are mutually equal.

8) The slip lines are directed vertically upwards upon

approaching the boundary OA.

The application of a centred load on a foundatiqh will \
generaily result in a aymmetrical-éontact normal and shear stress

distribution,
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The, normal stress can bE’repreaented by a polynomial of

even numbers

P(e) = a + a,zt-:z + aas“ + .........a?_nez“ 2.14

b :
where a , a,, 8, » + « » 8, are numerical coefficients and £, the
o’ "2 T4 2n

abscissa of points lying on the contact surface AA'. Thesshear stress
%

can similarly be expressed as a polynomial of odd powers

ta S
e(e) = a,€ +agl+a ES + ciires 20:+1

3&" 5 . 82n+1€ 2,15

where a3, 83y Bg « o o - a

ont1 2% numerical cnefficients and €, the

abscissa of points lying on the surface AA'.

The effect of the plastic zone on the elastic zone can be
fully simulated by replacing the plastic zone by a conditional elastic
zone which can be achieved by placing flctitious self-balancing loads

on the plastic zone surface (AC and A'C').

The vertical and horizontal compoments of these fictitious

'self—balancing loads are given by the following relationships:

2 4 2n
3 5 Zntl
q(e) ble + b3€ + b5€ v s e b2n+le- 2.17
where bo’ bl’ b2' b3 . 4 e b2n+1 are numerical coefficients a, €
éhe abscissa of points lying on"AC.or A'C'.
Since these fictitious loads are self-balancing, then
c- ' :
q(e) de = 0 - 2.18

+1
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c

f N ()de = 0 2,19
+1

From the relationship of stresses at any point within
the elastic zone under a flexible strip develdped by Kolosov, the

two dimensional stresses are given by

+1 ) -1 )
o =2 {y J (=€) P(e)de |, j (x-€)“q(e)de
X [Geg) 24921 [(x-€) 2492
-1 -C
c 2 ‘ +1 3
+ (x-£)"q(€)de + (x-€)~t(€) d
y 2 2.2 2 2.2 9
1 [(x-€)"4y7] 1 [GE-8)H4y7]
1 3 ¢ 3
+ J_ (oe) " n(E)de j Geoe) nee) - ge ) 2.20
IR E S0 S L Y TSR
+1 -1
2 3 P(€) 3 (e . .
g == {y f de + y — ——5 de
y T 1 leee?yh? | Taoit?
-1 +1
+y I q(E)zdez z * y* f ?ggrE)z(E; 7 de B
L ey PP ' [aely?)
-1 c : ’ .
+ 32 f (3'3;“(2)2 de + y° J X(‘E)nge)z > &} 221
[(x-€) %4y 1 [Py

=-C
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. ) 2e) r—l
2 (x-g) P(e 2 (x~e)q(€)
{y J de + y° |- de
L tee i1 J - T
c +1
(x-€)9(E) 4o 4+ o3 f t(c)
Yy de
[(x-e) 2y 12 I ey’
o o
3 n(e) de 37 _n(e) de
+ y J + y J } 2.22
Lot | [ae ™)’ ’

i

Y
The above integration is to be perforfi®d with the limits
bbtained by using a footing half width of 1.
The iﬁtegration of the above expressions with the weightj

of the soll borme in mind yields the following expressions:

-

1

2
o, =7 {aOAO.l +ah, Fahd, Tt b By *byByp t o} + Kyy  2.23

2
o =% {aOAOZ +ahj, +ahy, + oo b B, + biBi, + ... vy} 2.24

7 )
rxy=;{aoA03+alA13+....+bB +b.B,. +b 2.25

oB03 T byByg + ByBygl

where K is the coefficient of lateral pressure and y, the bulk
density of the soll,

and AiK and BiK agg functions of the coordinates.

Investigations have shown that the normal and tangential

stress components at the edges of the foundation are zero respectively.
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Thus
‘a  ta,+a, +oag + o.aes +a, = 0 , 2.26
ay + a, + a5 T o 8y 41 0 2.27

Similarly, at the boundary between” the elastic zone and the con-
: i
ditional elastic zone on the surface, that is, at A, C, A' and C'

the fictitious load components are equal'to Zero.

Thus .
b+ by kb, + e +b, =0 . 2.28
by # by b+ ...l thyy =0 2.29
2 4 2n
bO + blc + bAC L + b2n + c =0 2.30
b.c + b.co + b e + + b =0 2.31
l 3 5. . e b 211+1 -

The contact conditions at the base of the foundation

will yield the following expressions

41 e
[ pom@ Al | ao bl
—1 m -C | L - | |
/‘ -3 tlzl) J ) =0 2.32
(o]
and//
+1 o
J (t(€)-n(e)] 1n J‘ET'L de + J ,n{e) 1n J‘rllx? de
-1 ' e _ )
X
LT (1-24) ‘
A+§' =) f P(e) de ‘= 0 - 2.33
0

where M 1s Poissons ratio.
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Thus the determiqation of the contacf stress distribu-
tion reqﬁires.tﬁe determinatiqn of the numerical coefficients a,
and biﬂ The procedure for their determination for a chosen value of
C is as follo%s:
(1) ‘ A certain number of points'K are marked on the contact

surface AA' and then the values of their abscissa.are substituted in

equations 2.32 and 2.33 to give 2K equations.

(é) Further, 8 equations are obtained from equations 2.18,
2,19 and 2.26 to 2.31 giving the boundary conditions of the problem
and the condition of self-balancing of the.assumed fictitious load on
AC and A'C'. . ;

{3) i The boundary between the elastic and plastic zones is
determined for the choéen value of C. On Section OA}T, points are

marked and the values of thelr coorfdinates and stress components sub-—

stituted_in equations 2.23 to 2.25 to give 3T equations.

4) M points are marked on the slip surface ODC and the values

of their coordinates and stress components substituted in

g . =0 Coszx + G Sinza + 1 Sinza ) o 2.34
nt x ' xy

. and

1 3 . _
T ™ E{cy—cx) Sin 2a + rxyCos 20 2.35

to glve 2m equations,
where Gx' qy and Txy dre obtained from equations 2.20 to 2.22 and
is the angle between the x-axis and the tangent to the boundary slip

line at the point in question.
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The above procedure ylelds Z equﬁtions where

Zm=8+ 2K + 2m + 2T _ 2.36

This number of equations should be equal to the number of unknown

numerical coefficients ai and bi'

A typical contact stress distribution by Sedykh (1964) using
thé failure pattern and boundary between the elastic and plastic zone

proposed by Gorbunove-Posgdou (1962) is shown in Figure 2.3.4.

The third is the method proposed by Schweickert (1964) which

glves concave contact stress distributions.

The normal stress distribution in this case has finite edge

values. : T

The expression for the normal stress and shear stress are

as follows:

' Pa(x) = ﬁ%-[l +a G Y

T;(X) = %}Q% tan § (%)mﬂl}Q

o~

normal stress at a distance x from the centre of

where Pa(x) =
the footing

Q = load per unit length of the footing .

b = half width of the footing

n = order of the parabola

q = normal stress at the centre the footing: o+l)

c . " 2b(ntl+a)

- ' (nt+l)

4 stress at the edge of the footi T CYSERY) [1+§]
o = ratio of qq to 9p

o
o
.

s
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Tg(x) = ghear stress at a distance x from the centre of
' the footing
I ) = mobilized friction angles between soil and
footing.

2.4 Discussion

An accurate experimentalrigvestigation into the contact
atress distribution should entail a knowledge éf the factors imposed
during the experiment and the factors that were maintained constant.
Similarly a correct theoretical of the contact stress distribution
should also involve a consideration for these various factors on
which they depend. Thus an account will be given here of the effects:
~f mome of the fartors that have been investigated experimentally <

(rigid facringe on aand). 9

1 Maa'*uda of load:

-~

A. Virgin load: An increase in load causes the sand to move
from the alastic state to the rupture state which consequently leads to
an inrrease 1n the normal stress at the centre of the footing. Thus, a con-
cave normal, gtress distribution pre&éils;during tha:élastiqrstate and a
ronvax normal stress distribution during the plastic state (i.e. at

and beyond the ultimate load of the soil).

-

The shear stress distribution has a shape which is not
affected by the load lévela, excepting that higher shear stresses are

produced by higher loads.

B. Reloading: Under this condition the shape of the normal .

stress distribution under any load has been found to be convex. The




;shear stress distribution under this condition increases with load
and for a particular load, the shear stress under the reloading

condition is greater than that at first loading‘(virgin loading)

2. TFoundation depth: ’ i~
ﬁt-d;}
This has a minimal effect on the contact stresses distribu-
tion when compared to other factors. However, its effect has been a
reduction in the normal stress within the central region of a footing
and consequently a smaller shear stress within the said reglon. At

great depth plastification also occurs within a narrower .edge zone.

3. Soil density:

An increase in the soll density has the effect of reducing
the normal stress within the central region of the footing (Bub, 1963).
The extent of yielding within the edge zone is also reduced, thus

-
leading to higher edge contact stresses (Helenchund, 1966).

4. Moisture state of the soil:

It has been observed that higher loads are required for
wet soills than dry soils to reach failure. Increment in the moisture
content of sand has the effect of reducing the.edge contact stresses
owing to the loss of the apparent cohesion that might have existéd:
in the.s;nd and also a subsequent reduction of the effective wmit
weight of the soil. However, contrary results were obtained by/f/
Hartikainen (1972) from the tests performed ﬁt the gurface and depths.

At the surface the results obtained agreed with the above hypothesis

while at depths the edge contact stresses were found to be higher in

N

——
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wet sand than in dry sand. BHe, however, attributed this lack in con-

formity of results to the effect of foundation depth.

S. Roughness of foundation base:
This yields the shear stress which is felated to the normal

stress through the relationship

§ = N 239

- ¢ .

where, S = ghear stress
U = tangent of the angle'of friction between the
soll mass and féundation base

N = the normal stress.

6. Rigldity of foundation:
~
This 1s an important factor in the nature and shape of the
contact stress distribution.
Y
Usually, the settlement of a soil mass subjected to uniform
load 18 not .uniform. Thus only a flexible footing which can conform
to this settlement will yield a uniform contact stress distribution.
On the other hand, a rigid foundation subjected to a uniform load or
a centrally applied load will lead to a uniform settlement. Thus,
there will be a redistribution of the contact stresses such that this
uniform settlement is maintained. Congsequently, a non-uniform stress
distribution will prevail with higher stresses develbped at the points
i

of small settiements and smaller stresses at thelpoints of larger

settlements. o
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7. Distance to ﬁ;rgfgsse:

This shauld be such that thé alip surface or failure surface
is enveloped within the sand mass. Thu? the distance from the founda-
tion base to the firm baée‘should be at leaat‘twice the footing width
{Schmertmann, 1970). Any distance leés than this would normally lead
to a redistribution of stress which camnot be quantitatively.accounted

for. As would normally be expected this would lead to high contact

stresses. - '
°

Within the limits of the litegature review done there seems
to be no substantial experiments pe?formed to clarify the effects of
size a;d shape of footings, load application time and load application
rate on the contact stresses distribution. However, from the theory
proposed by Schultze (1961) the effects of the above factors wiéhin the
edge zone are pimilar to their effects on the bearing capacity of the
'soil. Thus the edge contact stresses increases with the width of the
foundation and for sand edge contact stress should be higheét for

rectangular foundations followed by éngre and circular footings

- -
R

‘respectively.

M Mmethod of electrical modelling gives an insight into the
nature of the normal stress distribution' that would be obtained under
a foundation. However, the results obtained from the prdcedure would
be true for a foundation resting on the surface of the soii and for the
assumptions indicated. Thus, for a real goil and under normal loading
conditions, a situation of elasto;plas§ic soll would arise, which can-

not be accurately accounted for.
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In Schultze's (1961) theory, conmsideration has been gi;en to
the effects of these factors from the transition points to the edges
of the foundatién (edge zones). It can also be deduced from his
analysis that these factors also affect the distance of the transition
points from the centre line of the foundation. However, the normal
stresses within the edge zones has been given as a modified form of
the bearing capacity equations. Thus the effects of these factors
within the edge zones can be conveniently accommodated in their effects
on the bearing capacity of the soil. Meyerhof (1963), has given
expressions for the correction factors to be used in the bearing
capacity equation to account for shape, depth of foundation and the
angle of internal friction of the soil under plane conditions. However,
the effect of these factors on the contact stress;distribution within
the transition points (elastic zone) in which Boussinesq's equatioﬁ
applies have not been considered. Thus further studies should be

engaged to clarify this.

In Sedykh's theoretical analysis, he has represented the
contact stresses by a set of polynomials of even and odd‘powers of
the coordinateé of points on the contact surface betweeﬁ the foundation
and the soil mass. He has also-made use of the coordinates and
stresses of points lying on the boundary between the elastic and

plastic zones. He has alsc imposed the conditdion of constant vertical

———

displacement, which reduces the foundation to a rigid one, and zero
horizontal displacement. In the solution of the problem it 1s envisaged
that the boundary between the elastic and plastic zones given by

Gorbunov-Posadov (1962) will be utilized.

- ’
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P
A knowledge of th&nrupture surface under the foundation
would involve the effects of the factors enumerated in Chapter 1.
Thus with the above parameters known, the determination of the contact
stresses, is then reduced to the solution of ; set of equations.
‘However, accuracy in the solution of the problem could be enhanced

by taking as many points as possible alomng OA.

At this juncture the writer would like to suggest that for
the determination of the contact stresses under the condition in which
the rupture surface has been fully developed that the value of C
should be B tan® Exp[n/2 tan §], wherg_e 18 as indicated in
Figure 2.3.5 and ¢ the angle of internal friction between the soil

and the foundation.

fﬁ
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CHAPTER 3

DESCRIPTION OF MODEL FOOTING

3‘;,1| Cambridge Cells

3.1.1 General

For an accurate determination of the stress distribution

g
on a soil/structure interface, it is necessary to know the normal

i i
stress, eccentricity of the normal stress and the shear.stress,

Initially, cells were designed to measure normal stresses
and shear stresses separately. These cells were placed side by sgide
for stress measurements. However, this meant that the normal streass
and shear stress were measured at different locations. Thus the
relationship between the normal and shear stresses would be qbtained
by interpolation. This relationship would be {nvalidated if the soll
was not homogeneous. This then led to the design of the following
cells:

’ 1. Agarwal and Venkatesan Cell. This cell measures both
normal and shear atresses.

2. Telemetric-béil: This cell measures normal gtress,
eccentriclity of the normal stress and sheér stress,

3. Muhg Cell: This cell measures normal and shear stresses.

4. Cambridge Cell: This cell measures normal stress,

eccentricity of normal stress and shear stressa.

A careful consideration of the mode of operation and
‘!‘ .

costs of the above cells led Hanna (1973) to conclude that the
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‘ Cam@ridge cell was the "ultimate for normal and shear stress measure-
ments."

There are, however, three versions of the Cambridge cell
in the literature and these will be briefly described.

(1) The original Cambridge cell (Figure 3.1.1):

This was désigned by Arthur and Roscoe (1961) for the
measurement of normal stress, eccentricity of the normal stress and
shear stress. It was made out of a high grade aluminum alloy
(BS 14477:1951 HP 15). Tt had two main componentsa, viz., the active
face and the interior block. The interior contained the normal and
shear Webs machined perpendicular and parallel to the active face.
The normal force on the active face was measured by strain gauges
glued on both sides of the four normal vertical thin webs. The shear
force on the active face was transmitted through a shear pillar to
the horizontal shear webé on which strain gauges, which indicated
the shear forces, were glued.

There were twenty strain gauges in the cell which formed
three four active arm bridge circuits through whtch the strains were

monitored and registered as output Loltagea.

The ecceﬁtficity was computed from the proportion of the ‘//
normal load carried by each vertical web. The cell“w%g fitteé with
a rough face plate to simulate field conditions, befgfe testing was
carried out.

N

R

Tk
v

The sensitivity of the cell was determined by the web

thickness and the surface area of the top plate,

~

e m—— o
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ROSCOES CAMBRIDGE  CELL, — .
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(2) Bozozhk's Cambiidge Cell (Figure 3.1.2):

Thié cell was developed by- Bozozuk (1972) for stress
measurements under an embankment. This cell is similar to that
developed by Arthur and Roscoe in that the normal and shear forces
are determined by aluminum temperature compensated strain gauges
glued on the shear and normsl webs. |

However, there are 8 vertical normal webs on which strain
gauges are attached to form the two normal bridge circuits. Each .
set of normﬁl webs A C E G (Figure 3;1.2) consists of two tension-webs
and two compression webs. This helped in doubling the output

voltages from each of the normal bridge circuit.

The horizontal shear webs to which 4 strain gauges X W Y Z
(Figure 3,1.2)-are glued on, -were-mAchined .cloge ﬁo the active face.
This was done by machining the shear pillar as part of the interior
"block, thus reducing the amount of load transmitted to the normal

webs when a shear load 1s applied to the active face.

There were twelve strain gauges in the arrangment which
formed the three bridge circuits, viz., the positive noppal bridge
circuit, the negative normal bf}dge circuit, and shear bridge circuit,
from which the normal stress, eccentricity of the normal stress and

shear stress could be determined respectively.

3.1.2 Design Considerations for the Modified. Cambridge Cell

A cell for the measlzggsgt of contact stress should

possess the following basic properties:
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.{1) Simple principle of design and operation,

(2) reliable réproducibility of readings,-

(3) sensitive to load changes,

(4) stable for both long and short term measurements,
(5) high degree of accuracy,

(6) easy to calibrate and recalibrate, 2
(7) simple installation proce&urea, and

(8) a minimum over all cost.

The medified Cambridge cell meets the above requirements
more when compared to other pressure cells that could measure normal

streas, eccentricity of normal stress and shear stress.

The range and sensitivity of the cell is governed

primarily by the dimensions of the webs. Thus

this has been carried out by Dochan (1975) r the detemination of the

thickness of the nofﬁal and shear ers that 11 be suitable for;the ‘

load range for which the load cells will be used.; The load cells

p
were, however, designed for a maximum normal and shear stress of

10 tons/ft2 (958 KPa). Thus, for a face plate of 3 inz {(19.3559 cm),
this corresponda-to a load of 416 1Ibs (L.85-KN),¢for theafoﬁr

shear webs or 104 lbs (0.463.KN) for each .shear-web: In the case-

of the normal webs it was decided by Doohan (1975) that a maximum

of 75% of the normal load 416 lbs (1.854Ky)£§might‘actfon a.palr-..
of normal webs at any one time. Thig;glves 156 1bs (0.694 KN) per.

normal web. Thus in the hookup to” the read-out device, a sensitivity

was chosen such that its raggefof 2000 micro strains was not exceeded
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by the load induced straine that will subsequenbiy be recorded. 1In

the- course of the expefiments a sensitivity of 5 has been used.

The aluminum temperature compensated strain gauges have
resistances of 120 ohms and gauge factors of 2.10 and a maximum

allowable current of 50'milli§ﬁberes. Thus the maximum‘allowable

voltage that dould be applied to the bri&ge circult as indicated in

Figure 3.1.6 1a.12 volts.

The application of the abBwe maximum voltage to the
bridge circuit depends on the limits within which the recording
device could be balanced and also the safety of the strain gauges,
Thus a voltage of 9 volts was agﬁliéa. However, this supply voltage
shown on the recording devige 1s not thé bridge circuit voltage since

it depends on the position of the span control knob.

For the tests, a 6' x 1' (1.83 m x 0.305 m) long footing
in sectdons of 2' x. 1' (60.9 cm x 30.48 cm) footing has been envisaged
‘in the sandbox. The two end footings adjacent to thé walls of the
sandbox are used as dummy footings with the central footing instrumented
for contact stress measurements. The total length of the footings is
the same as Ehe width of the sandbox, thus guaranteeing a ;lane

>
strain condition.

The effects of wall friction on the centre footing will
be eliminated by the use of the dummy footings. The wall friction
could be reduced by coating the inside of the box, especially around

the perifery of the footing with paraffin, teflon, etc.
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The size of the cell (1.6/16" x 1.3/16™) (3.5 cm x 4.6 cm)
and face plate (1.5" x 2")(3.81 cm x 5.08 cm) were chosen by Dochan
(1975). He_ arrived at a compromise between having narrow.load cells
and large face plates. The former will liﬁit the effects 6? the wall
of the sandbox while the latter will prevent the relativ; movement
of the edges of the plate with'respect to the non-yielding boundary.
In order to minimize the errors assoclated with edge effects a stiff

pillar was decided on, coupled with limiting the deflection of the

face plate to 0.001 inches (0.00254 cm).

3.1.3 The Modified Cambridge Cell {(Figure 3,1.3)

This type of pressure cell was developed by Doohan (1975)
at the Univeraity of Ottawa for the measurement of contact stresses
between a model steel footing and a quartz sand bed.

The cell poséesses some features similar to Arthur and
Roscoe's cell and Bozozuk's cell in that the Bhéar and normal forces
applied to the active face produces strains in the normal and shear
webs which are monitoréd through the three bridge circuits and could

be reglstered either as output voltages or strains.

The modified Cambridge cell consists of three basic parts:
L tﬁe face plate, (2) the active face and (3) thi interior block.
The face flate (Figure 3,1.3) is a highi'grade aluminum'dlloy plate
which is screwed to the active face of the cell. The interior block
of the cell is made from a high grade alumdnum alloy (HS 15W) and it
contains the four normal vertical webs, the four shear webs and the

two shear pillars. The four normal vertical webs to which the

<
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aluminum temperature compensated strain gauges were glued on form
the two normal bridge circuits, viz., the positive normal bridge
circuit and ghe negative normal bridge circuit. FEach normal bridge
clrcuit is a full.bridge circuit consisting of two active strain

gauges and two dummy strain gauges.

The shear force 1s transmitted through two shear pillars
to four horizontal webs which are machined very close to the active
face. The shear bridge circuit consists of four actvie straln gauges
which form the full bridge. The shear webs are closer to the active
face than in the original Cambridge cellbbut of the same distance off

the active face' in Bozozuk's Cambridge cell.

The modified Cambridge cell makes use of twelve strain
gauges in contrast to the twenti“ntrain gauges ysed in either Arthur

e _ _
and Roscoe's €ambridge cell, Consequently, ‘there\is"a .

relative saving in the cost of the load cell. )
3.1.4 Gauging

Each load cell has twelve aluminum temperature compensated
-phenolic-glass foll atrain gauges (SR 4). The strain gauges have a

nominal resistance of 120 ohms, a gauge factor of 2,08 and a maximum

current carrying capacity of 50 milliamperes.

The strain gauges were only attached to one face of the
webs Iin contrast to the original Cambridge cell in which the strain
gauges were on either face of the normal webs and on one face of the

shear websa,
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Leads were soldered to the terminals df the gaugeé to
form the configuration shown 1n Figures 3,1.4.and 3 1.5.. The gauges
were connected in three separate bridge circuits, viz., the positive
mnormal bridge“circuit, thg negative normal bridge circﬁit and shear
i bridge circuit. The two mormal bridge circuits had two active strain
gauges and two dummy strain gaugeé while the shear bridge circuit
had four active strain gauges with two in compression and two in

tension.

For a hookup of the ‘footing to the digital strain
indicator, a modification to the‘numher of leads from the terminals
of the gauges was imperative. H;wever, this was done externally at
a Junction box rather than solder#ug more wires to the existing
configuration. Thig glves a bridge circuit coufiguratiqn as shown

in Figures 3;1.6.and 3.1.?.i;A typical ‘cell connection. is.shown in

Flaure 3,1.8.

@
3.1.5 Princple of Operation

The modified Cambridge cell 1is capable of measuring the

normal stress, eccentricity of the normal stress and shear stress.

& As shown in Figure 3.1.9 anp eccentric load applied:at a
distance x from the centre of the cell can be replaced by a central
force N' and a moment N'x (Hl) The force N' 1s balanced by reactions
from the four normal webs and two shear pillars. Thus, the central
load prodﬁces strain readings in the three bridge circuits, viz.,

two normal ﬁridge circuits and shear bridge circuit of magnitude +e,
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+e and Aqb respectively. The momen? produces atra4%ireadings of ~Ae1,
+Ae1 and Asz.r Simiarly, a shear force f can be replaced by a sliear

force £ acting at the centre of the shear webs and a moment M2 due to
the fact that the actual shear force might be applied slightly above
the position of the shear webs. The central shear force f on the
shear wgbs produces reactions which gives strain readings of S+A33
in the shear bridge circuit. The moment MZ produces reactioms which
glve strain readings of -Ae3, +Ae3 and -ABB in the two.normal bridge

circuits and shear circult respectively.

Thus in a general system of loading, the two normal
bridge circuits and shear circuits will indicate strain readings of

magnitude (el - Ael - Aea), (e1 + Ael + Ae3) and (s - As, - Asz),

1
N
respectively. Thus there i1s a relationship between the output
1
strains from the three bridge circuits and the applied loads which

according to Bozouk is linear.

In this study, the three load coﬁponenta have been
obtained from the multiplication of the inverse of the load cells
calibration constant matrix and the output strain column matrix,

from the three bridgé circuits.

‘Thus, ((
N e’
s - [A" ] € 3.1
Nx e®

This gives three equations and once the calibration constagts‘are .
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known the operation could be carried out to yield the three load
—-.'-"—'/-.-‘\ ) -
componeﬁts and thefi~§{inally, from N and Nx, the point of application

of the normal stress.

3.2 Model Footing

3.2.1 Description

The rigld footing consists of three steel plates and an

| I beam with dimensions of 12" x 11.248™ x 1-1/2", 12" x 11.248" x li1[2",
24" x 12" x 5/8" and 8" x 8", respectively. The cells were fixed to

the 5/8" thick plate with a portion drilled Qut for the leads from the
cells, The cells were iﬁcated in between the 1—1/2"_thick plates,

thus at the centre of the fggting. The steel plates were Ehen bolted
together by twnty-four bolts, each under a torque of 5 foot pounds
(678.18 cm-KN), and then finally bolted to'the I-beam, ‘The-load cells
location on the footing and the clearance between cells, cell and

steel plates are given in Figure 3.2.1.

The cells were mounted such that the direction of positive
shear of the cells are towards the nearest edge of the footing. Con-
sequently, an arrangement of the cells with numbers 2, 4, 6, 1, 3 and
5 as shown in Figure 3.2;2rwasfcarriedcout,5§uéh;that the-evenmumbered
cells had their direction of positive shear towards one edge of the
footing while the odd numbered cells had their direction of positive
.shear fpwards the other edge. The direction of posltive shear was
determined‘during calibration such that it had a direction from

-

negative, normal webs to posiﬁive normal webs. The eccentricity was

(
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such that it had a value of zero at the centre of the face plates
-and)pééitiﬁe values towards the positive normal webs and negative
valuealﬁowardé the negative normal ;eba.

The assembled rigid footing with an ﬂtimte_dimnsicn

of 1' x 2" (30.48 cm x 60.96 cm) weighed 228 1bs.

3.2.2 Footing Roughness

' \__’_/'\\
The surface of the footing consists of a central portion

12" x 1.504" (30.48 cm x 3.8 cm) houging the aluminum face plates of
the cells, that have a clearance of 0.003" (.00762 cﬁ),between
adjacent face p}ate;, and the surface of the 12" x 11.248" x 1-1/2"
steel plates on either side of thgﬂ§aid central portion.
The alumindm face plg;ea (1.5" x 2"; 3,81 cm x 5.08 cm)

J}ere roughened with sand identical to that which will ultimately be
juned'in the tests. This w;s ﬁowaver, accomplished by co;ting the
surface of the face plates by E.Pox.E cement and filler and then
pre;sing the sand into it to a level established by the point of
appl;cation of the shear force during theucalibration process. The.

face plates were later heat treated for about two hours.

The steel plates portion of the footing were treated

in an identical manner.

51ix aluminum plates were prepared as the face plates
and tested in a ghear box so as to determine the angle of friction

a .
between the sand mass and the roughened plate. The results are

e ————— e _ A

shown on Figure 3.2.3. The results indicate that the friction angle :

1s highly dependent on the normal force.

A
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3.2.3 Readout and Recording Equipment

The readout and recording device is an electronic multi-
channel digital strain indicator (B and F Instruments, Model SY161-E30)
designed for 1abofa 6ry4uae. it has room for thirty channels with

provisions made for expansion. Each channel was used for a bridge

¢circuit. -

Power supply of 117 volts and 60 Hz single phase from the

main source was comnmected to the system by a three wire chord (in-

*

The system can receive gtrain inputs with a maximum of
1000 micro inches per inch. Inputs greater than this can conveniently
be accommodated by changes in the attenuator circuitry. ﬁowever, in

this study the maxigum strain indicated above was sufficient as an

upper limit fo'r the test.

The scanning rate of the channels of the system is deter-
mined by the interaction of the Model P1237 prograemmer, the digital
voltmeter and the priﬁfer. In this system tﬁe'scanning rate is limited

to 2 channels per second.

) 'R

The readings can be noted as a print-out or mannually
through the visual display provided on the voltmeter. The printer

providea a péber tape copy of the data in the following format:

2DD-channel 1D, 1DD polarity, 4DD digitalized signal and 1D range.

" The ius;:umént-can oﬁefa%e efficiéntiy over a temperature

range of 50°F to 105°F and a relative humidity of 90%.
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3 2.4 Hook-up of the Footing to the Readout and Recording
Equipment

The footing provided has six modified Cambridge load
cells arrangéd aérosa_ Qe footing. Each load cell has three four-
arms bridge circuits, with eight lead terminals. The:féadings from
the load cells were initially recorded by the. Keithley instrument
and since it was time consuming and cumbersome, a hook up of the
load cells to the multichannel digital readout was performed. This,
‘aiéb; . eliminated the,tiﬁe lag in reading the strains in the load
cells by the Keithley instrument, thus offsetting the possible errors

that might be dinduced by the load apﬂTicationltime.

Each load cell has three 4-arm bridge circuits, viz.,
the poaitive normal bridge circuit, the negative normal bridge circuit
and the shear bridge circuit. Each bridge ci;cuit reading wag recorded
through a channel, thus, 18 channels were utilized during the study.
For a proper connectiog of each bridge circui; to‘a channel, six wires,
%igure€93.1-7 and 3.1.8, would_bq;required. Thus,, as -a consequence of
this hook—uﬁ some modifications in the number of wires from eﬁcﬁ load
cell was necessary. However, these modifications were not perforﬁed
by soldering new wires in the load cells ﬁut were made externally
in the junctién box provided with the recording instrument as shown

- C’
in Figure 3.1.8.

A 120 ohm 1% resistor was used as the‘bpan limit resistor

y

in order to prevent the excitation supply from being shorted when a
P g

particular bridge channel shorts."sigllarly, a balance resistor of

-

LY
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.and thus set for use.

gauges installed in the load cells,

A calibration resistor of 40,000 ohm 0.5% resistor was
ugsed and by means. of equation 3.2 the strain level simulated when it

is shunted across a 120 ohm strain gauge with a gauge factor of 2.08

was computed.

The simulated strain (€) 1s given by

1 R
£ m > (o) ‘ 3.2
nk ‘R f Rcal .
n = number of arms ‘
k = gauge.factor
R = resistance of the shunted arm’
cal ™ resistance of the calibration resistor N

Thus, for the shear and normal bridge circuits with &4

arms each, the strain simulated:

1 120 -

€ = 7= 2.08 120 + 40,000

120 .-
_-]

R
8.32 40,20

= 359 micro strains

. -
After the completion of the comnections at the. junction

box, the printed circuit connectors were fitted to the signai con-
ditioning modulea, The instrument was connected to the power source

A}
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The power switchea on thé i5-1500 and PS 23O power supplies
were turned on and the-skip/record switch placed in the record position
énd the calibration switch placed in the off poéiéion. The #nistru-
ment was left to ﬁarm up for 30 mins. The voltage adjustment contfol.
on the model 15-1500 power supply was adjusted until 9 volts was shown
on the meter. 'Thia was the maximum voltage appropriate for the strain
gauges and the a&atem. This meter,=however, éhows power supply and
not the bridge voltage which in the case of the 120 ohm strain gauges
used varies betweén 0.1 and 0.5 times the power supply voltage ’
depending on the setting of the span control knob. The inﬁut voltage
through any bridge circuit should be constant throughout the test
since any change in the voltage causes a similar error in the
recorded values of eé;ains.; .

The amplifier was zeroed ;nd the bglancing 6f the channels
performed. The balance switches for the twenty chann%}s Qaa placéq
in the O position for each of the channels. The balance control Qhob
was adjusted until tﬁe strain indicator displayed zero. If the
strain read was tqo négative, the balance.switch was switched to thé
positive position and balancing continued until the strain indicator
displayed zero. 1If it was too poaitive,.the balance swifch was
switched in the negative position, and balancing continued until the
strain indicator displayed zero. This opératiﬁﬁ was perférmed for
the 18 channels which were usgﬂ.

The cplibration switch was placed iﬁ the on position and

the span control knob adjusted until the value of the strain simulated

computed for equation 3.2 for the two normal and shear bridge circuits

- G

w
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were displayed on the strain indicator for their corresponding
channels. This was performed for the eighteen'channels. The cali-
bration switch was placed in the _off poaition and the balance
control knab ad]usted, for each of the eighteen channels, until zero
was dlsplayed on the Ftrain indicator. The calibration_gwi;gh:was
again placed in the on position and the span control know adjusted
until the correct simulated strains_wére displaYed on the strain
indicator for each channel. These processes were repeated with the

\
calibration switch in the off position and the correct simulated
strain when the éalibratiop switch was in the on position.

Thus, with the balancitig completed, the footing was then

ready for calibration and finally for use in hhe sandbox.
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. 5

A CALIBRATION OF FOOTING :

4.1 General ;

» The calibration of-the footing is synonymous with the .

_—+—calibration of the modified Cambridge load cells which are the B

(

N

stress indicators. Usually, the cells are calibrﬁted iﬂgividually
but in. this étudy, the éix cells have been calibrated as an integral
part of the footing. This has been done for the following reasons:
(1) The footing provided had the load cells already ingtalled.

(2) This provided an opportunity for the calibr;tion of the load
celia in their true operating conditiod, thus %ffaetting any errors, ' L
1f any, that might belinduced in the determinaézag of thg ?ontact . i
streases distribution, as a regult of the individual caliﬁration |

of. the load cells prior to imstallation.

- )

Owing to the first reason it was not possible to check
1f the behaviour of the load cells were hampered by their imstal-
p .

lation in the footing. . -

—

Subsequently, the calibration of the modified Campridge
load cells as an integral part of the footisdg led to .the design of
new calibration apparatus. At this juncture the writer thought it

g
necessary to see if Arthur and Roscoes theory on the independeudg\
of the calibration constante on the method of loading was valid for \\ '

/”\/ . . . - ] K |
the modified Cawbridge cell, especlally as an integral part of the ‘

footing.
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1
Thus, an.apparatus for line load, Figure 4.2.1, point load,

Hmmdﬁdaﬁ&hulmd%mdw&wm.

'The apparatua required'for the different loading condi-
tions consisted of steel platea‘gnd a loading frame assembly. A
steel plate has been utilized in place of the aluminum face plate so that
it could ¥ithstand the calibration,load,of 400 1bs [1:669KN]sthat will
be apfliéﬁ on the knife edge or ball bearing without ;uttiug thro;gh
it or denting it which would otherwise have produced projection on
the underside of the aluminum plate that ﬁight lead to erroneous

regults,

The high bearing stress of the steel plate also prevents

the wire an which the sheaf load 18 applied from tearing through itl

There are two methods developed for the determination
of the calibration constants for the Cambridge load cells, one by

Arthur and Roacoe (1961) and the other by Bozozuk (1932).

-
[

In Arthur and Roscoes theoretical considerations of the
-action, of a load cell under an eccenfrically applied load, fﬁg; -
declared that the sum of the oufﬁﬁts from the poéitive normal bridge
clrcult and the negative b;idgE circuit are directly proportional
to the applied load and independdas of tﬁgeccentricipy and shear
force. However, a slight inaécu;acy ia;incorporated in the above
theory since a difference in the stiffness of the webs and gauge
factor of the strain gauges invalidates 1it. Practically, he proposes
that the correct values of the normal stregs, shear stress and
ecceﬁfrtcitx;gf the nofmai stress could be obtdined by interpolation

from graphs. i . b
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From the principle of operation of the modified Cam-

bridge cell, it has been shown that the sum of the output from the

two normal bridge circuits was not difectly proporticnal to the

applied load because of the portion of load taken up by the shear

webs.

' Bozozuk in his method, assumed a linear dependence be-

~ tween the output voltages from the three bridge circuits, viz., the

positive normal bridge circuit, the negative bridge circuit and the

shear bridge circuit and the applied loads, i.e., the normal load,

the shear load, and the moment due to the eccentricity of the normal

load. This then led to the following equakions:'

where

L%
«

( n r . ro
v+ a a a N
+n +8 " x
v] = a a ' a S 4.1
-n -8 -x
v a a a Nx
8 sn 88 8X
b - L el e -

output from the positive normal'bridée circu;t
output from the negative normal bridge‘circuit .
output from thg shear bridge~circuit

normal load .

shear load

moment due to eccentricity of normal load

distance from the centre of the face plate to the/
point of application of the.normal load.

calibration constants of the celﬂf/jj

P 1
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This method of determihing the load cell constants seem
 to be in order with the mode of operation of the modified Cambridge

) ‘-;,/_
cells for the load-limits that the webs were designed for.

4.2 Lihe Load (Figure 4.2.1)
The line load apparatus consists of a steel plafe and

a ldading frame asseumbly.

-~

Sgeel Plate: As shown in Figuré 4.2.1, it -has a dimension of 1-1/2" x
2-3/4" and it is 1/4™ thick for 2" of its length and 3/16" thick for
the remaining 3/4". fhis allows the plate to be attached to a cell
.withéut re;ting on the adjacent load celll  Thé 1-1/2" i 3/4" x 3/16"
portion allows a hole 7/8" ¢ connected by 2 holes 1/16" @, equi-
distant from the centre of the plate to bé drillgd‘for shear load
application. The steel platés has groovﬁs for a lmife edge at the

centre and at eccentricities of 0.25", 0,5" and 0.75" on either

side of the centre of the plate,

‘Loading Frame Assembly: This consists of two steel bars A and B,

two threaded rods and nuts.
« . Bar A has a dimension of 1" x 13/1" x 28" with a knife
\\\ edge that is 1-1/2" long, 1/8" thigk and 1/16" wide at the base,
protfﬁding from underneath the bar and with two hooks for supporting

' : 3
. : ¢
i '

Ba%‘B has a dimension of 1" x 1" x 28" éith a hook at

" the centre fof(;ﬁe hanger. (§£~/y

purposes,

Cy, as

_/"‘)
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The footing with its face upward was placed on a table,

~ The aluminum face plates were removed and the steel plate attached

to one of the load ceils. The author had to mske sure that during
the screwing of the steéel plate to the load cella that no strains
were Induced in the load cells. Bar A was then placed over the steel
plate at a chosen eccenfricity and connected to Bar B, under the
table By dhreaded rods and nuts. The spirit level was then used to
check 1f the bars wefe truly horiaontal . The hanger was then placed
through the hook in Bar B. The strain due to the welght of the
loading frame assembly (18 66 lbs) Was noted and then loading with
dead weights was contiﬁued in stepa of 20 1ba. This operation was

carried out for the six modified Cambridge load cells. The results are

J

shown graphically in Appendix.A.
4.3 Point Load (Figure 4.3.1)

The point load apparatus consists of a steel plate and

a loading frame assembly,.

<

Steel Plate: -

® " The steel plate 1ssinilar to that used for the line

loading excepting that instead of the grooves for a knifé ddge %here

was dents which acted as seating for the steel ball beating.

Loading Frame Assembly:

This consists of bars C and D, similar to bars A and B

F .
described for line loading excepting that in bar A the knife edge was
. replaced by a’seat for a steel ball bearing to form bar C, while bar

D remains the same as bar B.
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The calibration for the point load was then carried out

with the steel plate attached to the active face of one of the load

. Lr
cells without any strains induced. A steel ball bearing was placed

in one of the.denF and Bar C ﬁlaced over i1t. Bar C was then con-
nected to Bar D by threaded rods and nuts. A hanéer was then placed
through the hgbk i; Bar D and the strains caused by the weight of
the loading frame assembly (9.6 1bs) was noted. Subsequent loédiﬁg
by dead weights were done in steps of 20 lbs. This was done for the

8i1x modified Cambridge load cells. The results for a typical Cell No. 5

is shown in Appendix B, pages ¢

4.4 Shear Load e

This apparatus consists of a steel plate and a loadiné

frame assembly.

Steel Plate: This is ome of .the shear plates used for either the line

/

loading or poiﬁt loading. The centre of the 1/16" diameter holes was'
izgvatiod would be at the- sand surface'Ln the’

drilied such that its

aluminum face plate and the rggalnder of the fbotiné.
i . \ . - / . .~ Y
o ) ;

Loading FramL Assembly: ‘The load was applied by a plano wire that

can withstand 400 lbs, This piece of wire was passed through the 1/16"

diameter holes in the steel plate and tied together at(;:;\hpd by-a
bol€t and nut arrangement. .
) . s
The steel plate with the p}aﬂﬁ’wire, bolt.and nut arrange-

ment was attached to the active face of one of the load cells. Pre-

caution was taken in the attack®ment of the steel plate so that no

. : \ .
_\ oL

[

S
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's;rains were induced. The footing was then turned over on ifa slde
" ﬁ;king gure thaé.its insgrumentea‘face ﬁas bruly vertiéal. The
hanger was placed -on the bélt and nut arrangement. ‘The strains in=- "
- _duééd by the welght of the loading wedium w#s noted. -Loading by

: . . ‘ .
means bf dead weight was then carried out in steps of 20 1lbs. This
operation was fepeated for thevsix loéd'éella with the shear force

* ‘being applied in the directidg of positive sheé?‘f;;:;T\XEhe results are
shown graphically in Appendix A, W

4.5I Load Constants

In thié study the method devglopeﬂ by Bozozuk has been
siﬁulated in the determination of the load celllconstants. However,
instead of the outpﬁt voltages. from the three bridge clrcuits, out-.
‘put strains have been employed. This hgs been possible because of the
relationship tliat exisfs getween output ‘voltages and output stfains.

which is glven|as

.if vout = vin xg.fxe

where

output voltage

out

vin

g.f = gauge factor -

input voltage
b -
€ = strain (change in resistance of the strain gauges).
Thus since the gauges have thé‘éame gauée factors and the input
voltages are the same then the strains should be directly prcporfional

to the output wvoltages.

!& follbwing equations in matrix form was developed.

v

pernpegrvimi p eyt
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& c-+'n C+s c+;] };1
e | =|C, 0, ., C,|!|S
€a Csn Css Cax Nx .
t.e.  {e} = [c] {F}
where + : L.
g = output strain from the positive normal bridge
clrcuit -
€ = output strain from the negative normal bridge
circuit
€, = output strain from the shear bridge circuit
N = normal load -
§ = shear load
x = distance from the centre of the active face to the
point of application of the normal force
N* = moment due to the eccentricity of the normal force.
Cij = calibration constants of the modified Cambridge

A mattix multiplication operation on -equation 4.2 gives -

load cell.

the following ex;ression e a i ST,

—

o4
NC+n.

+ SC \\;\

e + Nxc+x

£ = NC

+ Sq-é + Nxc_x

+ NxC

€ = XNCc _+ SC
sn - B8X

8 .88

b2

4.3

4.4

4.5

4.6
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Thus on differentiating the equation 4.4 with respect to

]
N with the shear load kept constant (vhich was in fact zero during

the calibration test) then

~

de+ " .
GEE—DB_O & C+n + xq+x 4.7 .

. . +
The above equatiuﬁ—IE;iies that if %%— is plotted against the
eccentricity x then the intercept on the g%— axis gives the celi

constant C+n and the slope gives the cell constant C+x'

On differentiating the equation 4:4 with respect to § and X

N and x kept constant which were in fact zero during the calibration

tests then

o L
! (dE =C
ds +5
N,
X=0

The slope of the plot of et vs S gives the cell constants

Cogs . h

A similar manipulaﬁibn of equations A.SJand 4,6 ylelds the

,C ,¢C

‘cell constants C _, C
-n’. -8

-X sn’ Csa and Cén’
The determihation of the above load cell constanta culminated

in a calibration ‘tést. - ’

%

Procedure for the ¢alibration tests:

1) 3¢~ Keep S = b,-x = 0 and vary.N from O to 400 1bs in 20 1ba
increments and then return to zero, Plot the results as'shown in

Appendii A, .pages 202, 205 and 206 for cell number 1,
. 4 )

. () Repéht the above procedure for X equals -0,25, -0.5, -0.75,

L
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S

0.25, 0.50 gnd 0.75. Plot the ?esults as shown in Appendix A pages

202 to 207’ for Cell Number 1.

(3 Keep N = 0 and X = 0 and vary S from O to 400 1bs in 20 lbs
increment -and Fhen return to zero. The results are given in Appendix A
in graphical form, pages 208 to 210, for Cell Number 1.

. - 1 4
(&) Plot the slope of E+ vea N, € vs N and €, V8 N against

eccentricity (x). These glve intercepts and slopes of Q+n andlC+x,

C_n and C—x and CBn and csx’ respectively, for Cell Number 1. These

are shown éraphically in Appendix A, pagea 211 to 213,
(5) o ‘The slope Sf the plot 6f e+ va S, € vs S and A E S give;
the values for C+x’ C—s an& Csé, respectively, for Cell Number 1. -Thef
are presented kraphicﬁlly in Appendix A, pages 208 to 210.

The above procéssea were repeated for the remaining five
modified Cambriége cells. The results are shown graphically from
pages 214 to 270 in Appéndix A. The load cell constants for the six

cells determined as outlined above were subsequently substituted in

equation 4.2 and are as follows: a8
Cell Number 1: ) '

e ~1.44 +0.0857 -1.765 | [N

€ (=[=-1.5 . =0.3875 +1.875

€ o} +0.024 -4.231 -0.2364 | N

8 | X

Cell Number 2

et ~1.43 .39 s-1.818 |[N
e | =|-1.55 - 4p.318 +1.90 ] s
e -0.022  -4.583 . -0.096]|N

e e e ot e pteet n s v o
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. Cell Number 3: N
- "
€ -1.45 +0,234 -1.818 N
e =| -1.61 -0.0455  +1.852 S
€ +0.058 -3.,75 -0.143 N
8 X
Cell Number 4:
et +1.43 -0.304 +1.818 N
| = | -1.52 -0.1667 +1.8 S
- €, -0.05 -3,684 -o.17§_ N
Cell Number 5: '
e +1.42 ~0.2826  +1,765 N
e | = | -1.58 -0.2857 +1.923 s
£ -0,013 -3.5294 -0,182 N
sl . x
Cell Number 6:
-1,43 +0.064 -1.785 N
= | -1.50 -0.0154 +1.818 s
‘ -0.052.  -3.636 -0.143] | «w

4.6 . Factors Affecting Calibration

Within the scope of the calibration tests performed, three
factors, viz., load (normal and shear loads), eccentricity of the
normal load and temperature have been considered as the principal

factoré that might affect the calibration and footing test results,
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Thue the cells have been calibrated with respect to load and eccen-

tricity. Temperature calibration of the cells- have not been under-’

~

" taken since the calibration room had\an identical temperature with

the teatﬁrg YOoOm.

4.6.1 Load: '

hal

The load applied at a particular Fccentricity has a linear
relationship with the output atrains froﬁ the three bridge circuits
(the positive normal bridge circuit, the negative normal bridge
circuit and the shear bridge circuit). For loads not exceeding the
maximum design loads for the webs (104 1lbs for each sﬁear web and

156 1bs for each of the normal webs).

4.6.2 Eccentricity

An eccentrically applied load can conveniently be replaced
by a central load and a moment. As described in the mode of operation
of the cells, page 55, theyﬁinduce'strains in all the three bridge

_

ceircuits. A plot of the strain output from the three bridgf circuits

vs eccentricity indicates a linear relaﬁionship between both variables

for web loads not exceed{ﬁg theirldesign valuea‘(Figure 4.6.1).

A

As would be expected, as the eccentricity of the applied

load increases towards a pair of ﬁarticulaf normal webs (either

positive or negative normal webs) a'greater portion of the compressive '

load is carried through those webs leading to a greater value in strain

output from the bridge cireuit that contains that palr of normal webs.

popry
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4.,6.3 Temperature Effectaﬂu

(A) Gauges attached to the Load Cell

A quantitative consideration has beep glven to the tempera-
ture effedt~on thenmodified Cambridge lgad cells, Thus, calibration
of the load cells with respect to temperature has not been undertaken,
since the calibration room temperature and testing room temperature
were identical. However, two temperature tests were performed on the
load cells in order to ascertain if temperature had any effect on
gauges attached to the webs.of the modified Cambridge load cells,

A

(1) Test at 0°C

The footing was turned with its face upwards and a wooden
box with an internal dimension of 24" x 12" x 6" (60.96 cm x 30.4 cm
x 15,24 cm) waélconsttucted around it. A plastic bag was placed in
the wcoden.box and filled with water and ice blocka mixture to th;
top of thé{boﬁ. The readings of the strains due to the weight of the
water-ice ggxture in the webs were immediately monitored by the multi
channel straiu indicator, and their values for the eighteen channels

noted,

The box was covered with a rubber sofa to reduce as much
as possible the effect of room temperature (22.5°C) on the ice. The
sbove arrangement appliéd a ‘temperature gradient through tﬁe footing,
which is the most serious témperature condition that fhe footing can
be;éubjectgd to. The water~ice mixture was left for twenty;four hours

¢
before the final readings were taken.,
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TABLE . 4.6,1

Results of Temperature Effects on Load Cells

. e

Strain Due Strain Due Strain Due Strain Due
" | To Time in | To Water-Ice |[To Water-Ice To Temperature
Cell) Channel| Micro Mixture Weight Mixture at 0°C | Gradient in
No |No Strains at Start in After 24 hrs in{Micro Strains
. Micro Straing (Miero Straing
} 0 .3 2 9 4
3 1 2 1 3 0
2 0 3 -4 -1
3 0 2 2 0
4 4 0 0 -2 -2 -
5 0 0 2 2
6 0 1 5 4
5 7 -4 -2 7 13
B -2 -2 g 13
9 - - - -
10 2 0 2 0
6 11 1 0 0 -1
12 1 1 1 -1
13 2 0 3 1
2 14 2 0 0 -2
15 0 0 0 0
16 1 0 2 1
1 17 -1 1 -1 -1
18 1 -1 0 0
19 - - - -

e
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’ -
"The results are given in Table 4,6.1 and -hag been presented

graphically in Figure 4.6.2,
. —~

(2) Test at 53°C

Similar to the cold test, the box with the plastic bag was
filled with hot water at a constant temperature of 53°C to a deaireg
elevation, The strain readings for the elghteen channels in the
multichannel strain indicator were immediately noted. Thevkpt water
was maiﬁ¥iined at a constant height and temgérature by the following
process. The hot water in the plastic bag was sucked out by means of
a siphon operation. The valve attached to the top was adjusted and
the siphon operation contimued until a system ;f equilibrium was
maintained between the infﬁ?w of hot water and outflow. Thus main-

taining a constant height and temﬁerature (53°C). The hot water (53°C)

wvas left for 1 hour before the final readings were taken. //

The results are given in Table 4,6.2 and have been.presented s

graphically in Figure 4;6;2.

(B) Recording Equipment
" >
During the course of the calibrjfidg/test it was observed

that after balancing the channels and leaving the system to operate -
for hours that strains were induced in each of the bridge cirocuits.
Thus after twenty-four hours the strain readings for the eighieen

channels were noted. This is given in Table 4.6.1,  During the éalibra-
/
tion care was taken to see that all channelg weré\hgifffed before each

. ~~
loading operation. : N
. N
N
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i,
TABLE 4.6.2
Result of Temperature Effect on Load Cells
Strains Due To| Strains Due To Strains Due To
Hot Water At Water at 53°C Temperature
. |Cell| Channel | Time T=0) in After Ong Hour Gradient in

No No ° Micro Strains in Micro Strains Micro Strains
0 ~16 ( -3 +13
3 1 =13 =10 + 3
2 -5 2 + 3
3 -9 . ~41 -32
4 4 + 6 +42 +36
5 1 -2 -3
6 - 7 =10 + 3
5 7 + 6 + 6 0
‘8 -6 =14 -8
g - - -
10 -2 1 + 3
6 11 0 + 4 + 4
12 -2 -1 +1
13 =14 -2 + 2
2 14 ~18 =17 + 1
15 +14 +11 -3
16 -7 46 ~ . =39
1 17 -7 0 + 7
18 , 6 +-9 4 3
19 - - -
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L
—

The recording equipmﬁnt (SY161-E30) has been found by

_the manufacturers (B and F Instruments) to operate efficiently over
Y S

a temperature.range'B§ 50°F and 105°F which meets the temperature

conditions in the calibration and testing rooms.
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FOOTING TESTS IN THE SAND BOX
!

. - ) ‘\ '
5.1 gﬁr&l . N

As indicated dn Chapter 1, the density of the sand, which'

1a a function of the void ratio and hence the porosity, is a facto;\

which affects the disgribution of the contact stresses under a

footing. ‘

In the f{éld, variations in density along the horizont;l
and at differeht elevations éxist. However, in a model footing test
it pi\étmpé%ative to maintain a» uniform densgity throughout the sand

mass 8o that a quantitative -deduction could be made on the effect of

-

déhsié; changes on the contact stresses distribution. Uniform density

was guaranteed by employing a sand raining device for spreading the

sand into the sandbox. -

Since a plane straig_testggéqqgo be performed, the walls of

the sandbox were made as rigid as possible 80 that no strains could be

developed in the long direction of the footing. In order to satisfy
~~

the above testing condition, the transition member was made in three

two-feet sections, thus simulating the long body, with the load appliéd

friction was bound to affect the uniform downward motion of the three
footings, dispiacement wasﬂghosen as a criterion for the loading of
the footing, after which the valves to the jacks were opened s¢ as to

bring about equal-gettlement of the three sections of the footings

. normally to the three footings by three separate hyd}aulic jacks. Sincé




..

‘attached to the three jacks were noted.

s

- 95 .

~ Thus the footings vere pushed into the sand mass through equal dis-

‘_tancés-and the loads indicated by load transducers and by the gauges

o+

5.2 Experimental Apparatus ( N

In this study, the sand used was factory crushed quartz.

5.2,1 Quartz Sand

From'an earlier study performed by agnéin (1974) the .
following results were obtained: .

1) The aand partlicles are sharp and angular with a uniformity
coefficlent of 2.1. /, \\\

r

'2) From the grain size dist bution curve, Figure 5.2.1, it is
apparent that the quartz aaniﬂg;h; e classified as fine to medium sand.

3) The maximum and minimum densities determined undgr the ASTM
procedure were 103.3 1b/ft> [16.24 KN/u’] and 77,9 Ib/£t> [12.25 Kv/n’],
respectively. |

4) The maximum and minimum void ratios were 1.13 and 0.61 and

their corresponding porosities are 0.53 and 0,38, respectively,.

]

5.2,2, Sand Box (Figure 5.2.2)

, Y
The box has a dimﬂqsion of 48" x 6" x 7' [14.63 m x 1.83 ™ X

2.13 m] and has been divided into two equal compartments A and B by

two bulkheads. Thus while one compartment was used as a testing box,

the other acted as’ a storage bin for the sixty tons of quartz sand.
The sand box is made‘of 1/2" (1.27 cm) thick pteel plates held rigidly

in place by 10WFP sectipna which are ]' (2.134 m) long with\t\web
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thicknéss of 1/4" (.635 em) and a fiange thickness of 1/2ﬁ (1.27 cmf
spaced at 3°' (0.914# m) centrea, The WF columms énh‘sgeel.plates were
held rigidly in place by horizontal I-beams (10" x‘é") [25.4 em x 20.32
cm] spaced at 36" (0.9144 m) centres, These horizontalﬁi-beams were
subsequently connected to a 3 feet thick concrete reaction floor by

3" €1.18 cm) diameter steel anchor; spaced at 36" (0.9144 m) centres,

The space between the horizontal I-beams were filled with quartz sand

and compacted by a vibrator to its maximum dengity aﬁ& covered by 1"
(2:54 cm) thick plywood thus providing an even floor for the sand box.
The plywood floor was made rough by gluing sand on ié. With tﬂe above
procedure in the construction of the sand box, it was anticipated that

no deflections w;uid exigt with the walls and floor.of the sand box.
Thus, obliterating any effect that might otherwise beﬁlntroduced by the

said deformation on the atreases within the sand mass_during the lodding

of the footing.

5.2.3 The é;reading Device
The sand was railsed into the sand box from a hopper, Figure
5.2.3, of dimensions F07" X 47" x 57" (32.46 mx 14,33 m x 17.37 m)
which 1s capable of travelling backwards and forwards over the sand -
box on rails which are “independent ;f-the sand box. Thus, preventing

any further compaction of the sand during the process of spreading.

The hopper is held in place at an elevation of one foot (30.48 em) above

-,

“the sand box by a rigid rectangular frame assembly, which consists of
four WF~colume:, These columms are‘attached to wheels which travel on

the said rails. The rails are at a distance of 24" (60.9 ‘cm) and 37"
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. "

(93.98 cp) from the sand box and at eledations of 0" and 100" (2.54.m)
respéctively, with reference to the outside bottom of the eand'box.‘ The
10 HP motors required to drive the hopper and r{gid rectangular frame-
work and the 7" (17.78 cm) dimmeter steel roller were installed within
the colums at an elevation of 0". The hopper within its framework is
also Eapable of vertical motion for a diatance of 6' (1.83 m) from 1its
resting position of one foot (30.48 cm) above the sand box. Thus, giving
a larger vertical distance through which the height of fall of the sand
graing could be varied to produce the desired densaity.

The sloping sides of the hopper are closed by a 7" (17.78 cm)
diameter steel roller with a (108“ x 6" x 3/8™) (274.36 em.x_15. 24 cm x
0.95 cm) cut—off blade Positioned vertically above the centre of the
" steel roller. The cut-off blade:provides the gate opening for the sand
and can be adjusted to give the desired aperture. The sand was prevented
from escaping between the roller aed sloping back plate by a rubber seal,
Thus in the stationary position of the foller no’%end grains could
escape from the hopper. Onece ‘the hopper is set in motiom, it imparts. an
initial horizontal velocity.to‘the'sand particles and a 108" x 8-1/4" x
7/8" (274.3 em x 20.96 cm x 2.22 cm) plate in front of the roller deflects
the sand into a vertical direction from where it finally gets to its des-
tination - the sand box. The problem thet subsequently calls to mind

is how the hopper would be filled with sand.

5.2.4 Centrifugal Bucket Elevator (Figure 5,2.%)

This apparatus has buckets or digging boats (7" x 4" x 4-1/4")

(17.78 em x 10.16 cm x 10.8 cm) - incorporated into the testing apparates

e,
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to fill the hopper with sand from the storage bin. The buckets are
mounted on chains which revolve around a gear system and are spaced at

12" (30.48 cm) centre As ¢t

name implies, the sand dug-up by the

buckets is digpcharged by centrifugal actigﬁ from where
e

it 14 directed into the hoppar by m)hose attached to the funnel. The

bucket elevator is held in plapgé by a rigid rectangular frame structure
which travels on rails built on the sand.box. The elevator usually

stays on the sand box compartment used as a storage bin.

5.2.5 Loading Frame

-

The loading frame 1s shown in Figure 5.2.5. It consists of a
- M '/‘.
20-1/4" x 6-1/4" (51.446 cm x 15.88 cm) I-beam with a web and flange

thicknesses of 1/2" (1.27 cm) and of length 95" (2.515 m) with two sets

of channels of length 95" (2,413 m)~welded to each end of the I-beam.

The I-beam was stiffened by 1/2" (1.27 cm) thick plates at points where
the hydraulic jacks were inatalleg. Six holes.were drilled on either
gslde of the centre line of the sand box's I-beam at the positions where
the loading frame waskto be installed., The firat hole was at a distance
of 9" (22.86 cm) from the top of tﬁe sand box. 'The holes were drilled
at 3" (7.62 cm) cenfres. Compétible holes were also drilled in the
channels of the loading frame, leaving the loading frame gtanding at a
height of 68" (172.72 cmj above the sand box. The enormous height used
was decided upon in order that, during the'bearing capacity tests, that
were to be performed at depths, additional I—be;ms could be installed
between the existing reaction beam and the jacks, thus giving enough

.

piston travel from the jacks.
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In order to enhance the installation of the(load;;g frame
and increase the stabllity of the structurg, it waa,aﬁppoﬁted on four
6" (15.24 cm) diameter whéels which could travel onﬁthe.rails built on
the gand box. | )

. Three aircraft hydraulic jacks were welded to 6" x 6" x 5/8"
(15.24 cm x 15.24 cm x‘1.59 cm) plates. These piates were subsequeﬁtly
bolted to the reaction beam at a distance of 235" °(59.69 cm) from the
end channels-and at 24" (60.96 cm;ﬁcentres. The cylinders of the jacks
had an internal dismeter of 5" (12.7 cm). The pressures exerted by
these jacks were monitored by hydraulic.gaugea and electronic ioad
transducers mowunted between the jacks and reaction beam.

A three-sectional footing was used in the tests. Two of the
sections were dummy footings used to nullify+wall friction effects at
the centre footing. The surface of the dummy footings were roughened
by gluding sand on them. The central footing, which was instrumented
for contact stress measurement was also roughened with sand from the
sand box. The footings had wedges with clrcular holes welded to them.
Similarly, the jacks had projections with holes of the same diameter
(1", 2.54 cm) drilled in them. The dummy footings were installed on
the outermost Jacks and the instrumented footing in the central jack by
pushing a pin through\fhe compatible holes in the jacks and wedges.
This gave the footings the freedom to rotate in the vertical plane
about the horlzontal pins. ‘Fé; later tests it was found necessary to

>

fix the hinges and thus prevent rotation of the footings.



S )

- 105 -

5.2.6 Pumping Configurations
The pump assembly is shown in Figure 5.2.6. The lines were
\\’j;illed with oil and bled te make sure that no alr was trapped within
e

the network, since this would lead to erroneous readings on the hydrau-

lic gauges.
The oil was pumped into an oil regulator (A) from where it
was directed to the lower ends of the jacks by Opening the-appropriéte

-

valves, The ¢il was returned to the pump from the top of ths/jacks
thfﬂugh an oil regulator (C), fﬁgﬂrwhere it was directed to fh\ Y

reservolr. With this type of assembly, it was possible to obtaig\equal

settlements of the footings by a single hand pump.

5.3 Settlement Measurements \\

The settlements of the footings were obtained from measuring
tapes attached to the jacks. With these-tapes, the distances moved by
the pistgﬁs of Jacks could be read off to an accuracy of 0,03125"
4_/59{079 cm) . :
-

//—- Accurate values for the sgettlement of the instrumented footiné'
‘ W

~
.

was obtained by two dial gauges with 8" (20.32 cm) and 6" (15.24 cm)
travels. These dial gauges were attached to a rigld reference channgl

fixed to the sand box and placed on the instrumented fp6ting. The

ga&geS'were“placed on either ends of the width of e>footing. With

‘-.\’
this arrangement it was envdsaged that any tiltin of the footing during
the test cout? be observed.
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5.4 Calibration Tests for Densities

. Thé density of sand rained into the sand box by the spreading
device depends on the intensity of the rain, the welght deposited per
unit area per unit time and the heiggl of fall of the sand paxticles.

The horizontal speed of the hopper also depends on the amount

of sand in the ﬁopper and varies in the forward and reverse directions.

3 These problems were, however, g%iminate&.

L‘j) Thus, tests were performed to ascertain the appropriate
.horizontal speed, volqpe of sand in the hopper, height of fall of the
sand'barticles, drum speed and position of the cut-off blade above the

steel roller tequired to produce the desired densities of 100 1b/ft2

[15.725 KN/m3] and 90 1b/ft3 [14.46 KN/m3] with corresponding relative

-.
- »

- densities of 89.9Z and 54,7%, respectively. * >
Por various position numbers on the valve, the drum speed
wé; noted by a tachometer. The reﬁulta are given in Table 5.4.1.
j The horizontal speeds were determined by driving the hopper
éit? different volumes of sand, forwards and backwards, between marked
\\J/éﬁints on the rail and timed bf a stop clock. The results are given
in Table 5.4.2 and have been presented gr;;hically_in Figure 5.4.1.
From Flgure 5.4.1 it was found convenient to operate always at a ‘
~— capacity between 1/2 full to 3/4 full, which gives an average horiz;;-

tal speed of 8.275 in/sec (21 cm/sec).

With the above in mind, tests were performed to determine the

densitles of the deposited quartz sand at various drum speeds and height
of fall of the sand gralns with the cut-off blade at 7/8" (2.2 cm) above
the centre of steel roller. The results are givé# in T?bles 5.4.3 to

5.4.8 and have been showm graphically in Figure 5.4,2.
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TABLE 5.4.1

Variation of Drum Speed (rpm) with Position hku/n—ﬂ:ers on Valve

Test Nos 1 2 3. 5 6 "Average
Position
No
4 4.0 4.0 4.0 6.0 | 4.0 4. 4"
5 16.2| 16.2§ 16.2| 16.2 | 16.0| 16.0| 16.13
6 23.0 23.0 22.6 22.6 23.0 23.6 22.8
7 30.0| 30.0| 30.0] 30.0°/30.0| 30.0| 30.0
8 33.3| 33.3| 32.5| 32.5 | 32.5 32,5 | 32:8
oL /?
A (

ds
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TABLE 5.4.2

Horizontal Speed in Inches/Sec

r

oo O
~

Voluyme Direcﬁidﬁ
of Sand of

in Hopper| Travel 1 2 3 4

[Empty Forwards | 9.2 | 9.2|79.2| 9.2
' . Reverse 8.7 1! 8.9| 8.9] 8.9

&

1/4 Fuil Forwards 9.2 | 9.4 9.1] 9.2

Reverse 8.6 | 8.6| 8.9 8.9

1/2 Full Forwards 8.6 | 8.6 8.1 8.6

Reverse 8.3 8.3 8.11 8.3

3/4 Full Forwards 8.3 8.4 8.4 \8.4

Reverse 8.0 8.1 7.7 7.7

Full Forwards.| 8.0 8.1| 8.3] 8.0

Reverse 7.5 | 8.0} 8.0| 7.7
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From the results of the above tests, it was concluded that
|

‘aitieé could be achieved by spféading the quartz sand

the following oonditions.

under\ I

A

A, For\a' density of 100 lb/ft (15.725 KN/m ) corresponding to a

relative density of 89.9%, the following conditions had to be

satisfied,

D
2)
3)
.4)

5)

A hopper horizontal Bpeed of 8.275 in/sec (21 cm/sec).
A drum speed of 3 Tpm.

Height of fall of sand particles of 2' (60.96 cm).

A capacity of 1/2 to 3/4 full,

A gate opening of 7/8" (2.2 cm). =

o~

C

4

i

B. Simllarly, for a density of 90 lb/ft:3 (KN/mB) correapondiﬁg to a

f
relative densify ‘of 54.7%, the following conditions were to be

satisfied.

1) A hopper ho;izontal speed of 8.275 in/sec (21 cm/sec).

2) A gate opening of 7/8" (2.2 c;).

3) A capacity between 1/2 to 3/4 full,

4) For the first two feet of quartz sand in the sand box; a
height of fall of the sand particles of 5' (1.524 m) and a
drum speed of 30 rpm had to be satisfied,

5) Yor the next 3 feet, a height of fall of 3.5 feet and a drun
speed of 23 to 25 IPm was to be maintaioed.

6) Foo the last foot, a height of fall.of the sand particles of

2 feet (60.96 cm) and drum speed of 12 to 15 rpm had to be

maintained.
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5.5 Testing Procedure

\\\ 5.5.1 Genera

' ’

\jxﬁ\\‘Thexq z sand was heaped up in one of the compartments of

the sand box while the other was swept clean and }eady to be used for

“Testing. The sand was dug up by the centrifugal bsﬁﬁet elevator';nd

deposited in the hopper. Once the hopper was filled, it was set in a

horizontal motion at the desired speed with the cut-off blade at 7/8"

(2.2 cm) vertically above the centre of the steel roller. The dr;&,v

gpeed and height of fall of the sand particles were adjusted so as to
glve the desired densities.

The sand was rained into the testing compartment until—the

hopper was about half-full. The hopper was then loaded to the desired

|
.

capaclty and the sand raised into the testing compartment. These pro-
cedures of filling the hopper and spreading was continued untill the
sand box was fllled éo about 6" (15,24 cm) from the top. During the
spreading ecircular containers and rectangular boxes were placed in the
sand box in order to check the density of the sand in the sand box.
During the spfeading it was obBerved that more sand was deposited
adjacent to the walls of the sand box, This has been attributed to
the height of sand above the steel roller in the hopper. The height
of sand decreases fastest over the central reglon of the hopper than'
at the end reglons, ‘&his is due to the blockage of the ends of the
'hopper, which ultimately leads to a trapezoidal disposal of sand from
the hopper. Most of the sand 1s thus lost in the central region leading
fo a reduced "overburden” pressure above the 7" (17.78 cm) diameter

steel roller at the central reglon.

~
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However, the effect of fhe above phenomenon has been minimal,
since the difference in elevat%ona of the sand surfacé adjlacent to the
walls of the sand bax and the central reglon was limited to boﬁt l/Z",w
(1.27 cm). Once the spreading was completed, the sand BJrf ‘e was
leveled and precaution was taken such that not more than, 1/2" (1.27 cm) %
of the sand surface was digturbed, )

The loading frame.was then lifted off the floor of the heavy

structures laboratory and placed over the sand box with its wheels on
rails built on tﬁe sand box. It was then rolled to the point where the
testing was to be perfoéﬁed. Compatible holes 5& the columms of the
loading frame and I—beaﬁ of the sand box were aligned and bolts put
through them and nuts placed oﬁ the ends of the bolts and tightened.
All effort was made-to see that the jacks were vertical. The instru-
mented footing was then Hooked—up to the digital strain indicator
instrument and zeroed by ﬁhe balance knob and the simulatéd strain by
the calibration resistor set to 359 micrestrains.

Flve tests were performed with the footings on a flat ground

and at a distance of 2.5 feet (76.2 em) from the top of a 2:1 slope

and at two densities.

53.5.2 Description of Footing Tests B

i

Test 1. H T
3 In this test, the footings were attached to the hydraulic
jacks by pin connections such that the footings were free to rotate in

a vertical plane about horizontzsl pins.
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z This test was performed in the middle of tﬁe 24f (1&;}5 m)
long compartmenthwith a flat ground being simulated. No heave meagure-
ments were made. )

The values of the strains monitoreé by the brfdge circuits
in the Cambridge load cells for the load levels indicated in the load
versus settlement diagr;ﬁ'is given in Appendix C. The wvalues of density
measured by the:boxes placed in theﬁéand ng during the spreading
operation are as ip Table SQS.I;A

5.5.3 Modifications to the Loading Frame

With the mode of connection employed in Test 1 (between footings
and hydraulic jacks), ig was observed that ;g higﬁ pressures from th;
jacks that the footings tilted prioxr to the attainmeﬁt of fallure Ig;d.
Thus, for the subsequent five tests the footinés were attached rigidly "
to the iacks such. that it could move vertically downwards into the sand
mass till failure was reached.

It was also observed that the pressure gauges were not as
accurate as had been anticipated, thus a load cell was installed in be-
tween the central hydraulic jack and the reaction beam. ‘The calibration

chart for the load cell is shown in Figure 5.5.1

%

[

5.5.4 . Test on Slopes

Test 2
In this test the footings were fixed to the jacks. A slope
N ‘
of 2:1 was made in the sand. The end of the width footings (with cell

No. 6 of the instrumented footingé) was 5' (1,524 m) from the edge of
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TABLE 5.5.1
//
Volume |Wt of Box| Wt oflé;x Wt of Sand|Relative|Density|Density
of Box |in gms aanSénd in gms Density | in 3 in 3
in cm3 in cms in % KN/m 1b/ft
668.18 447 1516.5 1069.5 90 15.706| 100,04
1110.495( 648 24.3.5 1765.5 87.9 15.6 99. 304
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the slope. The other end of the width of the footing was about 5'
(1.524 m) from the end of the sand box., The settlement of the footing
was monitored by dial gauges.

Q The strains monitored by the bridge circuits in theCCambridge
1;23\32118 are glven in Appendix C.

The density measured by boxes placed in the sand box during

the spreading operation are shown in Table 5.5.2.

Test 3
Same as the preceding two tests, except that the footing
edge was 2.5 feet (76.2 cm) from the edge of the 2:1 slope. The density
of the sand was 100 lb/ft:3 (15.725 KN/ma), corresponding to a relative
density of 89.9%.
The strains monitored by ghe bridge circults in the Cambridge ™

lqﬁd cells are given in Appendix D.

Test 4

This test was performed at a density of 90 lb/ft3 (14.15 ﬁN/mB)
corresponding to a relative density of 54.7% with the footing edge, 5'
(1.524 m) from the top of the 2:1 slope.

Heave measurements were taken by a measuring stick from a
rigld reference beam. The results of the densities measured by boxes
placed in the sand box during the spreading operation is shown in
Table 5.5.3.

" The strains monlitored by the bridge circuits in the pressure

cells are piven in Appendix c.
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TABLE 5.5.2

Volume |Wt of Box{ Wt of Box| Wt nd |Relative |Density|Density
of Box |1in gms and Sand | in gmsa Density |in 3 in 3
in cm3 in gms in % KN/m 1b/ft

.| 670.56 444.0 1526.0 1082.0 92.5 15.83 |100.85
1114.127] 635.0 2429.0 1794.0 91.9 15.80 |100.64




&
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U P

TABLE 5.5.3
Volume |Wt of Box| Wt of Box| Wt of Saﬁd_Relative Density| Densit
of Box |in gms and Sand in gma Density |in 2 in 3
in cm3 in gms : in % KN/m 1b/ft
670.56 440 1412.5 968.5 55.7 14.166 |90.27
1114.127{ 635.0 2243.5 1608.5 55.6 14.163 |90.23
N
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Test 5

This test was performed at a density of 90 1b/ft3 (14.15 KN7m3)
with the footings edge at a distance of 2.5' (76.2 cm) from the edge of
the 2:1 slope. | 2\

The strains monit;red by the bridge ctrcult is given in
Appendix C,

The results of the density measured by boxes placed in the

sand box during the spreading process is shown in Table 5.5.4.
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* TABLE 5.5.4
Volume |Wt of Box| Wt of Box| Wt of Sand|Relative Density|Density
of Box |in gms and Sand | in gms Density | in 3 in 3
in cm3 in gma- in % KN/m 1b/ft
891.078| 556.5 1841.5 1285.0 55.2 14,146} 90.129
1114.127| 635 2243.5 1608.5 55.6 14.163| 90.23
—r——

I3
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CHAPTER 6
EXPERIMENTAL RESULTS

6.1 General

In Section 4.4, the load cell constants were determined and
the relationship between the output strains and force components'
(normal force, shear. force and moment due to eccentricity of the

normal force) was expressed in the form

— — —_ — —
e+ c C c N
+n +8 +x
€ = C—n C—s C-x S 6.1
Es Csn Css C—sx N
.xt
. - — e )

which can be written in the form
{e} = [c] {F} 6.2

where {€} = 1x3 column mitrix of the output strains from the
three bridge circuits, viz., the positive normal,
negative normal and shear bridge circults, respectively.

[C] = A 3x3 matrix of the load cell constants, that relates
output strains to force components.

{F} = 1x3 column matrix expressing the force compofents
acting on the load cell.

The values of the load cell constants and output strains
were obtained from calibration and footing tests respectively. The

force components were obtained by solving equation 6.2 which glves

{(F} = [c”1] {e} - 6.3




- 130 -

' The inverse of the cell constants for the six load cells are

as follows )

Cell 1
-0.351318 -0.329033 0.023019 |
¢t - 0.007021  -0.010504  -0.235246
~0.279603 0.267936 ~0.030203
Cell 2 -0.343046 - -0.328579 -0.006693 |
051 - 0.007483 ~0.003819 -0.217289
-0.278601 0.257625 ~0.041837
Cell 3
-0.329621 -0.324853 -0.016627
cgl - ~0.005823 -0.014832 -0.266123
—0.286406 0.257187 -0.020992
Cell 4
0.336412 -0.340996 -0.012330
b = -0.018210  -0.008265  -0.269567
10.282395 . 20266838 -0.035377
Fell 5 -

5 =

_0.348297  -0.319869  -0.001995
¢! -0.015918  -0.011993  -0.281089

0.283807 0.255424 -0.043401

——d
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Considering the output
of Cell 1 under & load of 8541.2 lbs (38 KN):then~

page 278; €' = -193, ¢~ = -176" and e,

o= 131 -

-0.344130
0.016083

-0.283799

-0.338436
-0.005809

0.270768

can be obtained from the relationship below

~0.004624
-0.274720

-0.006142

-

strains from the three bridge circuits
from.Appendix C, .

= =36 then the force components

. 7] 7
Q [ ] [
N -0.35138 -0.329033 0.023019 -193
S = 0.007621 -0.010504 =~ -0.23524 -176
JNx -0.279603 0.267936 -0.030203 ~36
__J/'>_ _ A
N = -0.35138 x -193 + -0.329033 x -176 + 0.023019 x -36

S = 0.007021 x -193 + -0.010504 x =176 + 0.23523 x -36
Nx = -0.279603 x -193 + 0.267936 x <176 + -0.030203 x -36
N = 124.886 1bs (555.74 N) O

S = 8.963 1bs (39.88N)
N = 7.894 1b in (89.226 N-cm)

The eccentricity is given by

M o 7.894

X= N - 124.88E = 0.0632 ms
= 0.161 cm

The normal and shear stresses were obtained by dividing the
“ .

corresponding fore ~Ry the surface area of the Cambridge cell face

place (3iDsq.ins, 19.35 sq. cm).
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Thus, Normal Stress

_ 124.886

3 = 41.63 lb/in2

287.24 x 103 pascals.

Shear -Stress

o 24%22 = 2,988 psi

20.614 x 103 pascals.

The stress components for other load gells were computed
in a similar manner. The procedure was also repeated for other load

levels with the output strains as the variable.fot,the“uarioﬁsutestsLs
(Tables 6.1.1 to 6.1.5). >

Five tests haﬁe been performed at two relétive densities and
at varlable distances from the top of a 2.1'slopg (as indicated in
Chapter 5). For #n explicit study to bhe made on the contact stress
distrib;tion under the footing, the contact stresses have been related
to specific points on the load versus settlement curves. Thus an
effective dedtiction can be made on the effect of the stress or strain

atate of the scil on the contact stress distribution.

6.2 Soil and Footlng Movements

’ Owing to the tilting of the footing in Test 1, the footing
could not be loaded to failure. However, the load versus settlement
curve, Figure 6.2.1 for the load levels applied shows an initial
elastic zone followed by a zone of local shear failure.

In Test 2 the load versus settlement curve, Figure 6.2.2,

gshows three zones, the elastic distortion zone, the local shear or
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TABLE 6.1.2

Contact Stresses for Test Two

Eccentricity
Duration Normal Shear of
of Load Load Cell Stress Stress Normal Stress
Application Nos in psi in KPa 1in psi- in KPa 1in Inches 1in cms
in ming
1 8.221 56.725 0.449 3.098 -0.321 -0.815
2 7.849 54,158 0.392 2,705 0.418 —
5 2770 1bs 3 5.902  40.724 0.368 2.539 -0.044 .~ -0.112
[12.33 KN] 4 4.798 33,106 1.116 7.700 —~0:02Z ° -0.152
[9.62 psi] 5 4.630  31.942 1.340___9.246 -0.146 -0.371
6 3.196 22,052 0,692 4.775 -0.034 ~0.0864"
1 20,376 140.59¢ 1.090 7.521 -0,044 -0.112
2 17.712 122,213 1.070 7.383 0.0236 0.060
5 4853 1bs 3 16.858 116.320 1.323 9.129 0.007 0.018
[21.60 KN] 4 11.972 82.607 2.355 16.250 0.027 0.069 -
[16.85 psi] 5 13.685 94,427 4.003 27.621 -0.123 ~0.312
6 7.083 48.873 2.121 14.635 ~0.078 ~0.198
1 53.401 368.467 3,895 26.876 -0.272 -0.691
2 43.378 299.308 2.685, 18.527 0.173 0.439
s 112751b 3 48.396 333,932 5.483 37.833 0.035 0.089
[50.17 KN] 4 32.782 226.196 5.49 37.881 0.080 0.203
[39.15 psi] 5 35.672 246,137 12.078 83.338 -0.168 =0.427
- 6 19.985 137.897 6.619 45.671 -0.154 ~0.391,
1 70.631 487.354 5.090 35.121 -0.018 . -0.0457
2 56.703 391.251 3.499 24.143 0.009 0.0229
5 145201bs 3 65.564 452,392 8.215 56.684 0.035 0.089
[64.61 KN] 4 44.825 309.293 7.076 48.824 0.087 0.221
[50.42 psi] S 41.506 288.593 16.276 112.304 -0,218 -0.554
6 27.632 190.661 9.237 63.735 -0.174 -0.442
1 80.166 553.145 6.162 42,518 -0.0135 -0.0343
2 64.092 442,235 3,977 27.441  0.005 0.013
5 16250 1bs 3 73.427 506.646 10.291 71.008 0.032 0.0813
[72.31 KN] 4 50.756 350.216 8.329 57.470 0.0862 0.219
[56.42 psi] 3 44.246 305.297 18.850 130.065 -0.220 -0.559 -
6 30.836 212.768 10.56 72.864 -0.177 -0.450
1 109.139 753.059 10.387 71.670 -0.0003 ~0.0008
2 81.720 563.868 6.658 45.940 0.003 -0.008
5 18510 1lbs 3 92.268 636.773 17.912 123.593 -0.115 -0.292
[82.37 KN] 4 68.027 469.386 13.397 92,439 0.130 0.330
[64.27 psi} 5 53.436 368.708 26.773 184.734 -0.191 -0.485
6 38.508 265.705 15.634 107.875 -0.214 -0.544
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TABLE 61,3

- >
Contact Stresses for Test: Three

)
"

Eccentricity
Normal : Shear of
Duration 4 Stress Stress Normal Stress
of Load Load Cell : | -

Application Nos 1n psl ,in KPa in pai "tn KPa 1in Inches incems
‘in_mins ; :
1 10.798 74.506 0.180 1.242 0.112 0.285
2 2.498  65.536 -0.187 -1.290 -0.019 -0.0483
17 2000 1b 3 13.624 94,006 0.349 2,408 -0.0945 -0.240
(8.90 Kn] 4 8.263 57.015 0.197 1.359 -0.095 -0.241
[6.94 psi] 5 7.388 50.977 2.37 16.353 -0.139 - -0.353
6 6.821 47,065 0.597 4,119 -0.19¢ ~0.498
1 18.360 126.684 0.753 5.196 0.102 0.259
2 16.541 114.133 -0.441 -3.043 -0.005 -0.0127
16 4000 1b 3 23.170 159.87  1.589 10.964 -0.085 -0.216
[17.8 KN] 4 15.858 109.42 0.728 5.023 -0.9051 -0.130
(13.89 psi] 5 13.807 95.268 4.841 33.403 -~0.106 ~-0.269
6 13.088 90.207 1.634 11.275 -0.155 —-0.394
1 24.342 167.960 1.240 8.556 0.102 0.259
2 23.15 159.735 -0.555 -3.830 0.016 0.041
17 6000 1b 3 32.167 221.95 .2,222 18.782 -0.074 -0.188
[26.7 KN] 4 23.006 158.741 1.356 9.356 -0.036 -0.0914
[20.83 psi] 5 20.01 138.069 6.819 47.051L -0.089 ~-0.226
6- 18.79 129.651 3.05 21.045 -0.149 ~-0.379
1 36.527 252,036 2,002 13.814 0.0813 0.207
2 36.147 249.414 -0.561 -3.871 0.0318 0.081
17 10,000 1b 3 47.626 328.619 4.398 30.346 -0.058 -0.147
[44.5 KN] 4. 36.968 255.079 2.774 19.141 -0.0102 -0.0259
[34.72 pei] 5 32.518 224.374 10.122 69.842 -0.081 -0.206
6 31.105 214.625 _.5.587 38.55 -0.134 -0.340
1 48.666 335.754  3.163 21.825 0.068 0,173
2 -50.152 346,049 -0.127 -0.876 0.0318 0.081
17 13,000 1b 3 61.289 422-.894 7.034 48,535 -0.558 -1.417
[57.85 KN] 4 50.871 351.01 5.562 38.378 0.021 0.053
[45.14 psi] 5 39.762 274,22 13.995 96.428 -0.116 -0.295
6 39.558 272.95 - 8.936 -0.156 ~-0.396

61.658
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TABLE 6.1.4
Contact Stresses for Test Four

. Eccentricity

D;ration Normal .Shear of
5f Load Lodd Cell. Stress Stress Normal Strescs
’Dr}icatiou ; Nos in psli in KPa in psl in PKa 4in Inches %n C
i1 145015 96.704 (.543 3.742 0.022 0.(
2 12,749 ° 87.968 0.978 6.7487 -0,080 -0.:
1S 3000 1b 3 13.558 93.55 0.725 5.003 0.034 0.(
[13.35 KN] 4 9.427 65.046 1.179 8.135 0.110 0.J
[10.42 psi] 5 11.276 77.804 3.034- 20,935 -0.092 -0..
6 " 7.182 49.556 1.786 12.323 -0.194 -0.¢
1 19.170 132.273 1.051 = 7.252 0.005 0.(
2 18.344 126.574 1.394 9.619 -0.071 -0.:
3 17.424 120.226 1.696 11.702 -0.006 0.1
v 4000 1b 4 12.835 88.5615 1.579 10.895 0.091 0.:
[17.8 ¥vN] 5 13,144 90.694 4.180 28.842 -0.107 -0..
[13 . R? pat] 6 103§05 73.175 2.961 20.431 0.710 -0.!
1 22.095 152.456 1.302 8.984 0.008 0.1
2 21.694 149,69 1.086 7.493 -0.057 -0.
5000 1w 3 21.048 145.231 2.199 15.173 -0.009 -0.1
|72 25 KN) 4 16.352 112.829 1.891 13.048 0.074 0.
117 1 pail 5 14.330 98.877 4.777 32.961 -0.145 -Q.
6 12,320 85.008 3.877 26.751 0.229 0.
1 26.044 179.704 1.554 10.723 ¢.013° 0.
2 25.611 176.716 1.139 7.859 -0.047 ~0.
v 6500 1b 3 24.996 172.472 2.615 18.044 -0.007 0.
F28.%3 KN] 4 19.648 135.571 2.234 15.415 0.035 0.
[72.57 pail 5 18.453 127.326 4.467 30.822 -0.101 -0.
6 14.936 103.058 4.024 27.766 0.191 0.
1 28.626 197.519 1.733 11.958 0.005 0.
2 28.633 197.568 1.345 9,281 -0.046" -0,
15 7500 1b 3 27.416 189.170 13.010 20.769 -0.008 0.
[33.38 KH] 4 22.034 152.035 2.554 Y7.623 0.040 0.
[26.04 pal] 5 21.333 147.20 4.537 34.035 -0.095 -0.
6 18.247 125.904 4.429 30.560 -0.148 -0,
1 32.145 221.80 1.676 11.564 0.003 0.
2 32,114 221.587 1.763 12,165 -0.038 -0.
15 9000 1b 3 30.685 211.727 3.069 21.176 -0.0139 -0.
140.05 KN] 4 24.637 169.995 2.682 18.506 0.050 0.
{31.25 psi] 5 25.216 173.990- 4.928 34.003 -0.084 -0.
6 21.434 147.895 4.762 32.858 -0.140 -0,
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TABLE 6.1.5

. Contact Stresses for Test Five

Duration
of Load
Appli

15

15

15

15

-

‘ Eccentricity
Normal - " Shear of
Load Cell Stress Strees -Normal Stress

ion Nos in psi in KPa in psli i1n KPa in Inches in cms
1 3.379 23,315 0.253 1.746 ° 0.026 . 0.066
) 2 5.697 38.309 ~0.17 -1.173 -0.021 -0,053

1000 1bs 3 4.483 30.933 0.242 1.670 0.028 0.0711

[4.45 KN] 4 4.856 33.506 -0.067 -0.462 0.005 0.0127
[3.47 psi] 5 3.541 24.433 0,850 5.865 -0.073 -0.185
6 4.218 29,104 0.977 6.74%1 -0.173 ~-0.439
1 '7.682 53,04 0.342 2.394 0.046 0.117

2 10.179 70.235 0.099 0.683 -0.010 -0,0254

2000 1bs 3 9.957 68.703 0.679 4.685 0.021 0.0533

[8.9 KN] 4 10.294 71,029 0.294 2.029 0.038 0.0965
(6.94 psi] 5 " 8.056 55.586 2.383 16.443 -0.124 -0.315
. 6 (ﬁ§;209 56.642 ' 2.147 14.814 —0.2@0 -0.508

1 13.489 93.074 °0.217 1.497 0.039 0.0991

2 14.219 98,111 0.885 6.107 0.025 0.0635
3000 1bs 3 16.127 111.276 0.848 5.851 0.002 0.005
[13.35 KN] 4 13.938 96.172 0.0144 0.0994 0,094 0.239
" [10.42 psi) 5 11,684 80.620 4.483 30.933 -0.145 -0.368
6 13.794 95.179 2.899 20.003 -0.130 -0.330
1 17.258 119.08 0.071 0.490 0.049 0.125
2 16.286 115.823° 0.876 . 6.044 -0.033 -0.084
4000 1bs 3 21.246 146.592 184 12.696 -0.001 -0.003
[17.8 KN] 4 15.711 108.406 0.269 1.856 0.080 0.203
[13.89 psi] 5 17.789 122.744 5.033 5.473 -0.101 -0.257
' ‘ 6 17.876 123.344 1.427 9.846 -0.046 ~0.117
1 19,182 132.36 0.835 5.762 0.041 0.104
2 18.685 128.93 0.647 4.464 0,023 0.058

4500 1bs 3 23,314 160.867 1.777 12.261 0.006 0.0152
[20.03 KN] 4 17.839 123.089 -0.126 -0.869 0.076 0.193
[15.63 psi] 5 20.889 144.134 4.939 34.079 -0.096 -0.244
6 20.147 139.014 1.409 9,708 -0.057 -0.145
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partial failure zoné (Na the general.ﬁhear failure zone. The elastic
zone 18 as a resdit of the elaétic distortion and cqmpreaﬂfg: of the
soil. Within'thia’re 1on,.thé applied load was found'to be proportional
to the settiement of the féoting. In_the local shear and general shear
failure zgnes, relatively largé-ﬁettlements were obtained for small
incrtements in load.

The failure load was determined by the point of intersection ,
of the.tangents from the elastic branch and the steep brapch. The
value was found to be 18.3 kips (81.435 KN). ;

Test 3 was performed with the edges of the three footings
located at a distance of 2.30 (2.5', 76.2 cm) from the top of the 2:1
slope. The load versus séttlément curve is shown in Figure 6.2.3.

The failure load was found to be 16 kips (71.2 KN). One would have
anticipated ’a smaller failure load on account of the nearness of the
footings to the 2:1 slope. However, a contrary résult was obtained,

In Test 4, the ;dges of thé footings were at 5B from the
top edge of the 2:1 slope. The properties of the sand are as follows:
a relative density of 55% which gives a density of 90 1b/cu.ft
(14.146 KN/ma) and an angle of shearing resistan;e of 38° under plane
strain conditions. According to DeBeer (1970) this soil should
exhibit a local shear failure which it actually did. The failure load
of 5.4 kipé (24.03 KN) 1= shown on the load versus aetglgnent'diagram,
Figure 6.2.4 and was determined from the breaking point on the log of
load versus log of settlement curve Figuré 6.2.5.  The heave beside

one end of the width of the footing was measured and has been pre-

gsented graphically, for the load levels indicated in Figure 6.2.6.

-
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Test 5 was pefformeﬁ with the edges of the footings at 2,58
from the top of the 2.1 slope with the ‘properties of the sand the same
ag in Test.4, The fallure load was determined as in Test 4, Figure 6.2.7.
The oad versus settlement curve is shown in Figure 6.2.8.

The results for the load and their corresponding settleggnts

are given in Appendix D.

6.3 Normal Stress | !

The experimentél results of the normal stresses and their cor-
responding eccentricities for the five tests, are given in Tables 6.1.1
to 6.1.5,

Using the data from the above tables and agsuming a linear
normal stress distribution over each modified Cambridge load cell face

plate, the normal stresses at the edges of each load cell have been com-

puted, using the following expression

' 6x :
P, Ps(x) [1 -31 6.4
vhere . Pe = edge stresses at each load cell
Pa(xj = normal stress at each load cell
X = eccentxiecity of the normal stress at each load cell
b = 2" (5.08 cm). '

A typical distribution for test 4 is shown in Figure 6.3.4A.
The distyibution of the normal stresses under the footing has
been represented by curves owing to the continuity that must exist 1in

the sand distribution,

The normal stress distribution has also been plotted for the

L)

load tevels indicated on the load versus gettlement curves so that an

effective deduction can be made on the effects of the stress or strain
i

state of the soil on the contact stress distribution. ’ )

/!

/
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The normal stress aistribution for Test 1, Fig;)e 6.3.1 gave

—
a/geries of convex shaped curves which were symeetrical | about the“centre

3
of the footing. The highest values of the normal stresses existed at the
centre of the footing. The normal stress decreased from the centre of
the footing towards the edges. As the load was increased, the normal
stresses a;rthe Cambridge load cell locations increased accordlngly. Thué,
theré seems. to be a linear relationship between the normal stress and the
'applied load. The convexity of the normal stress distribution also in-
greased with load. Some ﬁormal stresg existed at tbe edges of the footing
and their values were smaller than those at the centre of the footing.

The calculated loads, Q, (computed from the normal stress dis-—
tribution curve) were found to agree closely with the applied loads
(Table 6.3.1)., The discrepancy in the initial load levels can be attri-
buted to: (1) the compression of the soll mass, (2) the poor response of
the hydraulic gauges to the applied loads at small load levels Wh;ch is
cbvious from the results obtained with a load cell installed between the
central hydraulic jack and the reaction beam, and (3) a probable redis-
tribution of stresses along fhe length of the footing. |

Owing to the inability to attain failure with the footings hinged
to the jacks, it was considered necessary and appropriate to fix the
footfhgs to the jacks. The subsequent four tests were performed under
the above conditions.

The shape of the normal stress distribution for Test 2, Figure
6.3.2 gives a series of asymmetrical convex ahapekicurves. Thus it be-
comes apparent that: (1) an eccentricity or inc [tion &f the jackéror
both has beencalled int; play durfng the ioading brohgsé and.(Z) the

sand surface was not properly levelled.

However, the applied load was found to be approximately equal to
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TABLE 6.3.1

Comparison of Applied and Calculated Load.

Applied Load Calculated Load Z of Calculated Loads
Test in 1bs, in 1bs, Q . Over Applied Load
1 805.03 1080 34
3239.8 4920 52
6185.0 | 8100 30
8541.2 9960 i 16
10465.43 10920 - 4
? 2770. 1752 - =37
4853 4200 ~13
11275 10857.6 -3.8 -
. 14520 14400 -0.9
16250 15960 ~-1.8
K 2000 2520 26
4000 4440 11
< 6000 6240 4
10000 9978 -0.2
13000 12912 -0.7
3000 3312 10
4000 4440 11
5000 5040 .8
65000 6220 4.4
7500 7200 ) ~4
9000 8100 : -9.3
= 1000 1200 20
2000 2400 20
3500 4320 23
4000 D040 ' 26
4500 5760 28 s

8
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the calculated load, with the applied load being 0.9% fo 132 higher than
the calculated load. This gives more faith in the agcond facto;-aa the
main source of the asxmmgtiical shaped curves abtained.

Test 3 (?igure 6.3.3) ga;e a series of convex shaped curves with
the normal stresses lower on théufooting half width close to the slope.

At higher load levels, the convexity increased with the second load cells
off the centre of the footing recording greater stresses than the load
cells immediately off the footing centre, |

However, the applied load was found to agree approximately with
the calculated load (Téble 6.3.1).

In Test & a series of convex shaped curves (Figure 6.3.4) were
obtained with the highest normal stress being obtained at the centre of
the footing. However, edge stregses were found to exist for all load
levels. The convexity of the curves increased with increments in applied
loads. fhe applied load was found to agree favourably with the load cal-
culated from the normal stress distribution curves.

The discrepancy between the applied and calculated loads are
shown in Table 6.3.1.

The 2:1 slope at 2.SB'from the edge of the width of the footings
in Test 5 affected the normal stress distribution. The results of the
test have been plotted in Figure 6.3.5. It indicates a serles of curves
with the normal stressas belng higher‘under.the footing half width away
from the slope.

The calculated loads (from the normal streas distribution curves)°
were higher than the applied load (Tabie 6.3.1) which ﬁight be attributed
to a probable redistribution of. stresses along therlength éf the footing.
6.4 Shear Stress |

| The results for the shear stresses are given in Tables 6.1.1 to

6.1.5,
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In Test 1 in which the footing tilted upwards at cell 5, the
shear stresses (Figure 6.4.1), were found to be higher at the Cambridge
load cell locations on that half of the footings width,

The shear stresses increased from Cell 1 to Cell 3 and then
rapldly to Cell 5.

On the other half of the footings width, the shegr stresses
increased.from Cell 2 to Cell 4 and then the rate of increase decreased
to Cell 6. The above phenomenon has been attributed to the tilting
which took place and has subsequently lead to the dissipation of the
Qheériﬁg strain necessary for the mobilization of the shear stress.

In Tests 2 and 3, Flgures 6.4.2 and 6.4.3, respectively, the
~hear stresses were highest at the footing edges.

( Tn Test 2, zero shear stresses were obtained at the froting
rentre from where it increased towards the-edges.

In Test 3, the polnt of zero shear stresses shifted to points

wdar the footings half widtJ cloreat to the slope (2.5B test).

In Test 4, Figure 6.4.4, the shear stress distribution gave
concave shape curves on both sides of the centre of the footing.
The shear gtresses at the edges of the footing were higher than within
1ts central region. The shear stresses were zero at the centre of the

[

Fnéting for different magnitudes of applied loads.

Test 5, Figure 6.4.5, gave siﬁilar shaped aurves as Test 4
for the shear stress distribution. Howéver, ags the load increased,
the point of zero shear. stressed movedkép points under the footings
half width ckosest to the slope (2.5B test). The shear stresses under
the footing haif width away from the slope were lower than those under

the footing héif width closest to thesélope.
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Net shear- stresses were notic&d under the footing in éach
of the tests and have been shown in Table 6.4.1.

This has been attributed to: (1) the passive resisgtance

offered by the sand adjacent to the footing edges; (2) the effect of

the failure surface.being developed on one half of the footing width,

. ¢.
and (3) any eccentricity or inclination of the load resultant.

6.5 Eccentricity of the Normal Stress at the Modified Cambridge

7

Load Cell Locations

The eccentricity of the normal stresses at the various modified

4

Cambridge load cell locations uﬁder the different magnitudsa of applied
load for tHe five tests are given in Tables 6.1.1 to 6.1-%.

From the regults of the tests the following can be deduced:
e

1. The eccentricity of the resultants of the normal stressges
are highest at the load cell locations close to the edges of, the
footing (Cell Nos. 5 and 6). These resultants al;o act at ecceantrici-
ties that are towards the centre of the footing. Thus negative, as
inﬁicated by the calibration process. The ahove have been attributed
to the variation in the.normal stress distribution at Ehe ﬁbo;e load

-

cells location.

2. The magonitude of these eccentricities decreased to insigni-
ficant values at the load cell locations close to-the centre of the
footing (Cell Nos. 1 and 2), owing to the near uniform distribution

of the normal stresses.

N
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. TABLE 6.4.1
N
Neg Shear No. of Edge Cells to
Applied Load Stress in Which Net Shear
Tegt in KR KPa Stress 18 Directed

! 14.42° 14.74 5
27.52 29.05 5
38.0 42.19 5

) 21.6 6.0 5
50.17 45.97 5
64.61 67.4 5
72.31 84.33 5
R? 37 133,74 5

k)

8.9 15.8 15
17.8 36.31 .5
26,7 47.82 5
44 .5 60.18 5
53.4 73.34 5
57.8~ 68.04 5
1.2 Th.73 5
13.5 2.48 5
17.8 6.85 5
22.25 9.83 5
28.925 B.55 5
IR R 0 7 5
8.9 6. 5

17 .8 30.17 5

\\'
\ N
\‘.
S
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CHAPTER 7

ANALYSIS AND COMPARISON OF RESULTS

7.1 General.
'In this Chapter, comparison will be made for the tests on
the flat and simulated flat grounds since all. experimental..arnd

-

theoretical studies have been performed for the above case.

Tests 1, 2 and 4 indicate that the normal stress distribu-
ttons under a rigid rough footing on the surface of sand at uniform
density under a virgin loading and plane strain conditions are convex
parabolae with Fhe highest stresses at the centre of the footing,

The normal stresses were,alse found to decrease towards the edges of

the fnnt—jng_

Studies performed by Faber (1937) (Figure 2.1.1) and
Vrivororev (1963), Figure 2.1.2 at the surface of a sandmass gave
eimilar rhaped normal stress distribution curves, with finite edge

3

noymal atregreg.

. However, other studies performéd at depth seem to indicate
contrary results. Theilr results seem to be compatiﬁle with the theory
proposed by Schultze (196i), Chapter 2, Section 2.3. Burger 6193?),
Figure 2.1.5, obtained a skewed concave parabola in clayey sand.
Siedek (1948), Figure 2.1.6, obtained a concawe parabolgﬁig fiﬁe sand.
In the above cases, the foundations were founded in satu;afddksoils
and at depths which might have gilven rise to the shape of ghe normal

stress distribution obtained.
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The shear stress distribution obtained in this study, using
the results of test 4, in which there was a simultaneous development
of slip surfaces under both halves of the width of the footing, gave
a series of concave parabola, Flgure 6.4.4., The shear stresses in-
creased from zero values at the centre of the footing to maximum values

at the edges of the footing.

The above result is similar to that obtained by Hartikainen
(1972), Figure 2.1.4. Bub and Muhs (1963), Figure 2.1.7, reported a
similar shear stress distribution, except that they obtained convex

parabolae,

Three methods for the theoretical analysis of contact
ntresses under a rigid rough footing (Schultze 1961, Sedykh 1964, and

Sehwelckert 1964) were given in Chapter 2, Secﬁion 2.3,

The theories proposed by Schultze (1961} and Sedykh (1964)
for the mormal stress distribution gave nimilag‘shaped curves (concave)
within the central region of the footing, tpat is, ?ith the traneition
points g;tween the elastic and plastic zones. Within this-zone thelir
normal Attess distributions are based mainly on the stress distribu-
tions in a soil mass as an elastic medium. The theory proposed by
Sedykh (1964) indicates zeroc edge stresses whi;h is contrary to the
results obtained in this study even at zero embedment depth. The:Pethod
proposed bx‘Schultze (1962) gives edge stresses of magnitude YDNq (for

sand C = 0), . Thus his theoretical analysis will be used for the com-

putation of the normal Htress distribution under the rigid rough
N,

-

footing.
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* The theory proposed by Schweickert (1964) yielded a concave:

parabolic normal stress dietribution with finite edge stresses.

Sedykh's (1964) theory on the shear stress distribution

indicates an increase from zero at the centre of the footing to a maxi-
/;um value within the half width of the footing and then decreases to

zero values at the edges of the footing. The above 1s however contrary

to the result obtained in this study in which the shear stress increased

from a zero value at the centre of the footing to maximum values at the

edges of the footing.

The method proposed by Schweickert (1964) however gives

results which are similar to that obtained<in this study. Hence, his

theory will be used for the computation of the shear stress'distribution.

7.7 WNormal Stress

The normal stress distribution will be computed by the
theory proposed by Schultze (1961), given in Chapter 2, Section 2.3.
Within the transition points, that is, in the elastic zone tlie following

relationship holds:

.P 1
P (x) = — |,
8 / 1 - (%:_)2

2.5
Ta

vhere Px(x) = normsl stress distribution
a = half width of footing
P = axial load per unit length of footing

In the plpstic‘zones, the following relationship
R (x) = yNgD + bayNY(1 - x/a) ¢ 7.1

o



- 167 -

where Y = goil dehsity
D"=-depth of footing

q = footing half width : !

X distancé from centre of footing

;
Nq and Ny = bearing capacity factors.

Equation 2.6 from Chapter 2, which includes the cohesion
component, has been modified into Eqﬁatibu 7.1 since the soil used

for the tests was sand and has no cohesion,

- The computations will be carried out for some selected
load levels [3000 1bs (13.35KN), 5000 1lbs {22.25 KN) and 7500 1hs

(33.375 KN)] in test four.

Test 4 has been chosen-because of the simultaneous forma-
tion of slip surfaces on both sides of the footing half width. The
load levels have also been selectéd because of their strategic positioné
on the load vs settlement curve, viz., the elastic, loecal shear failure

and general shear failure zones.

Thus for a load level of 5000 lbs (22.25 KN) in test 4 in
which the soll mass had a density of 90 lb/ft3 (14.15 KN/m3) and an
angle of shearing registance of 38° (corrected for the plane strain

condition}, the settlement of the footing was 1.211 inches (3.08 cm) .

The distance of the transition point from the centre of the
footing 1s given by Equation 2.13 and has been repeated here for

convenlence. Then, using a factor of safety of unity

B2 = C)f () +Cpf (6) 2.13
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where c 1= a/DNq

C2 - 2@2YNY

According to Meyerhof (1963), the bearing capacity factors

are Nq = 46, and Ny = 70.

-j‘
£

90

Thus, C1 = 6 x 1728 X 1.211 x 46 = 17.41 1b/in (30.5 N/cm) .

C, = 2 x 36 x 22 x 70 = 262.5 1b/in (459.89 N/cm)mre—

2 1728 ' :
5000
P/2 = S5 = 104.2 1b/in (182.56 N/cm) <
° \
from Figure 2.10 and using a yalue of El = (0,75, this gives fG (E]) - N
1

0.810 and fcz(gl) - 0.342,

Then substituting foF Cl' CZ’ fcl(El) and-fcz(ﬁl) in
Equation 2.13 we have L

Pf2 = 17.41 x 0.81 + 262.5 x 0.742

103.88

1R

104.0 1b/4in (182.2 N/cm).

Both P/2 values are approximately equal, thus the distance

of the transition point x

1’ from the centre of the footing 1is given

by the expression

' 51 = xlla = 0.75 (// \

& '
k) = 6x 0.75 = 4.5 inches _ )

= 11.4 cm
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The load P1 agsumed to be carried by the footing is given

by -
: 2 .
P, Y 1-&1 c1 + 202(1—51)] 2.10

= m v 1-0.75% - 17.41 + 2 x 262.5(1-0.75)

= 308.9 1b/in.

The normal stress diatribution within the elastic zone under

the above assumed load Pl is given by

P
L—1 2.5

P (x) m — .
8 'lTa_ ‘/ 1"'(}(/3)2

’ The result of the computed normal stress distribution wirhin

the elastic zone is given in Table 7.2.1.
1

.
The stress at any point within the plastic zone is given by

the expression

Ps(x)lt.S"-' to 6"}“‘:" YDNq + ba N'Y(]. - x/a)

Substituting
Y = 90 1b/ft3 (14.15 KN/mB)

Nq = 46

Ny = 70

we will get
P_(x) = 2.9+ 87.5(1 - x/b)psi

~

The normal stresses within thé\plastic zone 1s given in Table 7.2.2.
v M ) ;
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TABLE 7.2.1

Normal Stigss Diatribution within the ElasEic Zone

Distance From the Centre

of the Footing (x)

Normal Streas

inches cm psi kPa
0 0 16.39 113.09
1 2.54 ., 16.62 114,68
2 5.08 17.38 119.92
3 7.62 18.92 130£5
4 10.16 21.99 151.73
4.5 11.43 24.80 165.60
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TABLE 7.2.2

Normal Stress Distribution within the Plastic Zone

Distance from the Centre
of the Pooting (x)

‘s
Normal Stress

inches cm psi kPa
4.5 11.43 ,\ 24.80 165.60
5.0 12.7 ? 17.48 120.01
[}
5.5 13.97 . 10.19 70,31
6.0 15.24 2.90 20.01
L Y
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The values in Tables 7.2.1 and 7.2.2 and the results obtained
from the test for this load level have been plotted ‘and are shown in
Figure 7.2.1.

The above analysis has been repeated for 3000 lbs (13.35 KN)
and 7500.lb (33.375 KN) and their corresponding normal stress distri-
hutionr are given in Figures 7.2.2 and 7.2.3, respectively.

The results obtained from the theory proposed by Schultze
(1961) for the three load levels (Figur;s 7.5.1, 7.2.2 and 7.2.3) gave
canrave normal stress distributions between their respective transition
points and then decreased to finite edge stresses, giving w—ahaped-
curves. The test results gave cohvex nofmal stress distribution for
the load levels in question. Thus, between the transition points the

theoretical and experimental normal stress distribution gave opposite

cfrYven. ’

The percentage of loads calculated from the experimenta]
rurves to the loads determined from Schultze's (1961) theoretical
rurves for the load levels 3000 1bs (13.35 KN), 5000 lbs (22.25 KN)
and 7500 1lbs (33.375 KN) are 110.4Z, 100.8% and 96%, respectively.
The discrepancies seem not to be very significant owing to the probable
redistribution of stresses along the length of the footing.

However, under the presently used design load-and from the
compa;;sona shovn, in Figures 7.2.1, 7.2.2 and 7.2.3, a unifﬁgﬁeaverage

gtress should glve a satisfactory dep&gn nornal gtress distribution

for a surface footing subjected to the conditions existing in this

test, o . ‘ -
]

N : 1

LR LT A T ey = T . Ln o
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7.3 Shear Stress

The equation proposed by Schweickert (1964) will be utilized

b

for the compuﬁation of the shear stress distribution under the footing

for reasons discussed earlier.

1

AP

The equation as stated in Chapter 2, Section 2.3 is as

frllowa:
5P (1+a) n-1 ‘
T X = —— . - 5
H( ) PO tan & (x/b) . 2.3
whera ‘« - the ratio of the normal stress at the centre of the
footing to the normal stregs at the edge of the forting
P = load per unit length of the footing -
a ~ footing half width
n = order of parabola

x - distance from the centre of the footing to the poiaf
where the shga? stregs is to be determined.

The computation will be performed for the following load ’
o

Tavelg, 3000 1bs (13.35 EN), 5Q00 lbs (77.25 ¥KN) and 7500 1ha (33.73R )

(v tpat he 2 -

-

The above test. has been chosen because of the simultaneous
development of slip surfaces under both halves of the.footings width.
. The load levels were also selected since they are repreaentasives of
the loads on the [;;EIEB at the elaatic,'local ghear failure and

genefal ghear failure zones of the load vs settlement curve (Figure

~

6.2.4). ' - A
¢ 4 .
From the results of test 4, (Table 7.40l), the maximum

friction angles, which occurred at the edgesvof the footing were between

— ——
~ \

"~

™
d
3
%

b TR
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one-third and two-thirds of the'gngle of shearing rasistance of the

/

sand.

Thus, for the_computations in this section, a mobilized friction
angle of oné:thigg théfanéle of shearing resistance (38/3 = 12.67°) will
be used. A value of four will be used for_n, since this has been ﬁng'

extensively By Schwelckert (1964). -

Thus, for a load level of 3000 1bs (13.35 KN), P = 3000/24 =

125 lhfdn = 218.99ﬁ\?{cm, b = 6 1ns (15.24 cw), @ = 1.75, & = 12.67°

and n = 4.

5 % 125 x 2.75
T () 17 x 6.75

tan 12,67 (-’]-:—)“'l
= 4.77 €93 psi
= 32.913 (%)3 kPa

The above expression was used in the computation of the
shear stress distribution under the footing for various values of x
(distance from the centre of the footing). The results are shown in

Table 7.3.1. Thé‘FEEEiZ;/;;;\:;E experimentally detexmined values are |

shown in Figure 7.3.1.

The aboye computations were repeated for 5000 lbs (22.&5 KN)

and 7500 1lbs (33.375‘KN). The calculated shear stresses and the

AN

~experimentally determined values are gﬁown In Figures 7.3.2 and 7.3.3.

4
The shear stress distributi%n derived from the-thgory proposed
by Schwelckert (1964}Kagrees closely gith the experimentally determined

distribution for the Ehigg‘load levels.
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a

H

TABLE 7.3.1

Shear Stress Distribution under Footing Half Width

Distance From Centre Shear Stress
of Footing
inches cm pel kPa
1 2.54 0.022 0.152
3 7.62 0.596 4,112
. /
5 12,7 2,76 19,044 -
6 15,24 4.77 32.913

. - afJ
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The ahear stress distribution as given in Equation 2,38
depends on the following varigbles: o (the ratio of the normal stress
at the centre of the footinq\to the normal stress at the edhe of the
footing) and n ( order of the parabola), whic@ cannot be easily deter-
mined. Thus some judgement has to be exercised in the choice of the

values used for the said variables, '

N \
A .

— .
However, under the usually used design load a safe shear

stress distribution Bﬁould be obtained,

7.4 Relationship between Applied Load and the Contact Stresses

The results of test 4 in which the so1l had an angle of
shearing resistance of 38° (corrected from plate strain conditions as

///PfInSEf?ted by Meyerhof (1963)) and a density of 90 1b/ft3 (14.5 KN/m3)
will be used for this analysis.

Figurea 7.4Ji}ﬁ;; 7.4.2 show the obtained relationship between
the applied load and the normal streas developed under the rigid rough
footing at .the various modi fied Cambridge load cell locations. The
normal stress\;t any particular load-lwvel is highést for the load
cells nearest to the centre of the footing., Thus the normal stress
decreases in magnitude from cells 1, 2 to cells 3,4 and then finally
to cells 5,6. The figures also indicate an initially curved portion
with the normal stress increasing with applied loads prior to the
atﬁaiument of failure load of 5.4 kips (24.0 KN).. After the failure ¢

. N
load, a linear relationship Prevailed between the normal stresses and

the applied load. The initial curved portion can be attrlbuted to the
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3
compression of the soil mass uégg; the rigid rough footing into a
denser state, thus reduc?g;ffge air voids between the soll grains.
Thie is then followed by a state_in which equal increments in applied
load produces equai increments in normal stress.

The relgtionship between the applied load aﬁd the shear streas
developed under the figid.rough footing is given in Figure 7.4.3. It
indicates an initially curved portion in which the shear stress in-
creases with applied load at the different load cell logatippa:*flt
also shows that the highest shear streaéea were developed at the
Cambridge loa; cell locations close to the edgeé of the footing. It

is also important to note that the shear stress values seem to approach

a limiting value at the load cell locations (load cells Nos. 1, 3 and 5).

Figures 7.4.4 and 7.4.5 gives the relationship between the
normal stresses and the shear stresses developed under the footing.
It indicates a non linear relétionship between the shear stress and

]

normal stress,

The different angles of frictiom mobilized under the rigid
rough footing at the different load cell locations and for different
applied loads are given in Table 7.4.1. These friction angles have
been computed on the basis that

§ = uN 2.39
where 6 = ghear force » -

§ o= tangént of the friction angle

N = normal force at the location.

-

\ -

" | SRt sty
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—
TABLE 7.4.1

Friction Angle Mobilized under the Footing for Test &,

¢ = 38°

Load Friction Angle Mobilized under the Modified Load Cells
Levels Location in Degrees

in -

1bs Lells 1 2 . 3 4 5 - 6
3000 2,2 C4.39 3.06 7.13 15.06 13,97
4000 3.14 4.35 5.56 7.01 12.64 15.6
5000 3.37 2.87 5.96 6.60 18.44 17.47
5500 2.01 3.85 5.82 7.12 22.2 17.62
6000 2.48 3.29 5.75 6.75 15.95 16.37
6500 ©3.42 2.50 5.97 6.49 13.01 15,08
7000 3.44 2,69 6.32 6.93 13.76 15,30
7500. <:; 3.46  2.69 6,27  6.61  13.03 13,64
8000 3.2 2,72 6.10 6.23 12.64 13.26
9000 2.99 3.14 5.72 6,21 11.06 12.53
10000 1.99 3.99 4,97 6.76 10.32 13.04

>
o
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one-third and two-thirds of the angle of shearing resistance of the

gand.

Thus, for tﬁe_computations in this section, a mobilized friction
angle of oné:thixg théfanéle of shearing resistance (38/5 - 12.67°) will

be used. A value of four will be used for n, since this has been uéeqtgs

extensively by Schweickert (1964). .

Thus, for a load level of 3000 1bs (13.35 KN), P = 3000/24 =
125 lb/;R;H 218.996 ¥/cm, b =26 ins (15.24-cm), a= 1,75, § = 12,67°
N -

and n = 4,

5 x 125 x 2.75
T, 00 17 x 6.75

tan 12.67 c§)4‘1
= 4,77 (%:—)3 psi
- 32.913\(%93 KPa

The above expression was used in the computation of the
shear stress distribution under the footing for various values of x
(distance from the centre of the footing). The results are shown in

Table 7.3.1. The‘fEEﬁIE;/;;;\:;E experimentally determined values are .

shown in Figure 7.3.1.

The above computations were repeated for 5000 lbs (22.25 KN)

 and 7500 1bs (33.375 KN). The calculated shear stresses and the

. N
_experimentally determined values are q}own in Figures 7.3.2 and 7.3.3.
p ;

The shear atress distributibn derived from the-thdory proposed

by Schweickert (19645%agrees closely Lith the experimentally determined

distribution for the three load levels.
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TABLE 7.3.1

1

Shear Stress Distribution under Footing Half Width

Distance From Centre Shear Stress
of Footing
inches cm pal kPa
1 2.54 0.022 0.152
3 7.62 0.596 4,112
5 12,7 2.76 19.044
6 15,24 4,77 32.913

(-
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The ahear stress distribution as given in Equation 2,38
dependa on the following variables: o (the ratic of the normal stress
at the centre of the footin&\to the normal stress at the edga of the
footing) and n ( order of the parabola), whicb cannot be easily deter-
mined. Tﬁua some judgement has to be exercised in the choice of the

values used for the said variables. !

. \
N .,

— .
However, under the usually used design load a safe shear

streas distribution should be obtained.

7.4 Relationship between Applied Load and the Contact Stresses

The results of test 4 in which the soil had an angle of
shearing resistance of 38° (corrected from plate strain conditions as

///pf}ngii?ted by Meyerhof (1963)) and a densgity of 90 lb/ft3 (14.5 KN/mB)
-
will be used for this analysgis.

Figures 7.4.11ﬁ;; 7.4.2 show the obtained relationship between
the applied load and the normal stress developed under the rigid rough
footing at .the various modified Cambridge load cell locations. The
normal stresé>;2 any particular load lgvel 1is highéat for the load
cells nearest to the centre of the footing. Thus the normal stress
decreases in magnitude from cells 1, 2 to cells 3,4 and then finally
to cells 5,6. The figures also indicate én initially curved portion
with the normal stress inhreasing with applied loads prior to the
atﬁainment of failure load of 5.4 kips (24.0 KN). After the failure

. ol
load, a linear relationship prevailed between the normal stresgses and

the applied load. The initial curved portion can be attributed to the
e
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3
- compresaion of the soil mass uﬁ r the rigid rough footing\into a
denser state, thus reducing the air voids between the soil grains.
Thia is then followed by a state in which equal increments in applied
load produces equai increments in normai stress.

The relationship between the applied load aﬁé the shear stress
developed under thé rigid,rough footing is given in Figure 7.4.3. It
indicates an initially curved portion in which the shear stress in-
‘creases with applied load at the different load cell logatipnﬂtf’lt

also shows that the highest shear streaées were developed at the
Cambridge loa;.cell locations close to the edgeé of the footing. It

is also important to note that the shear stress values seem to approach

a limiting value at the load cell locations (load cells Nos. 1, 3 and 5).

Figures 7.4.4 and 7.4.5 gives the relationship between the
normal stresses and the shear stresses developed under the footing.
It indicates a non linear relétionship between the shear stress and

o

normal stress.

The different angles of friction mobilized under the rigid
rough footing at the different load cell locations and for different
applied loads are given in Table 7.4.1. These friction angles have

P}
been computed on the basis that
§ = uN 2.39
where § = ghear force -

W= tangént of the friction angle

N = normal force at the location.

-

\ .

\ B e
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.

TABLE 7.4.1

@ = 38°
Load Friction Angle Mobilized under the Modified Load Cells
Levels Location in Degrees
i:s :Cells 1 2 3 4 5 6
3000 2.2 _4.39 3,06 7.13  15.06  13.97
4000 314 435 5.5 7.01 12.64  15.6
5000 3.37  2.87 . 5.96  6.60 18.44  17.47
5500 2.01 3,85 5,82 7.12 22,2 17.62
6000 2.48  3.29 5,75  6.75  15.95  16.37
6500 ‘3.42  2.50 5,97  6.49  13.01 15,08
7000 3.44 2,69  6.32  6.93  13.76  15.30
7500 (:: 3.46  2.69  6.27 6.6l  13.03  13.64
8000 3.2 2,72 6,10 6.23  12.64  13.26
9000 2,99  3.14 5,72  6.21 11,06  12.53
10000 1.99  3.99  4.97 6,76  10.32 13,04
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o

From Table 7.4.1, it is obvious that the friction angle
i) . ) .
mobilized under the footing increases from a value of zero at the

[a)

centre of the footing to maximum values, which varies-between one-third
. "7"'/
(12.67°) to two-thirds (25.33°) of the angle of shearing resistance of
~ N

the sand (38°) at the edges of the footing.

Also from Table 7.4.1 the maximum friction angles mobilized
under the footing edges occurred at 5500 1be (24;475 KN). This load
level is approximately equal to the failurgrlo§d of the soll mass.
'Thus, as far as this.test is concerned, the maximum frictioﬁ angles
seem to.be mobilized. at approximately the fallure load. It should be

also noted that theﬂgzicti3ﬁ“angle mobllized under the footing edges
‘ - .
increased with load levels until about the failure load after which it

decreased. Beyond the fallure load the mobilized friction atigle

decreases due to the fact that the rate of increase of the normal stress

-
(]

with applied load 1s greater thaf the raye of Ancrease of shear stress

_with applied load. _ - ‘.
t

The mean of the friégidn angles mobillized under the edges of

the footing at 5500 lbas (24.47 \FN), that is at €ell Nos. 5 (22.2°)
) g
and 6 (17.62°) is 19.91°. Fortunately, this ties in approximately with

the results (Figure 3.2.3) obtained from the direct shear box test on
aluminum plates coated with sand from the sandbox under a normal Sorce

.

of 113.25 1bs (503.96 N) in which the friction angles was 18.3°,
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7.5 Factors Influencing Test Results

Test 1 was carried out with the footings hinged tc the jacks.
The footings could not be loaded to failure load of the soll before
they tilted. However, a normal stress distribution in which the normal
stresses were equal on éither half df the widtﬂ of the footing were
obtained for load levels up to about 10,000 1bs (44.5 XN). The tilting
of the fqofings muaﬁvhave leq to the dissipation of the deformations
necessary for the preduction of the desired shear stresses. However,
some amount of shear stresses were monitored and have been plotted in
Figure.6.4.l. There was also a discrepancy between the applied load
and the corresponding value calculated from the curves describing the
normal stress distribution. This has been attributed to the poor

Fl

] .
response of the hydraulic pressure gauges in the lower load range.

In Test 2, skewed convex shaped-parabolase were obtained for
the normal stress distribution. This has been attributed to the
uneveness in the sand surface. This factbf has been decided on, since
the load calculated from the curve describing the normal stress dis-

tribution was found to be approximately equal to the applied load.

. This then offsets any other sources of errors such as eccentricity or

the inclination of the jacks. It also provides satisfactory proof

that the modified Cambridge cells are working proﬁéflyr

w The above factors were borfie in mind during subsequent

tesats.

In test 2 and subsequent tests, loads were monitored by

e

load transducers. o :

A \‘\
Y
.
3




- 192 ~

CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 Summary

The main purpose of this study was to calibrate the modified
Cambridge load cells in their true\bpezgging condition, that is, with
the load cells already installed in the footing. Calibrations have
been undertaken for line loads and point loads at differemt eccentrici-
ties and for shear loads. Furthermore, the load cells had to be checked

out if they would respond properly under actual loading conditions.

The modified Cambridge load cells have been'hooked—up to the
digital strain indiéator. This has eventually réduced the time lag. in
reading or noting the values of the strains indicated by the bridge
circuits in the six load cells employed. With this instrument the
above saild strains have been noted as print-outs from the printing

unit attached to the digital strain indicator.

The effect of temperature on the load cells readings have
been undertaken from the results obtained, the cells are affected
under extreme temperature condi;ions and where temperature gradients
also existed. Under normal working temperature conditions, the effects
seemed insignificant since the temperature of the calibration room and
testing room were identical. However, if the cells were used under
adverse temperature conditions such as extreﬁe cold or exposed.to direct

sunlight, a calibration for temperature effects should be undertaken.
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Since density is one of the factors that affect the contact
stress distribution, a spreading device has been used to rain the sand

into the sandbox at the desired density.

After the spreading, the surface tests were performed. The
normal and shear stress distribution under the rigid rough footing were
determined. The tests were performed on simulated flaé‘ground and at
distances from the edge of the top of the 2:1 slope made in the quartz
sand in the sandbox. The results obtained have been plotted on the |,

F
transverse section of the footing.

The relatiénship existing between the applied load and con-
tact stresses, the normal @;ress and shear stress, for a typical test
have been presented graphically. The friction‘angle mobilized at the
different load cell locations for this typical test has also been

computed for various loay levels.

Theoretical analysis using exdsting proposed mathematical
relationships have been performed for the contact stresses distribution.

The results have been compared with the experimentally determined values.

It has to be pointed out here that the analysis and comparison

of results was intended to be only a minor part of this thesis.

8.2 Conclusion

v

The results obtained from this study and the preceding dis-

-

cussions, will allow the following conclusions to be made.

1. The load cells were found to éive reliable and reproducible

results during the calibration process. Thus the load cells can be
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- .
sald to have operated satisfactorily. However, tests under extreme
temperature conditions will affect the cell readings to some extent.
These effects were insignificant in this study, since the temperature

of the calibration room and testing room were aimi}ar. The above sub-

sequently leads to a confidence in the results obtained.

2. It has also been shown tﬁat the nature of loading did not
affect the values of the modifigd Cambridge load cells calibration
constants. This has been shown from the results obtained for the line
loading (Appendix A) and point loading (Appendix B) tests. However,
it is easier to perform the aine loading tests since for the point

loading, the hanger tends to rotate on the ball bearing.

3. The glectronic digital readout and recording equipment has
facilitated the reading of the strains indicated by the bridge circuilts

in the modified Cambridge load cells,

—

4, The shape of the normal stress distribution curves obtained
for tests on the simulated flat ground (Tests 1, 2 and 4) were convex
parabolae with the maximum ordinates at the centre of the footing.

Edge stresses were also-noted to exist in the three-cases but of lower
magnitude when compared to the stresses at the centre of the footing.
The above has been attributed to the lateral flow of sand grains at the
edges of the footing which culminated in a reduction of the normal edge
stresses.- The considerable confinement of the sand within the central
region of the footing and the subsequent resistance to deformation has
led to high central normal stresses. This can be deduced from thg
nature of shear distribution and angle of friction mobilized.at'the load

cell locations.

-~
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5. The convexity of the normal stress distribution is increased
by an increase in load, the angle of shearing resistance of the sand

and hence the dansity of the sand.

6. The shape of the contact stress distribution 18 not affected
T -

significantly by the load level. This can be attributed to the fixation

- of the footings to the jacks which @id not permit .any tilting of the

footinga.

7. The eccentricity of the normal stress for each load cell in~
creased from about zero for the cell located at tgg centre.of the footing

to maximum values at the edge load cells.

8. . The digtribution-of the shear stress under the footing gave‘

a series of concave parabolae for the case in which there was simultaneous
development of failure surfacee (Test 4). The shear stress increaa;s‘
from a value of zero at the centre of the footing to maximum values at

the edges of the footing. This fits with the displacement of the sand
grains that takéa place near the edges of the footing. Also, from the
analysis performed for test 4, it can be said that the/angle of ériction
mobilized under the footing increases from a zero value at the centre of
the footing to a maximum value at the edges of the footing. “Thus it

could be inferred that the shearing strain under the footiﬁg is not

constant but varies along the half width of the bottom of the footidg.

9. The analysis performed indicateg that the relationship between
the applied load and the normal stress was initially curved and then
becomes 1ine§r. In the case of the shear vs. applied load -an initially

forrs

curved relationship was obtaindd after which a limiting value seemed
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to be approachgé at eath load cell &ocation.

10. The contact stress distribution under the.-footing at 2.5'
(76.2 cm) from the edge of the top of the 2:1 slopes has been pre-
sented. Higher normal stresses were obtained at the load cells

locations under the footing half width away from the ‘slope.

The point of zero shear atress was also found to have been
shifted away from the centre of the fo&ting to locations under the

footing half width close to the slope.

From the studies performed, it can be concluded that the

preseht design assumptions of normal stress being equal to the design

" load divided by the surface area of the foundation ylelds conservative

(safe)- results for sand.

8.3 Suggestions for Further Research

L

‘It would be of greatyaignificance if a modified Cambridge

load cell could be installed at the centre of the footing so as to

obtain the true central contact stress.

Modified Camb??ﬁﬁé“ioad cells should also be installed along
longitudinal sections of the footing. This would help to determine the
distribution of contact stresses at the said sections and probably im-
prove on the magnitudé of the calculated loads from the stress dis-

tribution curves.

“Some modifications should also be made to the pumping con-
figuration such: that a constant rate of penetration of the footings is

achieved. This could be accomplished by the use of flow regulators.

\
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Further studies should also be engaged tg investigate,
experimentally, the relationship between the applied load, contact
. stresses and distances along the footing width. The magnitude of the

effect of density changes and depth of the footing should also be

. undertaken. This would hélp in elucidating the nature and shape of

the contact stress distribution before any mathematical relationship

-~

can be safely propoged.

—— e e ———
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APPENDIX A

3
CALIBRATION GRAPHS (LINE LOADS) -
Pa

This section consists of the calibration graphs for thé six .~ \‘\‘J

modified Cambridge load tells under line loads. They were obtained ~

as a result of the following operations?

1. A plot of the output strains from the positive normal briz?e

circuit, negative normal bridge-circult and sheax bridge circui

different eccentricities against the normal line loa

2. A plot of the output strains from the aforementioned bridge

clrcuits against the shear loads.

3. A plot of the slopes of the lines derived in (1) against
the eccentricities of the normal line loads. The point of zero

eccentricity was taken at theccentre of the load cells active faces.

The gtaphs have been arranged according to the following

modified Cambridge load cellsnumbers: 1, 2, 3, 4, 5 and 6.

B
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’- APPENDIX B

" CALEBRATION GRAPHS (POINT LOAD)

The calibration of the six modified Cambridge load cells
under point loads were carried out, For comparison purposes, the
calibration curves for a typical load cell, Cell No: 5, under point

loads has been presented in this section.

e graphs represent the plot of the output strains from
the positive normal bridge circuit, the negative normal bridge cir-
_cult and shear bridpe- eircuit at different eccentricities againsf

the normal point loads.

From the slopes of the lines in this appendix and the cor-
responding lines in Appendix A,~dt could be concluded that the
caliﬁraiicnﬁconstaqts are independent of the nature of loading

(whether line loading or point loading).
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APPENDIX C

STRAINS INDICATED BY BRIDGE CIRCUITS IN LOAD CELLS

An account is given here of the strains indicated by the
. 7
bridge circuit, the negative normal bridge circuit and the shear
bridge circuit, under different magnitudes of loads for the varibue

tests.

The loads were zllowed to act for -the time intervala

stipulated.
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TABLE c.1

Strains Indicated by the Bridge Circuaits in
: " the Load ‘Cells for Test “One

.

L

3

*-[buration - : “Pogsitive Normal Negaﬁiﬁe Norwmal| Shear Bridge
of Load o Bridge Circuit | Bridge Cﬂrcuit Circyit
 .:§p;;::ti°n '§&Ldéa‘3' ‘ggtf ) ~Output :Strains iﬁ/ﬂicro Inch per Inch
1 ~-33 . — \\¢22 -3
2 =27 " T2 15
5 805.03 1b} 3 F=-23 . -30 .07
[3.58 KN] 4 - 22 ~28 =13
5 .3 -17 , -16
6 4 =15 - -3
1|7 107 | 94 -22
2 -114 -96 -6
‘5 3239.8 1b 3 ~83 - =99 o -5
v [14.42 RN]| 4 89 -92 - -20
5 24 -65 - -28
6 -38 _ -61 - -16
1 -148 -142 , =27
. 2 -172 -144 0
.3 6185.0 1b 3 -133 -154 -10
[27.52 N]| 4 142 =142 - =19
5 .52 =107 -36
6 -69 -115 =23
1 -193 -176 ' =36
. 12 =206 ~178 ) +3
5 8541:2 1b 3 -166 -192 -20
[38.0 KN] 4 183 -180 - =24
5 . . 67 -137 =48
6- -90 - -158 - =36
1 =219 . =203 =46
' . 12 -216 - -198 . 5
5 10465.43 1b| .3 ~186 =221 ~-29
[46.57 KN]| 4 © 218 . —k" B0
) 5. 74, -137 60 o
6 -105 -18 L— 50 7|
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TABLE C.2

Strains Indicated by the Bridge Circuits
in the Load Cells for Test Two

§

* [puration ‘|Positive Normall Negative Normal| Shear Bridge
of Load Bridge Circuit | Bridge Circuit | Circuit '
:ip;;;:tion u\yggg\ g:;f; . Output\S;rgius.in Micro Inch per Inch

1 =34, . -39 -5
2 -35 . =35 -6
5 2770.0 1b 3 =24 -30 - -3
[12.33 KN] 4 19 : ~23 -13
) 5 15 -27 -14
6 -13 “15- ° -8
1 ~83 -98 t 12
C 2 -77 -81 -16
5 4853,0 1b 3 =73 -81 S
[21.60 RN] 4 51 : -54 =28 "
| 5 ] 46 -78 -42
6 -27 " =35 -24
1 -222 -253 =45
. 2 ~187 -200 ~40
5 .{11275.0 16| 3 -216 T =225 -54
: [50.17 kN]| 4 150 7 -138 - ~67
5 110 - =214 - -126
6 -68 i -107 - =74
1. =297 -331 -59
2 N =242 ‘=264 -52
5 14520.0 1b| .3 \ 4292 -305 -82
[64.61L kN)| 4 ~ >/ .207 -187. ~87
5 115 ~263 =169
6 -91 -151 ~103
1 ~339 -374 =72
. 2 © =272 -300 =59
.5 16250.0 1b| 3 | __s325 -343 -104
[72.3 KN] 4 T 234 -212 -102
5 121 -282 -196
6 -101° -169 -120
- 1 - 469 -503 . =124
2 ~344 ~385 -97
! 3 -383 -454 -183 -
5 18510 1b 4 328 -269 -163
S [82.37 KN] 5 151 -335 -280"
N -118 -219% ~173

PRy R
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A /
."‘
_ _ \
TABLE C.3 \ e,
Strains Indicated by Bridge Circ ts . [
_ in the Load Cells for Te§t Threg -
Duration . Positive Normal Negative Normal| Shear Bridge
of Load ; Bxidge Circuit- | Bridge Circuit | Circuit
Application| . ... Cell .
in Mins Load Nos. |- Output Strains in Micro Inch per.Inch
1 . =53 -42 -2
| 2 . =40 w45 +2
17.. |2000 1bs 3 -52 "-73 a
{8.9 KN] 4 31 42 -3
. 5 24 - =43 =25
6 -22 38 . -7
1 -89 73 -9 l
. 2 -71 -77 +5
16 | |4000.1bs 3 -89 ~123 =13
' [17.8 RN] 4 63 ~77 . =10
e 6 ~45 ; -70 ~19
J 1 -118 -97 =15
{ 2 . -102 -105 C+6
17 6000 1bs ‘3 =125 ~169 -24
. [26.7 KN] 4 93 =110 -18
. 5 70 ~111 T=72
6 -65 ~100 -35
1 ~173 ~150 ~24
: 2 . 2162 ~161 +5
17 10000 1bas 3 - =189 =246 ~40 -
[44.5 KN) | & 154 ~172 36 -
- - 5 116 ~178 =107
6 =110 <163 . -64
# 1 ~227 ~204 -38
2 =224 =224 -2
17 13000 1bs 3 ~243 =316 -67
[57.85 KN] 4 - 219 ~22% -69
5 133 ~227 -149 !
5 -1, 212 ~101
e /’J '
13
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. TABLE C.4"

Strains Indicated by Bridge Circuits
in the Load Cells for Test' Four

'
L NN B5-PUNEX. W PN

L

Duration Positive Normal| Negative Normal | Shear Brid&e
of Load : Bridge Circuit | Bridge Circult | Circuit
:ipiisgtIOﬂl- Load _ gsif__ Output Strains in Micro Inch per Inch
1 -62 -62 -6
2 -48 -66 -14
15. 3000 1bs 3 -61 -63 . =6
: [13.35 KN] 4 C 45 -38 - =15
5 : 40 -62 -32
6 -23 - ~40_ - -20
1 -83 ) ~-87 -12
2 -70 N ~94 -20
15 4000 1bs 3 -74 £ -85 ~16
[17.8 KN] 4 60 -53 .. =20
. 5 45 -74 . - b4
6 -33 ~-60 " =33
. L -]
1 ~96 -100 -15
b 2 -85 -109 ~16
15 5000 1lbs 3 -89 ~103 ~21
[22.25 KN] 4 75 -69 ~24
5 46 ~84 =50
6 ~37 =71 . -43
h ]
1 -114 - ~117 ~18
2 ~102 -127 -17
15 6500 1bs 3 -106 =122 '—25[/’//
[ [28.93 KN] 4 86 -87 -28
. 5 65 -102 =47
6 -48 =83 -45
1 =124 -130 ) =20
: ' 2 =114 -142 -20
15 . 17500 Ibs 3 -116 -134 -29
[33.38 KN] 4 97 -97 -32
‘ 5 76 -117° \sz
, 6 ~63 -97 . 50
4 . '
4 1 ~139 -146 -19
, 2 ~129 -158 -26
15 9000 1bs "3 -129 ~151 -29
[40.05 xN] 4 110 -107° =34
N 5 92 © -136 ~52
i 6 - -75 -113 . 7554
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TABLE C.5

Strair;s Indicated by the Bridge Circults
in the Load Cells for Test Five.

Duration . Positive Normall Negative Normal | Shear Bridge
of Load : Byidge Circuit | Bridge Circuit | Circuit
:gp:iii:g_tioh . Load gg :T .Outputls,t;rgins .in Hicrp Inch per Inch
11 -15 ~15 -3
. 2 =24 =27 +2
15 1000 1bs 3 =20 -21 =2
y [4.45 KN] 4 21 =22 0~
.1 5 13 -19 -9
6 ~14 -23. - -11
1 -35 -33 =4
, 2 -43 -48 -2
15 (’ 2000 1bs 3 44 47 ~6
. {[8.9 KN] 4 46 -45 -5
5 27 -46 - -25
6 -26 ~46 -24
1t -61 —| ~58 -2
: . . 2 -58 ' ~69 =13
15 3000 1bs 3 ~69 -78 -18
[13.35 kN]| -4 66 -57 ~14
- 5 37 -69 -47
) 6 ~49 -72 -33
1 -79 T -73 0
2 -68 -82 -13
‘15 4000 1bs 3 -91 <103 ~17
[17.8 KN] 4 74 -65 -6
5 62 -99 -53
6 =72 -85 -18
1 -87 -82 0
. z> =77 -90 -10
15 4500 1b§N -3, . =101 ‘ -112 ~16
[20.03 KN] 4 - 84 -74 -2
5 74 -115 _ -52
{ 6 .~80 -97 -18

3
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APPENDIX D
LOAD AND SETTLEMENT TESTS RESULTS

In this.e;ection, the settlements of the 1' x 2' (30,48 em
x 60.96 cm) footing for the various tests under different magni tudes

" of load are tabulated.

/ These reaults have been duly plotted and are shown in

\\~¢/~~Eigures 6.2.1, 6.2.2, 6.2.3, 6.2.4 and 6.2.7."

\ o s : \‘\-
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[}

TABLE D.1 ' CL "

Load and Settlement Teat Results for Teat One

=4

Pressure Indicated

’ ' ' " Settlement
by Hydéaulic Jack Load _ of Footings
auge ‘ )
in pa¢  .in kPa - in 1lbs . in KN in inches ,im em
’ . -
‘0-0 ' 0.0 ' 0.0 0.0 0.0 0.0 :
A 282.9 805.03 3.58 0.3125 0.794
N 185 1138.5 3239.8 fﬁ.az 0.375 0.953
\ ‘ 315 2173,5 6185,0 27.52 0.4375. ° 1.111° .
435 3001.5 8541.2 38.00 0.5, 1,27
533 3677.7  10465.43 46.57 0.5625 ©1,429
560 3864.0  10999.6 . 48.95 0.625 " 1.588
630 4347.0  12370.0 55.05 . 0.75 1.905
730 5037.0  14333.515  63.78  0.875 = . 2,223
830 5727.0 . 16297.01 72,52 1.125  ° 2.858

g 3
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TABLE D.3

- 1

Load and Settlement Test Results for Test Three ) -

-

l ‘Duration of

Load in

-

Load in Settlement Settlement
Load Application lbs KN in inches ‘in em
0.0 0.0 0.0 - 0.0 0.0
e 16 - 1000 . 4.45 0.0394 0.1
~ 17 2000 8,90 0.059 0.15
14 3000 13.35 0.12 10.30
16 4000 17.8 0.197 0.56
BT 5000 22.25 0.256 0.65
17 6000 26.7 ° 0.315 ' 0.80
16 7500 33.375 ‘4 0.3 0.95
177 10000 4.5 0.57 1,45
_ 18 12000 53.4 0.689 1.75
' 17 | 13000 57.85 0.748 1.90
N 20 14000 62.3 0.827 2.10
15 15000 66.75 0.886 2.25
17 16006 71.2 . 0.945 2.40
¥y
‘ ,
~ .
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TABLE D.4. g
.Load ‘and -Settlement Test Results for Test Féur Ry
] //’“‘ .
. . Settlement .

ggrggi:n ) Dial Gauge Dial éaugg fﬁyerage
Application Load A B.
in Mins. in 1bs in KN in ins. in ins. in ins. in cm

0 o 0 0 0 0 0o

15 1000  4.45 0,054 0.069 0.0615 0.156 '

15 2000 8.9 0.134 0.135 0.1345 0,342

15 3000 13,35 0,482 0.457 0.4695 1,193

15 4000 - 17.8 0.782 0,768 0.775  1.969

15 -5000  22.25  1.211. 1.211 1.211  3.076

15 5500 24.48 1,937 2.026 1.982 5,033 .

15 6000 26.7  2.454 2.448 2.451  6.226

15 6500 28.93 3.071 3.07 3.0725 7.804

15 7000  31.15 3,240 3.226 .3.233 8,212

15 7500 33.38 3,824 3.927 3.8755  9.844

15 8000 35.6  4.395 4,385 4,39 © 11,151

15 9000 40.05  5.181 5.171 5.176 ' 13.47

15 9500 42.28  5.621 5.618 - 5.6195 14.274 -

15 44,50 6,001 6.000 - 6.0005 15,241

10000

by

.
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TABLE D.5

Load and Settlement Test Results for Test Five

Duration of
Load - g

L

Application . Load ‘Settlement ‘
in Mins. . 'iqklbq “in KN " . in ins in cm
0. o o .0 . 0
15 1000 | 4.54 0.356 0;9;£Z
15 - 2000 8.9 0.943 2.395
15 . 3000 " 13.35 | 2.322 5,898
15 E ©73500° 15.573 3.645 9.258
15 4000 -  17.8 _ 4,642 11.791
15 4500 20,03 | 5,512 © 14,00
¢ -~
p

'





