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MNOTATIONS
e(3/4n - ¢/2)tang

width of footing

B/2

cohesion of soil

cohesion force
coefficient of uniformity

(o

maximum depth from ground surface docwn to where
the slip surfaces will extend

depih cf footing below ground surface
specific gravity

depth of rigid base measured from the bottom
of the foundation

pure numbers whose values depend on the soil
friction angle

length of footing

ke Sq
1 =S
Y

bearing capacity factors

modified beaxring capacity factors
Ranline passive force

vertical load applied to footing
uniform surcharge per unit area
load per unit s2ea of the footing

ultimate lcad per unit aerea of the footling




r = radius at any point on a logarithmic spiral
r_ = initial radius on a logarithmic spiral
S = settlement

s = shear strength of soil

S', S' = shape factors
Qv
W = weight of soil wedge
§ = angle %3 makes with the normal line
vy = effective unit weight of soil
Yd(max) = maximum dry density
yd(min) = minimum dry density

Ao A; = modified shape factors

1

¢ = internal angle of friction in soil

p = angle sides of soil wedge makes with the
horizontal

o = normal stress

o = angle between r_, and any other radial line

Q




CHAPTER I
INTRODUCTION

In general engineering terms, 'foundation' refers to the lowest
part of a structure. The function of a foundation is to transfer the
load of a structure to the underlying soil on which it rests. Over-
stressing of soil might result in excessive settlemc-nt and/or shear
failure of soil. This stress condition may result in structural
damage.

Deperding upon the structure and the soil enccuntered, various
types of foundaticns are used in practice. A 'spread fooiting' is
ceimply an enlargement - of a load bearing wall or column. This focting
type makes it possible to spread the load of the structure over e
large area of soil. Sometimes, due to low load-bearing capacity of
s0il, the size of spread footings becomes tco large. In this case, it
is economical to construct the entire structure over a concrete pad.
This pad is referred to as a 'mat foundation'. 'Pile' and 'caisson'
foundations are used for heavier structures where the depth required
for supporting the soil is large.

Spread footings and mat foundaticns are generally referred to as
shallow foundations. Pile and caisson foundations are classified as
deep foundations. In order to give a guantitative definition, Terzaghi
(1943) , suggested that, whenithe depih of a)foundation. . is Less, than or

equal to its width, it may be considered to be a shallow fcundation.




PO

This present study considers & shallecw founcdation which will later be
referred to only as 'foundation'.

The ultinate bearing capacity of a shsllew foundaticn is defined
as the maxinwm unit pressure which can be supported at the base of a

lsie N iseRy focCur'sls

u.

foundation. Beyond this unit pressure, shear fa
In 1921, Prandtl published the results of his study for the pene-
tration of hard bodies (metal punches) intc another softer mzterial
from the viewpoint of plastic equilibrium. The softer material was
assumed to be homooenecus and isotropic. This work of Prandtl was
later extended by Terzaghi (1943) for the study of the  ultimate so0il
bearing capacity for shallow foundations. Since that time, several
investigators such as- Meyerhof (1942, 1951), Caquot and Xeriszel (1993),
and Lundgren and Mortensen (i953), have refined the analysis proposed

by Terzaghi. These theoretical developmenls have been supplemented by

1=,
(65)

P
(o3

numerous small scale laboratory model studies and large scale f
cbservations. All of these supplements have contributed to a betier
understanding of the lead carrying capacity of shallow foundations
In spite of the intensive investigetions conducted by scils engi-
neers around the world during the iast 3C years or so, several aspects
elating to the uvltimate soil kearing capacity of shaliow foundations
yet remain to be studied. One of these aspects is the evaluation of
the bearing capacity of foundations with a rigid base located at a
rather shallcw depth as measured from the bottom of the fcotina. In

the Procsedings, Seventh Internaticnal Conference on So0il Mechanics and

Foundation Engineering (1969), Mandel &nd Salencen presented a




theoretical analysis for evaluating the ultimate scil bearing capacity
for rough, shallow, strip foundations taking into consideraticn the
effect of rigid bases located at shallocw depths. Since then, however,
a very limited amount of work (Meyerhof, 1974) has been done to verify
the above mentioned theory.

The purpose of this study is to present the results of some
recent laboratory model testing on the ultimate veriical load carrying
capacity of rough, rectangular, surface footings which were placed on
granular soil. A rigid base was located at limited depths. It is
expected that these results will lend to a better quantitative undex-

standing of the problem.




CHAPTER II

REVIEW OF PAST WORK

2.1. Terzaghi's Analysis of Soil Bearing
Capacity for Shallow Strip Foundations

As pointed out in the introduction, mnst of the present refine-
ments in the analysis of the ultimate scil bearing capacity for shallow
foundations are based on the origiral study of Karl Terzaghi (1943).
Terzaghi's original analysis may be explained through use of Fig. 2.1
in which a rough, strip footinyg of width, B, is lccalecd at a deptils,

Df, below the ground surface. The ultimate load per unit area of the
footing applied to cause soil failure is labeled as q,;. It is assumed
thet B i5 greater thap @¥ efual to Dy. The Shedr ssimecgth of the soil

may be defined as (Fig. 2.2)

s = c+ otan ¢ (Fhd)
where

s = shear strenetn of soil,

c = cohesicn,

o = normal stiress,
and

p» = angle of friction
For shallow foundaticns, Terzaghi assumed that the soil above the

bottom of the footing may be replaced by a uniform surcharge of

When the ultimate load, q_,, is applied to the tooting, shear

failure in soil wiil ccclur. The bomdaries of the zones of plastic
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Terzaghi's s0ii bearing capacity analysis for rcugh, strip
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Fig. 2.2. Shear strength of soil.




flow after failure of the earth support as assumed by Terzaghi is
shownn in Fig. 2.la. The triangular soil wedge, ABC, marked as Zone I
is an elastic zone. The sides of the wedgz, AC and BC, are inclined
at an angle p = ¢ with the horizontal. At failure, this wedce moves
downward witnh the footing and pushes ihe ¢o0il mass in areas BCDF and
ACEG laterally and upward. The zones maerked II (ACE and BCD) sre the
radial shear zones. The curves CD and CZ are aczumed to be the ercs

of a logarithinic spiral defined by the equaticn,

o ftan g (2.2)
where

r = radius at any point on the curve,

ro = initial ngEjips = ML= B
and

6 = angle between r
radial line

o and any other

The zones marked III (AEG and BDF) are Rankine pascive zcnes. The
rupture surfaces, DFF and EG, are straight lines. The lines BD, DrF,

AE, and =G make angles of 45 —% with the horizontal.

ve fcrce, Pp, will actl along each face of

o]}
(]
(2}
-do

At fa

pe

lure, the p

the so0il wedge, ABC. Since the soil friction angle is equal to ¢, the

()

line of@sition of Pp will be inciined at an angle, ¢, to the normal
line drawin to ihe wedge faces. This means that the direction of Pp is

vertically upward.




The ultirmate bearirg capacity can now be analyzed by considering
the free bedy diagran <f the wedgs, ABC (Fig. 2.1b). Considering a
.

unit length of the footing {for vertical esquilibrium,

(qy) (20) (1) = W + 2¢, sin ¢ + 2Py {@3)

where
= 8/2,

W = weight of the s0il wedge, ABC, = szian D
and

C; = cohesive force acting along the faces,

C amd BC M c{Blcog ).

Thus,

2bqy = 2Py + 2bc tang - Yb2 tan¢ {2.4)

In the above equation, P nay be exnressed as
9 p I

2 arf /
?; = b/0052 o Ckpc 4= quq] s Xg— i%%%%; f<pY (2:5)

1
-

and K, , are pure numbers whose values depend on the

where K_ .. K

+
Ny

s r Kpg ™
pC i ! p-t !
e = Ran g @ =—=——1
L | : = L ~ S Z it
cos2 @ B LCCSE gl
P . N~




or
qu = cNc + gg + BN, (2.6)
The terms N¢, Ng, and NY in the above eguation are known as bear-
ing capacity factors. The solution to these factors are extremely
tedious and time consuming. For this reason, Terzaghi used an approx-
imale method of superposition to determine these factors. The nmzthod
cf superposition may be defined as follows:
(1) For a weightless soil (i.e., ¥ = 0), if g= 0
(i.e., surface footing), then
qu = cNg¢ (2.7)

Sclution for this condition yields,

_ .2 =
No = cot ¢ - mwt = 1J (2.8)
2cos? (45 + 5)

3
where a = G(Z?T“ %)tan¢ (2.9)
<z

(2) For a weightless soil (i.e., Y = 0), if ¢ = 0, then

Gy = alg (2.10)
Solution of this condition gives,
e
N = < 2.12)

2cos2 (45 + %)

1 1

vhere 'a' 1s given by Eq. 2.9.
(3) For a surface footing in cohesioniess soil, (i.e.,

g= 0, c =30, Sl Vst e

qy = FYBN,, (2.12)




10

K
where NY = %tangz)(:_EY_ - l> (2,1:3)
cos2 ¢

The values of Kp for various angles of soil friction,

o0
¢, obtained by Terzaghi are given in Takle 2.1.
The method of superposition described above is not an exact
solution. However, it ylelds an estimatiocn which is on the safe side

for evaluating the ultimate bearing capacity cf shallow, strip foundzs-

tions (Terzaghi, 1943).

TABLE 2.1

VALUE OF Kp, (Eq. 2.13)

K

{9kt i

0 10.8

5 12.2
10 14.4
15 18.6
20 25.0
25 32.0
30 52.0
35 82.0
40 141.0

45 298.0




it

2.2. Modifications to Terzaghi's
General Bearing Capacity Eguation

At the time of the development of Terzaghi's besaring capacity
analysis, a very limited amourt of experimental results was availlable.
Extensive laboratory and field tests since then show that the basic
assumption of the failure mechanism adopied by Terzaghi (Fig. 2.la)
was essentially correct. However, the angle pu, which the sides AC and
BC of the trianguliar wedge., ABC, make with the horizontal, is about

45 + % instead of ¢ (for example: DeBeer and Vesit, 1958).

¢

With the assumption of @ = 45 + 59

the beering capacity factors,
Ncs Ngs and NY’ will be somewhat changed. The ultimate soil bearing

capacity of shsllow, strip fecotings can stiil be expressed in the came

form as Eq. 2.6. That is,

qy = oNg + gy + %YBNY

Using Terzaghi's method of superposition for a surface footing
(q = 0) on a weightless soil (v = 0), the ultimate soil bearing

capacity can be expressed by
= ¢N
Ay cN¢
Prandii (1921) has given the value of N; as

. poil i
N, = reﬂ tan ¢ tanQ (2 + %) - 1J cot ¢ (2e0140)
[

A comparison of the values of N, obtained from Terzaghi's sclution

(Eq. 2.8) with those obtained by Prandtl (Eq. 2.14) is shown ir Fig.
2 0 9

2.3, For the range of ¢ = 0 1o 45 , Prandtl's values are seen to ke

from 10 to 23 percent lower than those presented by Terzsaghi.




Eqe 2 .48

(Terzaghi)

N¢ [log scale)

—_m_l/,/
‘.’. &
!—Eq. 9o Il

(Prandtl)

'\J 9

iction, ¢ (Deg.)

Angle of F

Comparison between Terzaghi's and Prandtl's values of N_.




plie!

Again, for a weichtless soil (i.e., Y= 0), if ¢ = 0, then
qy = aNg
For such a case, Reissner (1924) has derived the value of Ng- It can
be given by
Ny = e™ N0 a2 (T + &) (2.15)

or

I

N

q N, tan ¢ + 1 (2.16)

where N in the above equation is given by Eq. 2.14. A comparison of
the values of Nq obtained from Terzaghi'srsolution (Eq. 2.11) with
those values determined by Reissner is plotted in Fig. 2.4 for soil
friction angles varying from O to 45 degrees.

For a surface footing (i.e., g = 0) on a cohesionless soil
(i.e., ¢ = 0) in which Y # 0, the ultimate soil bearing capacity can
be expressed by

= 1

qQu = 2YBNY
The value of NY varies sharply with the variation of the angle, .
Depending upon their initial assumptions, several authers have given
numerical soluticns for N,. Caguot and Kerisel (1933) used
Boussinesq's original differentisl equations which considered the
weight of the naterial. Assuming p = 45 + % and using a2 method of
successive approximaticn, they presented a set cf NY values foxr varicus
soil friction angles, ¢. Vesil (1973) has suggested that with small

errors (not exceeding 10 percent for 15° < ¢ < 4%5” and not exceeding

[SN)
w
N
™m
(O8]
N
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5 percent for 20° < ¢ < 40°), Caquot and Kerisel's values may be

exprecsed as,

N, = 2 (Ng + 1) tan ¢ (2017)
Nq in the 2bove equation is given by Eq. 2.15.

However, 1f a soil is cohesionleszs and pessesses weight, the
actual shcar pattern may be represented @s in Fig. 2.5. Lundgren and
Mortensen (1953) have developed-numerical methods, by means of the
theery of plasticity, for the exact determination of the rupture lines
as well as the bearing capacity for particular cases.

A comparison of the NY valucs as presented by Terzaghi (Eq. 2.13),
Cagquot and Kerisel (Eg. 2.17). and Lundgren and Mortensen is given in
Bige 2.6.

2.3. Ultimate Bearina Capacitv for a Rough,

Strip Fcoundation Resiting on a Sc¢il with a
Rough, Rigid Rase Located at a Shallcw Depth

Through use of the theory of limit equilibrium, Mandel and
Salencon {1972) smadc a theoretical analysis for the ultimate bearing
capacity of a rcugh, shallow, strip foundation resting on soft ground.
A rough, rigid hase was considered tc be located at a shallcw depth
as measured from the bottem of the footing. In such a case, the ulti-
mate bearing capacity may be expressed in a form similar to Eq. 2.6.

That is,

qy ¥ oNg + aN}y + -g*vz.m;{ (2.18)
where N, NJ, and N; are the modifjed kearing cagacity factors and

q = YDg. In 2valuating the modified beoring capacity factors, Mandel
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18

and Salencon assumed that the method ¢f superpcsition originally in-

troduced by Terzaghi was valid.

Determination of N{}:

In Fig. 2.7a, a rigid base is located at a depth, H, as measured
from the bottom of the foundation. The so0i)l medium is assumed to be
weightless. If H= «, the slip surfaces will develop in the soil mass
when the footing is subjected to an ultimate load, q,. In such a case,

if q = 0, the ultimate soil bearing capacity from Eq. 2.18 will be

qy = cNg (2.19)

where

N, = N, = [eﬂ tang 45,2 @ %) . l]cot¢ (2.20)

This solution is identical to that proposed by Prandtl.

The maximum depth from the ground surface down to where the slip
surfaces will extend will be equal to D, (Fig. 2.7a). The value of D,
will depend on the width of the foundation, B, and the angle of soil
friction, ¢. Fig. 2.8 gives a plot of Dl/B against ¢.

Againg if H is finite and the rigid, rough base is located at a
depth such that H = D;, there will be no change in the developrent of
the slip lines as compared to the case of H= o. Thus, the ultimate
bearing capacity, q,, can be given by Eqs. 2.19 and 2.20.

If however H < Dy, the development of the €lip lines at failure

will be niodif ied as shown in Fig. 2.7b. In that case, the soil mass

in the zone cde remains motionless. The rigid wedge, akc, sinks
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downward with the foundation. This sinking causes plastic failure in

the soil zones bcefh and acdgj. The values of N{ for these conditions

have been determined by Mandel and Salencon through use of numerical
integration and are given in Fig. 2.9. It may be noted that, unlike

Eq. 2.20, the values of N! are functions of H/B and ¢.

Determination of Né:

Referring to Fig. 2.7a, if it is assumed that Y = 0, ¢ = 0, but
q # O and that the rigqid base is located at a depth H = «, then the
slip lines will develop to & depth of D; (Fig. 2.8) as measured from

the bottom of the footing. For this condition Eq. 2.18 yields

qu = Qg (2.21)
where

" tan¢tan2 o + Q) {2.42)

q 4 2

Similarly, if H = D;, there will be no change in the value of Na.
Thus, Eqs. 2.21 and 2.22 will hold good. However, if H < D;, the
development of the slip lines will be modified as shown in Fig. 2.7b.

For this case,

3
NG = [NC tan ¢o+ 1 | 12.28)

where Né is a bearing capacity factor given in Fig. 2.9.

Fig. 2.10 gives the plet of N; for various values of Dl/B and ¢.
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Determination of N.:

For a surface footing on a cohesionless soil (i.e., ¢ = 0 and
q=0), ifY #0 and H= o, the slip lines at ultimate load will
develcp vp to a depth, Dy, measured frem the bottom of the fcoting as
shown in Fig. 2.5. The depth, Dy, will depend on the soil friction
angle, ¢, and the width of the focting, B. Again, if the rigid, rouch

base is located at a depth H = D;, the shecar pattern in the soil will

29
]
not be changed. . Thus from Eq. 2.18,
q, = Y Biy, (for H = Ds) (2.24)

where N' = N .
Y

Mandel and Salencon assumed that the Lundgren and Mortensen tvpe
solution of NY is correct and thus. those values are recommended for
use in Eq. 2.24. Fig. 2.11 shows a plot of D2/B against the soil
friction angle, ¢.

However, if H < D,, shear pattern in the soil supporting the

foundation will be modified and for those cases,

q %YBN\'( (fox, H < D,) (2.25)
where N; = NY (Lundgren~Morteﬁéen) and*will be a function of H/B and
& -

Fig. 2.12 gives the variation N; with the soil friction angle,

¢, and H/B.
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2.4. Ultimate Bearing Capacity for a
Rough, Rectargular Foundation Resting
on a Granwar Soil with a Rough, Rigid
Base Located at Shallow Depth

The work of Mandel and Salencon (1672), described in the previous
section, is only applicable to strip footings. This strip footing
analvsis represents a case of plane strain. In order to estimste the
bearing capacity for a rectangular footing with limited length to
width ratio, proper shape factors need to be introduced. For strip
foundations on cohesionless soils (i.e., ¢ = 0), Eq. 2.18 transforms
to the form

af = G, + +YBN! (2.26)

q Y.

Meyerhof (1974) introduced the shape factors, Sé and S+, for
estimation of the ultimate bearing capacity for circular focotings.

The expression that he obtained can be stated as,
- GIN' + _}‘ N ATt ), 27
dy qoqu d‘VBanY (2.27)

Sé and SQ will be functions of H/B and the soil friction angle. Based
on his past theoretical work (Meyerhof and Chaplin, 1953) and with
simplifving assumptions that in radial planes the stresses and shear
zcnes gre identical to those in transverse planes, Meyerhof has
evaluzied the approximate values of Sé and SQ.

Lor rectangular footings, Meyerhof has also proposed the semi-

empirical shape factors. These shape faciors can be stated as

goeel Sl (s S§)8/L] {(2.28)
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and

Ay =01 - (1 -s})p/L] (2.29)

where B and L are the width and length of the fcundation, respectively.
It appears that Egs. 2.28 and 2.29 can be written in the fcllow-

ing simpler form:

x& = I\-mB/L (2.30)
and
AL m,B/L (2.31)
where
=1 - 8!
my q
and

my =
Using the theoretical values cf S& and S!, the values of m; and m,
have been caltulated andare” given. in¥ig. 2WT8(a) and (b)-.

Thus, the general bearing capacity equation for rectangular foot-

ings on granular soil may be written as

au = ahgNg + FYEALmy (2.32)

2.5. Expgerimental Investigaticns for
Ultimate Czpaciiy for Rough Foundations
on. Cranull prisond with ‘& Rough;: Npid
Rase [ ocated at Shallow Depth

A limited number of expertliental investigations have heen con-

ducted in the past to determine the value cof N+ and Na and shape

factors in order to compare them with the theory presented in the
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preceeding section. Milovic and Tournier (1971) have reported limited
laboratory model test results on rough, strip, surface footings having
a width, B, of 8 in. (203.2 mm). These tests were conducted in dense
sand having a ¢ = 4. Meyerhof (1974) has also presented some small
scale laboratory model test results in sand (¢ = 38° and 45°) for rough
strip and circular footings. However, a review of existing literature
shows that no laboratory or field tests have been conducted in the
past on rectangular footings. The purpose of the present study is to
conduct small scale laboratory model tests on rough, rectangular, sur-
face foundations in dense sand and to evaluate the modified shape
factor, )\!. These modified bearing capacity and shape factors will be

v

compared with the existing theories.




CHARTER gZ LT

LABORATORY MODEL TESTS

3.1. General

Smal) scale model tests were conducted in the laboratory in order
to study the effects on the scil bearing capacity for rough, rectangu-
lar, shallow foundations due to the existance of a rough, rigid base
at shallow depths from the base of 1he footings. The effects observed
also included the settlement of footings at ultimate load. Ths
length-to-width ratio of ihe footings were varied from one to six.
A1l the modcl tects ccnducted in this study were limited tc the cuse
of surface footings on cohesionless scils.

3:2. Physical Propertiss .of ithe Sgud
Used in the Study

As was mentioned previously, sand was used in 211 the tests con-
ducted for this investigation. The sand was obtained from the
Missouri River near Pollock, South Dakota. Upon arrival to the lzber-
atory, it was sifted through a No. 1C U. S. Standard sieve (opening =

2 mm). The materiznl was then oven dried prior to testing.

=

Standard tests were conducted tc determine the signifi

ant

(=1

()

properties of the sand. These prcperties are shown ir Takle 3.1. The
grain-size distributlion curve for the sand is given in Fig. 3.1. Ex-
amination of the grain-size distributicn curve indicated the sand to

be foirly uniform with few fine grains present.




TABLE 3.1

CHARACTERISTICS OF THE SAND USED FOR MODEL TEST

% Passing U. S. Sieve No. 10 100

% Passing U. S. Sieve No. 40 27

% Passing U. S. Sieve No. 200 o)
Coefficient of Uniformity , C, 4
Specific Gravity, G, 2.67
Maximum Dry Density, yd{max) 110.75 pcfa
Void Ratio at Maximum Density 0.50
Minimum Dry Density, Yd(min) 93.50 pcf
Void Ratio at Minimum Density 0.78

alpcf 315.95Kg/m3

3.3. Descrintion of Model
Test Equipnent

The model tests were performed in a box measuring 3 ft x 3 ft x
1.5 ft (0.91 m x 0.91 m x 0.46 m). The walls of the box were rein-
forced using small steel channels. To insure rigidity c¢f the hace,
2-inch wood planking was fastened directly to the bottom of the box.
This assembly was then placed over a framework of medium-sized
channels. In order to cbtain a rough base, the inside bottom of the
box was covered with a sand-glue mixture. In this case, the sand-glue

mixture was cpread over a 3 ft x 3 ft masonite paneci. After allowing
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the mixiure to dry, the mascnite panel was attached to the bottom of

the box with wocd screws. The sand use¢ for the sand-glue mixture was

<

identical to the sand used for tre model tests.

The load on each nicdel footing was epplied by a hydraulic jack.
The applied lcad wae mzasured with a2 compression proving ring connected
directly to the jack. A vertical, cerntral load was transmitted to the
footing through a circular, steel ber 1.5 in. (38.1 mm) in diameter.
The bar was held vertically by two friction-frees bearing rings. These
bearing rings were strategically located to reduce lateral movement of
the steel bar. All model focotings were rigidly attached to the steel

bar by a collar and clamp system. The general layout of the equipient

is shown in Fig. 3.2.

3.4. Model Footinas

Four model {cotings were used in the investigation. They were
made out of $-in. (12.7 mm) steel platings. All footings were 2 in.
wide with varying lengths. The lengths of the footings were 2, 4, 6,
and 12 in. (30.8 mm, 101.6 mm, 152.4 mm, and 304.8 mm) which thereby
provided length-to-width ratios, L/B, ¢f 1, 2, 3, and 6, respectively.
The footings were made rough by giluing sandpaper to the kettom cf
each footing (Fig. 3.3). The sandpaper was made in the laboratery by
mixing a high-bond glue with a representative samgle of sand. As with
the rcugh dbase, the saiid used in this case was identical to the cand
used to conduct the model tests. This procedure was used tc insure

trhet the frictional characteristics of the focting surface and the




Fig. 3.3. Test footings used in model study.
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experimental sand were identical. The sandpaper was dried for several

days before experimental use.

3.5. Preparation and Testing

Before tesiing could begin, the sand had to be compacted to a
predetermined density up to the desired depths. To insure uniform
compaction, the sand was placed in layers of 1 in. (25.4 nm) or less
and uniformly tamped. The density, y, chosen for all tests was 103.33
pcf. At this density, the angle of friction was determined to be
43 degrees.

In order to achieve the desired density, 77.5 lbs. of sand werec
placed in the testing box per one inch of height. Compaction was per-
formed by uniformly tamping the sand's surface. Compaction ceased
when the height of the sand layer was one inch. This height was
determined by placing cne-inch scale marks on the inside walls of the
box. In additicn, sample height measurements were taken at sewveral
interior points to insure that a uniform layer thickness was achieved.
Thece measurements were taken from a static plane located above the
testing box.

After compaction of the sand had been accomplished, the model
tests were conducted. Initially, the fcoting was permitted to come in
contact with the soil in such a manner as to avoid any load transfer
from the footing to the soil. After this initial step, a micromexter
(Fig. 3.4) was attached to the footing to record the settlement data.

With the micrometer preperly placed, the footing wes loaded by the




Fig. 3.4. Measurement of footing settlement with
micrometer.

Fig. 3.5. Typical failure pattern for model test.




hydraulic jack. The proving ring dial gauge was read for every 0.01

in. (0.254 mm) of footing settlement. Load application was halted
only after the maximum bearing load or an excessive settlement was
observed. From this data, load-settlement curves were plotted.
After each test, surface failure patterns were observed. In
certain cases, photographs of these failure patterns were taken. An
example of a failure pattern is shown in Fig. 3.5. Upon completion

ea he nd was removed from the x and then r ipacted.
of each test, the sand was n d from the box and then recompacted




CHAPTER IV

MODEL Te£ST RESULTS AND ANALYSIS

4.1. Fvaluation of the Experimental
Ultimate Bearing Capacity

As stated in the preceeding chapter, load application to the
footings was continued until sudden failure occurred or excessive
settlement with small load increments was observed. During load ap-
plication, the verticai lcad (in pounds), Q, was recorded for every
0.C01 in. (0.0254 mm) of footing settlement. The unit load cn each

fecoting at a given settlement can be calculated as

q=§ (4.1)
where
a = load per unit area of the footing
B = width of the footing,
and

il

L length of the footing.
By using the experimental, obsexrved lcads, Q, the unit loads, g, for
varicus foocting settlements were calculated using Eg. 4.1. Typical
&) sk 1S) [EusE
limited cepth (F =~ 0.4 - 0.50) is shown in Fig. 4.1. Fig. 4.2 shows
g ot : -
the piots of q vs. 5 for the model plates at B 3. This condition
represents ihe rigid base located at gresat depth.

The ultimate bLearino capacity, q,: Was fecund from an examination

¢f ihe pressure-settlement diagrams. The ultimate unit load i
E =) S
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defined as the point at which the slope of the pressure-settlement

curve first reaches zero or a steady, minimum value. The ultimate
bearing capacity for the footings under study at various % ratios de-
termined by the above procedure is given in Table 4.1.
Fig. 4.3 shows a non-dimensional plot of % at ultimate load for
foctiings with lengih-to-width ratios (L/B) of one and six.
2. Determination of Experimental

4,
Modifjied Bearing Capaciiv Factors
and Comparison with Theony

The ultimate bearing capacity in cohesionless soils in the modi-

fied form has been given in Eq. 2.32 as

-

+ $YBAN

:!
Y

?
"Y

Q-
Q

Since the model test was conducted with surface footihgs on granular

soil (i.e., ¢ = 0, g = 0), the above equation simplifies to the form

— b 4L 1A .
4, Q{B”YNY (4.2)
The modified shaps factor, A;, can ve expressed in the form,
A =1 - my(B/L)] (2.31)

Subsiituting the above ecuaticn into Lg. 4.2, we have

e O AR A B frxv/ \ '
qU SiEYBU L 132(—5/ L/]N-Y
or

dy v e !
=[1 - m (B/L)]N' 4.3
2( / J % ( )

05V -




TABLE 4.1

qu/O.SYB VALUES FOR VARICUS FOOTING DIMENSIONS WITH CHANGING SOTL DEPTHS¥

Footing Size

Width, B Length, L B Soil Depth, D D A qu -
in inches in inches L in inches 3 in psi 0.5YB AYN

(1) (2) (3) (4) (5) (€) (7)

2 ¥ 167 10.0 <, 11.5 192.3

2 43 167 6.0 3.0 i dpnd 191.7

2 12 .167 3.0 L5 17.9 298.8

% 12 44w 2.37 1.19 22.9 380.9

2 Z 167 1.89 0.95 30.8 514.7

2 2 167 1.45 0.73 40.1 48

2 12 167 0.85 C.43 93.8 1,569.2

2 3 .333 10.0 5.0 10.7 178.9

z 6 .333 6.0 3.0 e, 183.9

2 é 333 g 1.5 16.0 267.6

2 6 233 2.42 1.21 29 379.6

2 6 .333 1.92 0.96 8i../5 526.8

2 6 .333 1.46 0.73 38.0 634.8

2 6 .323 0.95 0.48 70.8 1,201.3

2 4 .50 10.0 .0 8.5 141.3

2 4 50 6.0 3.0 9.5 158.9

2 4 50 3.0 Ti5 15.0 251.3

Z 4 50 2 | 22.6 377.9

P 4 5 1.89 0.95 27.8 464.9

2 4 50 1.42 0.71 33.1 8527 2
2 4 50 0.89 0.54 54.4 909.5 w
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Using the experimental ultimate bearing capacity, q,, the values of
Ay

0.5vE have been determined and are given in Table 4.1.

1

q, c :
The values of GUMQE given in Column 7 of Takle 4.1 for the four

=
.

plates are plotted against their corresponding % mestilesy dln Eilg. 4%,

q, 13
As expected. th e e,
pected, e general nature of the graph of o5ve VS* B for any
given plate remains approximately constant at greater % values and in-

creases with the decrease of ﬂ when the rigid base is located at
[

Ay .
— decrease with

limited depths. Also for a given ﬂ, the values of bIS;B

with a decrease of the length-tc-width ratio of the plate.
From the average plot for each model plate given in Fig. 4.4, it
. Au .
rmay be seen that the experimental values of =——=g= assume an approxi-

0.5YB

mately constant value at about % > 1.9, thereby indicating great depth

conditions (g > DQ/B) as far as the location of the rough, rigid base
is concerned. This value is somewhat higher than akout 1.4 for ¢ = 43°
as predicted by the theory (Fig. 2.11). 1In crder to ccmpare ihe ex-
perimental results with the existing theory for great depth conditicns
(g agreater than about 2), the values of Ethé taken from the average
plcts in Fig. 4.4 are ploited against B/L of the plates elong with the
theorelicai values predicted by Eg. 4.28(Fdr @ = 43 and §#5°) if Pig.
4.5, It may be noted thet fer great depths. the iheoretical valu2 of

is equal to N, as obtained by the

M, in Eq. 4.3 is egual to 0.4 and N y

1
Y
Lundgren and Mortensen procedure. The compariscn shows that the ex-

perimental velues are actually in closer agrecment with g = 459. This
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result was rather expected and has been a point of discussion among

the researchers in the area of bearing capacity for some time. Several
investigators have shown that the use of the soil friction angle ob-
tained from conventional tests yield a rather conservative value when
compared with the experimental results. Some researchers have pointed
out that the plane strain friction angle which is about 10 percent
higher than the friction angle obtained by conventional tests should
be used in estimating the ultimate bearing capacity. Lee (1970), made
a comprehensive review of the work of 23 investigators on the results
of soil friction angles and concluded that,

"under drained conditions the plane strain angle of internal

friction exceeds the value cbtzined from the tyiaxial tests

by about 6 or & . The greatest difference is asscociated with
dense sand at low confining pressurec, . . . ."

Another factor also needs to be cocnsidered here. The use of plane i
strain friction is prokably a wvalid bacis of calculation when consider-
ing the case of strip footings; however, it may not bz true in the case
of rectangular footings. Again, a study by Ko and Davidson (1973)
shows that the use of plane strain friction angles in calculating the
ultinate bearing capacity in dense sand may grossly overestimete the
actual results. This is probably the case here. Although the plane
strain friction angle of the sand used for the model tests has not keen
determined, if we assume that ¢ (plane strain) = 1.1 ¢ (conventicnal),
then our friction angle will be in the range of about 48 . Use of this
friction angle in Eq. 4.3 will give a much higher value than that ob-

served in the model tests.




y q
The values of 5—%V§ taken from the average experimental plots

given in Fig. 4.4 at g = 0.4, 0.6, 0.8, 1.0, 1.2, 1.5, 1.8, and 2 to

5 are plotted against the width-to-length ratios of the plate in Fig.

4.6(a) and 4.6(b). From the plot it can be seen that for a given %,

the variation of . against B/L is approximately linear. This

u-
0.5YB
result is in general agreement with the nature of the plot ss pre-

dicted by the theory (i.e., Eq. 4.3). It may also be noticed from

Eq. 4.3 that whea B/L=+0 (i.e., strip footings), 69‘%1\76 — Ny
H
at various B ratios,

Thus,
to extrapolate the bearing capacity factors, N;,
the linear plots given in Fig. 4.6(a) and 4.6(b) have been produced
back to B/L = 0. The intercepts of these linear plots ere the deducad
modified bearing capacity factors, NQ, at various % ratios.

The deduced experimental values for NQ are plotted against their
corresponding g values in Fig. 4.7. For comparison purposes, the

o
b

theoretical values of the medified bearing capacity factors are also
plotted in Fig. 4.7 for ¢ = 4, 43°, and 45°. These theoretical
values of N; are taken from Fig. 2.i2. 1t can ke seen that in the
region of 0.5 < g < 1.9, the experimentally deduced values of N' are
higher than those predicted by the theory for ¢ = 43°. Furthermcze,
they are also higher than the values obtained from the use of the
thzory of plasticity for g = 45°, which is the assumed value for the
friction angle that gave a correct estimation of the ultimete bearing

capacity for conditions when the rigid base is located at great

depths.
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However, for % < 0.5, the experimental value of N; drops below

the theoretical prediction for ¢ = 43°. The lower experimental values
in this range may be due to two effects. The first is grain crushing.
Grain crushing at higher loads may cause a reduction in the internal
friction angle. This reduction will, in turn, reduce the load-
carrying capacity of the footing. A second effect is the reduction

of the internal friction angle due to the curvilinear nature of the
Mohr-Coulomb failure envelope. It has been found that for high pres-
sure ranges, the Mohr-Coulomb envelope bends downward from the assumed
straightline portion. Therefore, the friction angle is apparently
reduced. It should be noted that in this range the bearing capacity
may be overestimated by using the theoretical methods.

The general nature of the variation of the deduced modified bear-
ing capacity factor, NQ, as determined from these tests, was compared
with the limited results available in the literature. Meyerhof (1974)
presented results of model tests for strip and circular footings in
medium and dense sands (p = 38 and 45°). Milovic and Tournier (1971)
have also published some results from their tests conducted on rough,
strip, model footings in dense sand (p = 42°). 1In the model tests by
the investigators mentioned above. the nature of variation of N; is
almost identical to that found from the present study, i.e., when the
rough, rigid base is located at a limited depth, the experimental
bearing capacity factor is higher than the theoretical wvalue. However,
for % < 0.4 to 0.7, the theoretical values overestimate the experi-

mentally determined values of NQ in all cases.




4.2. Modified Bearing Shame Factor

From Eq¢. 4.3, for rectangular footings,

qu s
o el B m2(B/L)]N+

Referring to Fig. 4.6(a) and 4.6(b), it may be seen that the nature of

.. q
variation of ———0—

. b .
055 for rectangular footings (for a given E) 1s approxi-

rmately linear as predicted by Eq. 4.3. However, in order to compare
the magnitude of the experimental mp with those predictec by
Meverhof's approximate theoxry, the followirng procedure was adopted.

For the strip footing case, B/L = 0. So, from Eq., 4.3

= Ny (4.4)

Similarly, for the square footirg case, B/L = 1 and Eq. 4.3 for this

case yields

qy
o, N' [1 - ms] (4.5)
[0.5yBJB/L =" Y [ 2

So, from Eqs. 4.4 =nd 4.5,

(Chg
Ay
Mo =11 = AUDEEL A (4.6)
MG

U.SyB]B/L =0
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Using the values of [6g%§§]B/L s and [GgEVE]B/L = i from the linear
plots of Fig. 4.6(a) and 4.6(b), the values of mo are shown in Fig.
4.8. The theoretical values of my for ¢ = 43° are also plotted for
comparative purposes. These values are taken from Fig. 2.13(b). When
the rigid base is located at great depths (i.e., H greater than about
1.9 times the width of the footing as found from these tests), the
experimental value of m, is about ©.32 as compared to the theoretical
prediction of G.4. Fcr the case when the rough, rigid base is located
at shallow depthe, i.e., % < 1.9, the overall variation of my is from
about -0.06 to +0.08. Taking into consideration the real soil be-
havior and the theoretical assumptions involved in soil mechanics, it
can be concluded that. the agreement between the experimental and

theoretical values is good.
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CHAPTER V

CONCLUSIONS

Laboratory model tests on rectangular surface footings in dense
sand have been conducted to evaluate the effect of the location of a
rough, rigid base close to the footing. Based on the findings cf the
present study, the following conclusions can be drawn:

(1). The rough, rigid base does not affect the values of
. B 4
6?%?@ when g is greater than or equal to epproximately 1.9 for

¢ = 43 . Thus, great depth conditions occur for g values higher than
1.9. The theory predicts a somewhat lower value of 1.4.

(2). At great depths (g greater than about 2), the values of
qn

0.5vB

although the sojl friction angle by conventional tests was found to

are in closer agreement to similar values found by usirg ¢ = %Y,

be 43%.
Y

(3). AL great depths, 0.578 remains approximately constant for

any given footling.
. s H 2 2 qU

(4). For a given depth (i.e., 3 mtlo), the Values of TR
decrease with a decrease of the length-to-width ratio. This result is
implied from Meyerhef's (1974) expression for the bearing capacity

shape factors.

(5). 1In the case when the rigid base is located at a limited

H = q . e . H
depth (é < 1.9), the values of 6—E$§ increase with the decrease of 5"
o J

This result was predicted from the theoretical analysis of Mandel and

Salencon (1969).




q
(6). For a given g, the variation of 6_%75 with B/L is approxi-

mately linear. This result is in general agreement with the theo-

retical analysis presented by Meyerhof {1974).

A

(7). In the region of 0.5 < % < 1.9, the values of the modified

bearing capacity factor, NQ, are higher than those predicted by the

theory for ¢ = 43°. In addition, they are also higher than the values
for ¢ = 45°, which is the assumed value for the friction angle that
gave a correct estimation of the ultimate bearing capacity for con-

ditions when the rigid base is located at great depths. Thus, the

-

(8). For % < 0.5, the deduced values of NQ are less than those

theoretical values of N. appear to be conservative in this region.

(o]

predicted by theory for ¢ = 43" . Examination of the experimental work

of Meyerhof (1974) and Milovic and Tournier (1971), also shows similar
trends. Thus, the theoretical values for NQ appear to cause an over-
estimation of the ultimate bearing capacity in this region. This
result may be attributed to an actual decrease of the internal fric-
tion angle due to the effects of grain crushing.

(9). The experimental value cof mo is found to ke equal to 0.32
when the rigid base is at great depths. The theory predicts a value
of 0.4 for my.

{i@). Ear g values less thah TI9 (i.e., rigid bDdse at a limited
depth), the variation of my, is about -0.06 to +0.08. This variation
is fairly small when considering the real soil behavior and the

theoretical assumptions involved in soil mechanics.
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