In presenting the dissertation as a partiasl fulfillment of
the requirements for an advanced degree from the Georgia
Institute of Technology, I agree that the Library of the
Institute shall make it available for inspection and
cireulation in accordance with its regulations governing
materials of this type. I agree that permission to copy
from, or to publish from, this dissertation may be granted
by the professor under whose direction it was written, or,
in his absence, by the Dean of the Graduate Division when
such copying or publication is solely for scholarly purposes
and dees not involve potential financial gain. It is under-
stood that any copying from, or publication of, this dis-
sertgtlon which involves potential financisl gain will not
e allowed without written permission.

3/17/65
b

i

T

- ;- - - - pha. - L2t o Dl o - h o hymn (ETbn N
B A L e o R M WAL I K CrTRrTET )
- P L I [T P S NI S P ) - o o .

3 T

IRk 15

.(
|
5
|

_5




AN INVESTIGATION OF THE BEARING

CAPACITY OF A JOINTED ROCK SYSTEM

A THESIS
Presented to
The Faculty of the Graduate Division
by

George Frederick von Kelnitz, IV

In Partial Fulfillment
of the Requirements for the Degree

Master of Science in Civil Engineering

Georgia Institute of Technology

September, 1965




L3
. A ¢
w0

: . Lt [ T
AN INVESTIGATION OF THE BEARING

CAPACITY OF A JOINTED ROCK SYSTEM

Approved:

D

~oE e e
B e
Chatrman -~ =~ -
R
"_ = Rk, e -
R DU ALV NS SRS S ”\étﬁ,fﬁ;

(’a
—_—

Date apgroved by Cﬁéil




ii

ACKNOWLEBGMENTS

Thélﬁ?ifer wi§he§ fo ékpré3s his gfatitﬁde t§.Prefessof George F.
Sowers, Theéis Adviéof, and te Professér B. B. Mazanti and'Df. Charleé
Weaver, members‘bf_the reading ;ommitfee, fér advice and direction during
this investigation;. In addition, the writer wishes to thank Dr. N. H.
Wade for his helpful comments énd the Sherwood Cut Stone Cempany for

supplying the Indiana Limestone used in the investigation.




TABLE OF CONTENTS

ACKNOWLEDGMENTS, &« v v & & & o o = % o

LIST OF TABLES « v « ¢ s « o s o o o o «

LIST OF ILLUSTRATIONS. +. 4 & v ¢ o o o &

LIST OF SYMBOLS AND ABBREVIATIONS. . . .

SUMMARY s s = b8 a4 8 . I ] ® ] B LI

A

°

.

Chapter

I. INTRODUCTION. « + o & « 4 + 4 - &

II. ROCK DESCRIPTION, EQUIPMENT, AND PROCEDURE.
[II. RESULTS AND DISCUSSION. s . . - .

IV. - CONCLUSIONS . oo w5 04 o oo v u s

V.. RECOMMENDATIONS FOR FURTHER STUDY -

APPENDIX oi 'e-. o.ll_l. - + e‘ ..ol- . _-'o. ,.:. L. o. o..

BIBLIOGRAPHY . .« « ¢ « &« + + 4 « = & & @

iii

Page

vii

viii

16
39
41
42

53




Table

1.

LIST OF TABLES

Comparison ¢of Predicted and Actual Bearing
Capacity Footings in the Center of the Block. . . . .

Comparisen of Bearing Capacity with
Footings at Different Positions . . . . « . . . . . .

Bearing Capacity, Footings
Bearing Capacity, Footings
Bearing Capacity, Footings
Bearihg Capacity, Footings

Bearing Capacity, Foetings

at the Center of Blocks. .

at the Edge of Blocks. . .-.

on a Corner of Block . + .
Centered Dver Two Blocks .

Centered Over Four Blocks.

iv

Page

18

37
43
[
u5
46

u7




Figure

l.

10,

11.

12,

13.

4.

15.

16.

17.

18.

19.

LIST OF ILLUSTRATIONS

Failure of é Small Bleék?,afteriﬁéyefhof. e v e e e
ﬁearing Failﬁre 6f é LargeﬂBlock, after Meyerhof. . . .
Mohr Enveloﬁes fé; Ihéi;nétt}meséghé; ; e e e e

Entire Jointed System, Footing.in Center. . . . . . . .
Position ef Footings Referred to in Text. . . . . . . .

Predicted Unit Lead (qg) vs. b/w,
Footing in Center of Block, . + + « +» « « v « & + .+ 4 &

Unit Load (q,) vs. b/w, Footing in Center of Bleck. . .
Failure Load (Q) vs. b/w, Footing in Center of Block. .

General Failure Pattern,
Small Footing (1.25 inches) Plan View . . .+ + « . + + &

General Failure Pattern,

Large Feoting (3.0 inches) Plan View. . . .. . . . . .

Observed Failure Patterm, : . :
Proefile View Shewing Wedge Angle 2. . «. . . . . « .+ . .
Unit Load (qs) vs. b/w, Footing at the Edge of Block.
Failure Load (Q) vs. b/w, Footing at the Edge of Block.

Unit Lead (q,)} vs. b/w, Footing at the Corner of Block.

Failure Load (Q) vs. b/w, Feoting at the Corner of Block.

Unit Load (qo) vs. b/w, Footing Centered Over Two Blocks.

Failure Load (Q) vs. b/w, _
Feoting Centered Over Two Blocks. « . + ¢« ¢ v v & « « &

Unit Load (q,) and Failure Load (Q) vs. b/w,
Footing Centered Over Four Blocks . . . . . « « « .-« .

. Typical Load-Settlement Curve, 1.25 inch

Footing Centered on Jeined System . . . . « « + « + + &

o

Page

13

14

20

21

22

23

24

-25

28

29

al

32

33

34

a5

48




Pigure

20.

21.

22.

23.

24,

Typical
Footing

Typical
Footing

Typical
Footing

Typical

Footing

Typical

Feoting

vi

Page
Load-Settlement Curve, 2.0 inch
Centered on Jointed System. ' .« v & o v o o « s o« o U9
Load-Settlement Curve, 3.0 inch - _
Centered on Jointéd System, . + « v « o + o &« » o o 20
Load-Settlement Curve, 1.25 inch

Centered on Solid Rock Mass . + « « « o v « = o » . 51

Load-Settlement Curve, 2.0 inch
Centered on Solic Rock Mass ., « + « 4 4 ¢« v« o o o s 52

Load-Settlement Curve, 3.0 incﬁ
Centered on Solid Rock Mass . « . ¢ + « &+ « o & + » 52




Symbol

LIST OF SYMBOLS AND ABBREVIATIONS

. Angle of internal friction

Semi-wedge angle

Cohesion

Horigontal splitting ﬁrgssure
Bending tensile strength
Bending moment

Distance from neﬁtral axis to edge of a section
Moment of Iinertia of a section
Unit bearing capacity

Failure load

Unit weight

Peoting'width.f'

Reck layer thickness

Width of individual reck block

Height of system

vii




viii

SUMMARY

The purpose of the research was to investigate the bearing capac-

ity of a jointed model rock system when loaded by a model footing. To

simulate the jointed rock system, small blocks (4 in. x % in. x 1 in.)

were cut from Indiana Limestone and arranged in a brickwork fashion one
foet square and foﬁr inches thick. The system was confined by a bottom-
less plyWeod bex. JThe_model footings were cut from steel and ranged in
size from 1.25 inches square to 6 inches square and thick enough to be
rigid. The tests were performed by loading the feootings which were
placed at various ﬁositions on the system. The logd was applied at a

deformation rate of 0.15 inches per minute.

The main purpose eof this research was satisfied in that a definite

trend for the beafing capacity as a function of jeint spacing was estab-
liéhed for the range of testing. The cenclusions reached for this series
of tests follow:

(1) There was no significant transfer of stress across.the dis-
continuities. The only blocks affected were those directly beneath the
footing.

(2) Based on the above statement and results, no attempt should
be made to analyze the bearing cépacity of a jointed rock system by the
general bearing capacity equation.

| (3) The bearing capacity of the jointed system can be convenient-
1y predicted by a simple medification to the Meyerhof equation for the

bearing capacity of rock. The modification reduced the bearing capacity
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to account for the hofizontal discentinuities in the fallure zone,

(4) a. Small footings: When the footing is small compared to

the bleck size, the bearing capacity with the footing at the edge of a

block is glightly higher than with the foeting at the center. Further,

there is a significant drep in the bearing capacity when the footing is .

moﬁed to fhe corner of a block and over a discontinuity.

(4) b. Large footings: When the footiﬁg-size approaches thg
bloék size, position of the footing affects the bearing capacitj very
little unfil a discontinuity is covered. This results in a significant
drop in the bearing capécity.

- (5)  Failure occurs in a splitting manrer followed by a pqnching
cut of lower blocks.

{(6) Settlement depends greatly upon‘thé'tigﬁfneés of the packing

of individual blecks and would be mest difficult_te'ﬁredict.




CHAPTER I
INTRODUCTION

| 'Roék5 the‘ultiﬁaté-base.éf.e;éihéériﬁé structures, is preobably the
leas£ inveSfigated.bf ény sfruéfﬁrél-do;ponent. Fer many years, great
effort has been expended to minimize cost and quantity of engineering
materials in a structure by conéidering every conceivable stress condi-
tion to which the structure may be subjected. Recently, considerable
effort has been expended in the field of soil mechanics. Early in the
20th Century, the importance of soil as fhe immediate foundation material
of most structures was recognized. This was the actual beginniﬁg of that
separate branch of civil'engineering known as soil mechanics. Even more
recently, the importance of rock as a foundation material has been recog-
nized. This is not te infer that rock mechanics was neglected. The
earlier structufes in general did not exert an excessive stress on any
rock mass. Therefore, rock mechanics was really not necessary. There
are circumstances, such as tunneling, where the importance of stress con-’
ditions of the rock have been recognized for quite some time. The in-
tricate network of shafts and tunnels of the mining industry require that
accurate determination of the strength of rock be made. In addition, thé
preblem of determining the stability ef rock slopes along rcadway cuts
and in the area of arcH dams has been recognized. |

As the need for more éccurate analysis increased, investigators

began to attempt to duplicate field conditions in the laboratory. Pos-




sibly the main shortcoming was pointed out by Klaus W. John (1) whe
stated in effeect that:
The techneleglcal properties eof a rock mass depend far mere upon
the system of geclogical geparations within the mass than on the
strength of the rock material itself. Therefore, rock mechanics
is te be a mechanics ef a dlscen:;nuum, that is, a jointed system,

Joﬂn.also hypothesized that the deformability er.settlement
expected from a rock mass results: prlmarily from displacements of the
unit blecks and not.from defermity of the block itself.

Mast laboratery tests on rocks have been performed on an intact
rock mass develd of macrogeelogical weaknesses such as joints which
would appear in a protetype. This has probably been done for ease of
analysis,

The purpese of this investigatien was te simulate a simple jointed
rock system in the laboratery and to analyze the failure characteristiecs
with respect te bearing capacity using as strength parameters the cohe-
sion and internal frictien of the material. To simulate the system, the
writer cut four-inch square blocks, ene inch thick, and placed them in a
bottomless plywood container. The system was one foot square and four
inches deep. The idealized jointed or fractured eystem was loaded with
medel feotings much like these which would be used to analyze the bearing
capacity of soiis._

As stated, most previous tests have been eon intact reck masses,

In edditien, it seems that mest tests on rocks have been some form of
triaxial test rather than direct leading with a foeeting.

A nofable exception to this was the work by G. G. Meyerhef (2) who

iﬂﬁestigated the bearing capacity of small concrete and rock blecks when
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loaded with a medel footing..
According to Meyerhef,

At the bearing capacity (q) of a strip foeting of width
{b), resting en a block of thickness (H), and width (L)
greater than or equal te H), the horizental splitting pres-
sure (py) can (in accordance with Coulomb-Mohr theory) be
shown to be

P, = Q tanza - 2c tana (1)

where the semiwedge angle a = 45 - ¢/2. [See Figure 1.]
The maximum bending tensile stress at the point of the
wedge of material below the footing is

6H y(D cota )

Py = (1+ 2H - b cota” "2H - b ceta Py (2)
substituting for P frem (1) inte (2) and simplifying gives
(%? - ceta)ztcota)pt
q = (3)
B | cota
5 ¢

The intention of this writer was to verify this equation, medify
it as necessary, or establish a new one, to arrive at seme suitable means
to predict the safe bearing capacity of a jointed system censisting ef
thin reck layers jointed in both the horizontal and vertical'qirection.
The term "thin layer" as used here is meant to signify a reck layer
thickness which does not exceed the width of the footing.

It weuld be weli te note here that if the horizental expanse of

the rock mass (Tigure 2) is great in relation to the size of the footing

S
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Figure 1. Failure of a Small Block, after Meyerhof.

Figure 2. Bearing Failure of a Large Block, after Meyerhof.




or where splitting is prevented by reinfercement, the bearing capacity
depends upen the shear étrength-@f the material. A wedge is formed at
failure and the material at the side is forced upﬁard and outward aleng
a curved shearing surface. This iS similar to the bearing capacity
failure in a soil mass and can prebably be represented by the general

bearing capacity equation (8)

where Nc is fhg.general bearing capacity factor.

The previous discussion was included mainly to show the reader
that at least two different modes of failure are possible in rock,
Since the individual blocks were small in relation to the foéting and the
individual blocks were in no way tied together, this type failure was not
expected_in this study.

inlddditioh'tE'thé'ﬁéyerhef analysis, it was planned to calculate

the predicted bearing capacity by the .general bearihg capacity equatien

(8).

. 1]
qo > NY + c Nc

where ¥ = unit weight

=2
n

feoting width

Nc and NY bearing . capacity factors




The bearing capacity factors are dimensienless coefficients which

depend upon the angle of internal friction and shape of the failure zone

assumed by the investigater., It should be peinted eut heve that a gener- i
al bearing capacity failure must take place for this analysis to be

valid.




CHAPTER 11
ROCK DESCRIPTION, EQUIPMENT, AND PROCEDURE

Rock Description

General

The rock used in this project was Indiana Limestone, a commercial
prodﬁct of the Indiana Limestone.Company of Bedford, Indiana. The rock
was obtained locally from the Sherwood Cut Stone Compény of Atlanta.
Perhaps the best way to describe the Indiana Limestone used in this proj-
ect is to quote.from the specifications pamphlet of the Indiana Liﬁestone
Company (5).

Indiana Limestene is the type of rock termed by geologists
as Oolitic Limestome. It is a calcite cemented calcareous
stone fermed of shells and shell fragments, practically non
crystalline in character. It is characteristically a free
stone without cleavage plane, possessing a remarkable uni-
fermity of compesition, texture, and structure and equality
of strength in all directions regardless of the plane of its
natural bedding.

The average analysis (in per cent) as developed by care-
fully prepared composite samples is given below.

Carbenate of Lime 97.39
‘Carbonate of Magnesiaz ' 1.20
Silica . 69
Alumina ' .L4b
Iron Oxide - .18
‘Water and Loss .10

Total 100 %

The average weight of dry (seasoned) Indiana Limestone
is 144 pounds per cubic foot.

Webster's New Collegiate Dictionary (7) defines the term "free

stone" as "any stone, but especially a sandstone or limestone, that may




be cut freely witheout splitting.™
Anderegg (6) page 11, further describes the stone as having a cem-
pressive strength of from 6000 psi to 7000 psi.

Physical Properties

i

For the determination of the value of cohesion (ec) and'angie of
friction (¢), this wrifer wés fortunate enough to have access to Mohr
Circles for Indiana Limestone presented by Schwartz (3) and Robertson
(#). Both of these investigators have performed triaxial tests on Indi-
ana_Limestone and have presented the results in the form of Mchr Circles.
The values of "e¢" and "¢'"' were o]?taineci by drawing a tangent to the cip-
cles in the lowest range of confining pressure (Figure 3). For refer-

ence, the values are shown below.

. Internal
Investigator Cohesion (c¢) Friction (¢)
Schwartz %,100 psi : y6e

Robertson - 1,800 péi 28°

A portion of this difference can be attributed to the human judg-
'meﬁf factor involved in drawihé the tangeﬁt line to the cirecles. The
reméinder'of the differeﬁée caﬁﬂfe é£éributed_to differences inherent in
the rock. It is well to note here that while there is aﬁbincrease in the
.value of cohesion in the work of Robertson, there is also a correspond-
ing decrease in the angle of iInternal friction. The end result of this
is that the.predicted bearing capacity is affected only slightly by

changing from one to the other (see Figures 3 and 6). This shows the

average difference between the predicted bearing capacities to be about
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Figure 3. Mohr Envelopes for Indiana Limestone.
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250 psi. Most of the predicfed beafing capacity results from the term
2cCota in Equation 3. The decrease in "¢" with the increase in "¢" re-

gsults in an increased o angle (45 - ¢/2). In addition, the cotangent

function of an angle decreases as the angle increases. Therefore, the

inecrease in the term "e" in conjunction with a decrease in the term
"cota" pesults in little change in the predicted bearing capacity.
It is the opinion of this writer that the values shown by Robert-

son more closely approximate the values of "c¢" and "¢" in the rock

tested. This is based on the fact that the cbserved angle a=(u5-¢/2) was

in wvery close agreement with that obtained using Rébertsonfs values (see
Figure 1i),

As a limiting extremity, tﬁe predicted bearing capacity was
analyzed considering the unconfined case where "¢" is assumed zere and

o' is 3,400 psi. These results are still in good agreement with those

actually measured (see Figure 6). The unconfined case was taken from an

average of the unconfined circles shown by Schwartz and Robertson.

It was neceséary to determine the bendiﬁg tensile strength (pt)
for use in Meyerhof analysis. This value was determined by loading a
simple beam at the one-third points and calculating the bending tensile

strength by'the equation:

S E )
P, = L)

where Py = bending tensile strength

=
L

maximum bending moment at faillure
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C distance from natural axis to the extreme edge

1

mement of inertia of the seﬁtion
This streﬁgth was used in analysis-of_resulté.

Alsg,'Schyartz-(SJ performed direct tensile tests on the Indiana
Limestone.éna found a tensile strength of slightly under 400 psi.  While
" this is.2ﬁ per cént,iess than that determined by the beam test, the ef-
fect on the resq;ting predictién is very small. The term in Equatién 3
using "p," aéébﬁnts fér.leés fhan 5 per cent of the total predicted

bearing capacity.

Equipment

The main piece of apparatus used in this test was a standard com-
préssion testing machine. In order to achieve_a gréater aéquracy, two
different machines were used, depending upon.the magnitude of load de-
sired. The first, a Tinius Clsen machine, had- a cabacity of 20,000
pounds; the second, a Riehle machine, had a capacity of 475,000 pounds.
A bottomless plywood box was used to confine tﬁe jointed rock system.

To determine the ameount and significance of stress transferred to the
plywecd, a flat, dis;—shaped load cell was placed between the wall of the
container and the reock system. To eliminate the edge effect of leading
the cell, a thin, small diameéter metal piece was centered on the cell
and placed against the rock system. Strain readings were faken on an
SR-4 strain indicatof which was calibrated to a load of 17 pounds. The
strain indicator was preloaded to a load of about 9 pounds. The strain
readings showed tﬁét there was no significant transfer of stress across

the discontinuity to the container.
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The footings used were cut from steel and were sigzed large eﬁoUgh
se that there was no significant deflection of the footing during lead-
ing. 1In addition, the entire footing was covered with a steel loading
cap. Settlement readings were made with a Starrett diél gage accurate to

0.0005 inches.

Procedure

The Indiana Limestone used in the testing was cut into four-inch

squares which were one-inch thick. These were arranged in a brickwork

system one foot square and four inches thick to simulate a jointed rock.
The dial gage.was placedlso that settlement readings of the footing were
recorded. On selected tests, other dial gages were Placed at various
other positions on the surface of the rock system to ncote possible verti-
cal movement during leading on the footing. Results of this are dis-
cussed later. Squaré foctings of the following.sizes were used in the
tests: 1.25 inches, Q.Q.inches, 3.0 inches, 4.0 inches, and 6.0 inches..
The first series of tests was performed with the footings centered
on thg center block of the system (Fiéﬂre 4). Subsequent tests were per-
formed with the footings on thé edge and on a corner of the center block

(Figure 5}. WNaturally, the four-inch footing could not be used in these

tests since any movement of this footing would cover a vertical discenti-

nuit&. Further tests were performed with the footings centered over two
blocks of the system and then centered over four blocks.

It should be neoted here that the square blocks used in the tests
were cut from larger rocks with a diamond saw. A tolerance of_l/32 inch

was allowed on all dimensions. Blocks with a greater deviation than the
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Figure 4. Entire Jointed System, Fboting in Cemnter.
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Corner

Over Four Blocks

Figure 5. Position of Footings Referred to in the Text.
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specified tolerance were discarded. Also, it should be noted that care
was exercised to insure the tightest pessible stacking of the blocks.
Blocks with visuél irregularifies were not ‘used in the testing.

For purposes of comparison, tests were performed with the foot-
ings on individual small blecks (% in. x # in. x 1 iq.) as well as
sclid biocks one foot square by five inches high. The deformation rate
applied in each of the tests was 0.15 inches per minute.

Secondary tests of note were carried out to determine the extent
of stress transfer across the discontinuities and to_dgtermine the bend-
ing tensgile strength of the rock_used: As mentioned previcusly, a load
cell was used to defermine the ameunt of stress transfer. The cell was

calibrated to the Sh—ﬂ_s#rainiindiqator-by use of static weight, and it

was then placed between,the_wéll of the céntaiper and the reck system. A

small seating load was placed on the apparatus and strain readings were

taken as a test progressed to failure.

2
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CHAPTER ITI
RESULTS AND DISCUSSION

Determination of Lateral Stress

One of the first questions to be resolved was whether there was
any adverse effeﬁt on the tests from using the plywood container for con-
finement of the system. As mentioned, this effect was determined by
using a lead cell and an SR-4& Strain.indicator. ‘The change in pressure
aleng. the wall of the centainer was recorded as the nermal testing
progressed. .In all cases, there was very little, if any, change in pres-
sure along the wall ﬁntil after ccmplete'failure of the system had
‘occurred. With the test locad as high as 7000 pounds, there was a maximﬁﬁ
pressure change on the wall of thé centainer of less than oqe-fourth of
a pound. The conclusion reached here was that there was no adverse.ef-
fect on the test caused by the container. This also showed that there
was no significant lateral transfer of stress across the vertical dis-
gentinuities or joints in the rock. This cbservation is further sub-
.stantiated-by thé fact that at no time during the testing was any block

damaged except those vertically beleow the footing.

. .
Prediction of Bearing Capacity
It must be remembered that there was no measured significant

transfer of stress across the discontinuity in the rock system. There-

% Gee Table 1 for this entire discussion.
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fore, it was impossible for the normal bearing capacity failure surface

to take_shape. This completely rules out the possibility of using any of

the standaf&:bearing.capacity'factors, Since the normal failure surface
did not form, it was expected that the predicted bearing capacity by the
Terzaghi factbrs would be excessive. Table 1 shows quite conclusively
that these predictiens, with both general and local shear, are much tce
high. It is.therefore_concluded that the genéral bearing capacity
analysis should never be used to predict the bearing capacity of a frac-
tured or jointed Pock.system;

- Meyerhof (2}, on the other hand, has tested the bearing capacity

of solid rock masses and has advanced the equation mentioned previously:

(2%-— cota)2(cota)pt
qQ = —— —— + 2¢ coto (3)

e} 8H
_I.:)_ - cota

Since this equation applied to a solid rock mass, it was necessary

to incoerperate some moedificatien teo acceunt for the discentinuities
present in the system. It is suggested by the writer that the result of
this analysis be modified by the factor t/b where "t'" is the rock thick-

ness and "b" is the footing width. The meodified equation takes the form

A cota)2(cota)p

q, = ( b B + 2cCotal)t/b (5a)
_1)_ - coto
or
4, modified = (qo) t/b ' (5b}
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Table 1. Comparing Predicfed and Actual Bearing Capacity

Footings in Center of Block

18

Terzaghi Terzaghi Terzaghi Terzaghi

General General Local . Local
Footing Shear Shear Shear Shear Meyerhof
Size psi psi psi “psi b = 4g°
Inches ¢ = yg° $ =0 $ = L4B° ¢ =0 psi
1.25 165,000 18,500 33,000 12,500 E670
2 165,000 18,500 33,000 12,500 5670
3 165,000 18,500 33,000 12,500 5LB0 .
b 165,000 18,500 33,000 12,500 5500

Meyerhof Meyerhof Meyerhof

$ = 46° ¢ = 28° p = Q°
Footing Modified Meyerhof Modified Meyerhof Modified
Size By t/b b = 28° "By t/b $ = Q° By t/b Observed
Inches psi psi psi psi psi psi
1.25 - 4530 6780 5400 7490 £980 4610
2 28L0 6320 3200 7200 3600 3500
3 1820 6010 2000 7040 2240 2220
iy 1400 6000 1550 6870 1740 1950

As the footing width increases, more discontinuities or joints are

brought inte the failure pattern so it should follew that the unit bear-

ing capacity should diminish.

It must be pointed out here that this

modificatien holds true only when the footing width exceeds the rock

thickness. If the reverse were true, the medification would result in an
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increase in bearing:caﬁacity, It should also be pointed out that this

modificatiqn will probably notﬁhOldfif'fhe roék layers become very thin
as in the case of laminated rock. If the thickness of the layer should
approach zero, the predicted_beariﬁg capacity would also approach zero.

This, obviously, should not occur. As shown in the following discussion,

the results of this analysis for the range tested agree very closely with

the actual measured bearing capacity.

' gt
Footings in the Center of the Block:

This sectieon of the report-wili discuss the results of tests with
the footings at the center of the individual block (Figure 5) and coﬁpare
these values with thﬁse predicted. Tigure 7 shows that the bearing
capacity of the 1.25#inch'footing was 4610 psi with a decrease to51950
psi for the four-inch footing. The.decrease is certainly reasenable
since as the footing size is increased, the failure zone inciudes a
greater number of discontinuities which would tend to reduce the bearing
capacity. The actual failure patterns are shown in Figures 9 through 11.

In each case, failure cracks occurred from the corner of the foot-
ing to the corner of the rock block. Alse, as menfioned, it is seen that
the failure zone is increased by increasing the footing size. 1In the
case of the six-inch square footing, the formation of a wedge was less
apparent. The failure seemed tc be more of a crushing failuré. Table 1
shows in general a small decrease in unit bearing capacity for the Meyer-

hof analysis with no modification. This further substantiates the fact

% See Table 3 and Figure 7.
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Qo % 1000 psi

7
6 o — «— Predicted ¢ = 0
~ ¢ = 3400 psi
\ \ - — — — Predicted ¢ = 28° .
5k ¢ = 1B0O psi
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1 . \
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Figure &, Predicted Unit Load (qo) vs. b/w Footing in Center.
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Figure 7. Unit Load_(qo) vs. b/w Feotings in Center.
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that the larger decrease actually noted is caused by the discontinuities.
As previcusly mentioned, analysis was made using several values of cohe-
sion and angle of internal friction. The extreme cases (¢ = HE° and

¢ = 05) analyzed resulted in values which_bracketed.the actual values
very well. In additien, it is interesting-to note that the difference
in the calculated extremes is generally not great. This is due to the
fact that the reduction in "¢" was accompanied by a corresponding in-
crease in the value of cchesien. As previcusly stated, the writer feels

that the values of "c¢" and "¢" shewn by-the work ef Robertsen are probab-

" m

ly the more accurate considering the observed semiwedge -angle "a.
Analysis using these values and the modified Meyerhof equatien resulted
in predicted bearing capacity which was in very close agreement with that

which was observed.

It appears that the modification does not hold when the footing

size is increased so that it exceeds the block width as in the case of

thelsix-inch footing. When this was ﬁbne, thé.bearing capacity remained
very nearly fhat:for the four—iﬁch footing which suggests'that the bear-
ing capacity reaches a lower limit when the footing width is just equal
to the block width. Anothef interesting feature here was that the con-
stant value for bearing capacity was reached when the feoting was center-
ed over a vertical discontinuity. This also held true when the smaller
footings were centered over twe blocks and then -over four blocks. These
will be discussed in more detail later.

The second plot, Figure 8, suggests that the total load increased

linearly as the foeoting widfh increased. No analysis was advanced for

this curve since it is a simple enough matter to convert the predicted

————
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unit bearing capacity to total load.

Iﬂ conclusion-tégt%is section; it ﬁay be éfatéa %hat the unit-
bearing capacity of & thin layered jeinted rock system may.be effectively
predicted by the Me}erhef equation fof the bearing:capaEity of.rock with
the stated medification. In additien, it may be.said that the bearing
capacity becemes constant for at least theiraﬁge of footing size tested

after the footing width exceeds the crack spacing.

Footings at the Eggg.of the Block

Figure 12 sheows that thé unit bearing capacity actually increased
semewhat when the feoting was moved frem the center to coincide with the
edge of the block. The curve of bearing capacity vs..b/w-takes_very
nearly the same shape as that fer the previcus discussien with the foot-
ing at the center of the bleck. This, aleng with visual eﬁservatiens
(Figures.g and 10), suggests that the same type failure tock place in
this series as in the previous series of tests. .The fact that the actual
bearing capacity in this series was even slightly higher than that for
the center series may be due to a slightly higher strength in the rock
used in this series than in the center series. Ancther feasible explana-
tion fer this is suggested by comparihg the.observed failu:e cracks
(Figures 9 and 10)., While there were only twe failure lines here, com-
pared to four for the center series, the individual lines weve somewhat
lenger, and it is probablé that a higher stress was required at the foot-

ing to cause complete failure of the block. The stress was maximum in.

% See Table 4.

JRp——
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L Footing on the Edge
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NOTE: Curve with footing at center shown. for comparison.

Figure 12. Unit Load (qo) VS. B/w Footing_on the Edge.
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Figure 13, ,Failure Load (Q) vs. b/w, Footings at the Edge of the Block.
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the aréa of the footing and decrgaséd-near.the edge of the block, In
any event, the predicted results are still in reasﬁnably close agreement
with thg_measured values.

‘Once again, the total failufe load appears fo be directly propor-
tional to the footing widfh. This islfﬁrfher evideﬁce that the failure
was similar to fhaf witﬁithéﬂféoting in'thégcéﬁter,j

afy

w
Footing on the Corner of a Block

For the smaller foé%ings, thefe was a‘ﬁifferent'mode of failure
in this series of tests from the tests with the footings at the center
and at the edge. For the smaller footings, the faiiure tock place by-
merely breaking off:the corner (Figure 9)}. Also, there was no wedge
formation for Fhe small foétingr_ If is, thereforg, quite reasonable that
the bearing capacity should be somewhat less than in the previous tests.
In,éddition, as the footing size increased, the unit-bearing capacity
also increased (Figure 14). This increase took place so that as the
footing size approached the block size (three-inch footing), there was
very little difference in the bearing capacity noted in this test from
previcus tests. This would indicate that as the footing size approaches
the block size, it makes very little difference where the footing is
placed-on the block. This will be shown again in the discussion of 4if-

ferent positions for the same footing.

b1
Fdotings Centered Over Two and Four Blocks

The results of these two series of tests show that the results

% See Figures 14 and 15.
%% See Figures 16 through 18.
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Failure Load (Q) vs. b/w, Feoting Centered Over Two Blocks.
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- Wwere relatively constant at approximateiy 2000 pounds per square inch
(Figures 16 and 18)., It is interesting that this is the approximate.
bearing capacity obtained in the test using the six-inch footing located
at the center of the system. This seems to indicate that the lower limit
of bearing capacity is reached when the foeting is centered over .a ver-
tical discontinuity regardless of the footing size. This lower limit: of
bearing capacity is about 25 per cent of that.predicted by the Meyerhof
analysis with no modification. It should be pointed out that while the
wedge did form here, vertical discentinuities Iin the wedge probébly
caused the system to react as if:the corners of the_rock were beiﬁg

broken off.

Comparison of Focoting Positions

" Table 2 shows a comparisen of bearing capacity for fooctings at
different positions with a constant_size.. As previously stated, the
bearing capacity actually incréaséd'wheh the feoting was moved from the
center to the edge of the block. This held true for each footing size
and has been previously explained.

With the 1.25-inch square footing on the corner of the block,
there was a significant decrease'iﬁ the bearing capacity compared to
tests with fdotings en the center and at the edge. This decrease was
somewhat less for the two-inch square feooting and nonexistant for the
three-inch square footiﬁg. This is evidence that as the footing size
approaches the.block size, the bearing capacity depends very little upon
the position as long as there is no vertical discentinuity directly be-

neath the feooting.




Table 2. Comparison of Footing Positions
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Footing g
Size Position Sketch q q !
. - ave ave :

1-1/4 . Center 2 7200 4610

1-1/4 Edge 'Eé . 8260 5300
1-1/4 ~ Corner 'qu | 4000 2560 g
1-1/4  Twe '%i 3100 1985 ;
. J:

2 Center : ' 14,000 3500
2 Edge | 16,000 1000 ]

2 Corner. 11,720 2930

2 . Two 8510 2140

2 Four 8325 2080

3 Center 20,000 2220
3 Edge 28,800 3200 ;
3 | Corner 28,500 3170 ]
3 Two 20,300 2250 :
3 Four 17,350 1930 i
|
|

Y ' Center 31,250 1955 .

u o Two | 31,000 1940 -

1890

4 Four . . - © 30,300
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There was a further decrease in bearing capacity when each footing
was centered over a vertical discontinuity. It made little difference
whether the footing was placed over two or over four blocks, suggesting
that the greatest effect is brought about by the first discontinuity.

The beafing capacity increased slightly when any footing was moved from

the center to the edge of the block. The bearing capacity with the foot-

ing on the cormer of the block decreased significantly for the smaller
footings with no effect on the larger footing. Finally, any vertical
discontinuity directly beneath a footing caused a decrease to the lower

limit of bearing capacity.

Settlement

As mentioned in the introduction, John (1) has stated that any
settlement Aepends primarily upon the degree of.displacement of the indi-
vidual blocks. Comparison of Figures 19 through 23 certainly tends to
confirm John's hypothesis, The load-settlement curves show conclusively
that there was much more settlement in the jointed system than in the
s0lid block of the same size. The settlement in the jointed system
averaged about (.06 inches and rangéd in exceés of 0.1 inches. It should
be noted hebé'thaf'éabe was exercised to insure the tighéest possible
packing of the individual blocks. The settleﬁenf in the selid mass

averaged about 0.08 inches.
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CHAPTER IV N
CONCLUSIONS

The main objectives of this investigation were to (1) analyze the
bearing capacity of a jointed rock system, (2) compare the bearing
capacity with footings in different positions, (3) determine the type

failure involved and extent of stress transmission, and (4) study the

settlement characteristics of the jointed system.

Based eon the series of tests carried out in the laboratory, the

following conclusions have been reached::
(1) There was no significant transfer of stress across the dis-

continuities. The only blocks -affected were those directly beneath the

footing.

(2) Based on abové:statemént and results, ne attempt should be
made to analyze the bearing capacity of a jointed rock system with the
géneral bearing capacity equation)(B).

(3) The bearing capacity.ef the jointed system can be convenient-

ly predicted by a simple modification to the Meyerhof (2) equation'fof
the bearing capacitf of rock,
i : (4) a. Small footings: When the footing is small compared to
the block size, there is a slight increase in bearing capacity when the
footing is moved from the center to the edge of the block. Further,
there is a significant drop in the bearing capacity when the footing is

I ' moved to the corner of a block and over a discontinuity.
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(4) b. Large footings: When the footing size approaches the
block size, position of the footing affects the beafing capacity very
little until a discontinuity is covered. This results in a significant
drop in the beaﬁing capacityf. |

(5) Failure ocﬁurs in a éplitting manner followed by a punching
out of lower blécks,

(6) Settlement depends greétly upon the tightness of the packing

of individual blocks and would-bg”mOSt“difficult to predict.




41

CHAPTER V
RECOMMENDATIONS FOR FURTHER STUDY

(1) The investigation should be continued te observe the effect
of increasing the fecoting size/block size ratio beyond the limit of this
study.

- (2) A study could be undertaken to examine the effect of another

material, such as clay, in the joints,

(3) The layer thickness and horizontal size of the blocks should.

be increased to determine at what point a general bearing capacity
failure takes place.
(4) A study of the effect of some type of reinforcement on the

system could be undertaken.
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Table 3. Footings at Center of Blocks

) _ _ Failure
g‘iife b /w 9 Q, W 9 B %% %avg dave Y argetlock Yarge ;Settlgment 3
1—1/#" .313 7500 7200 6950 4800 4610 4450 7200 4610 50,000 32,000 .105 .085 ,180
on .5 13,800 '13,500 15,400 3450 3380 3850 14,000 3%00 41,000 10,25C .030 .070 .0S5
3t .75 19,100 18,300 22,900 2125 2035 2545 20,000 2220 84,000 9,333 .060 .080 .085
yit 1. 31,500 31,300 31,000 1970 1855 1940 31,250 1950 .080 .080 .,100
6" 1.5 67,400 70,000 i875;"1950 68,700' 1910 .150  .125

Footings Are in the Center.

£h



Table 4. Footings at the Edge of Blocks

Figure s o

Size : Settlement _
(Inches) b/w Q, Q, Q, =8 q, 2 Qve Yve 1 2 3
1-1/4 .313 8540 - 8200 8100 5470 5250 5190 8260 5300 .07 063 . ,058
2 -5 17,120 13,200 15,300 4280 3300 4075 16,000 4000 .068° .088 .053
3 .75 30,800 25,500 26,200 3920 2835 2910 28,800 3200 .060°  ,060° ..055
Y 1.0 No Test

footings;ﬁre on the Edge.

th



Table 5. Footings on a Cornmer of Blocks

i Figure o

: Size _ ' _ Settlement

| (Inches) b/w Q Qp Qq Q- 9 4 Ve Qave 1 2 3

i 1-1/4- .313 3880 L0860 4050 2485 2600 2595 Looo 2560 .070  .038 .053
E 2 ' .5 11,740 9200 11,760 2935 2300 2840 11,720 2930 ©.060  .070 .085

3 L75 0 27,400 29,600 © 3045 3295 © 28,500 3170 .072  .0S0

Footings Are on a Corner.

Sh



Table 6: Footing Centered Over Two Blocks

Figure _ _

Size : ' : _ Settlement
(Inches) b/w Ql Q2 Q3 9 q2 q3 Qave qave 1 2 3.
1-1/4 .313 3000 3200 1920 2050 : 3100 1985  .049  .030

2 .50 8200 8850 . 8650 2050 2212 2163 8570 2140 LOuZ2 .051 . 053
3 .75 19,400 _21,200 ' 2150 2350 20,300 2250 .105 . 055

4 1.0 26,500 31,500 30,800 1660 1970 1930 31,000 1950 <100 110 .090

Footings Are Over Two Blocks.

9k
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Table 7. Footings Centered Over Four Blocks

Figure
Size : _ Settlement
(Inches)  b/w Q 2 - Q4 9 ) 9 Qave.  Yave L 2 3
151/4 .313 No Test

.50 3400 8250 2100 2062 8325 2080 070 062
3 .75 17,900 16,800 190.0 1870 17,350 1930 105 .083
4 1.0 . 30,600 30,000 1910 1875 30,300 1390 .098 103

Fbotings Are Over Four Blocks.

FA

.
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Figure.lQ.: Typical Load-Settlement Curve
1 ‘ : ' 1.25 Inch Footing Centered on Jointed System.
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Figure 20. Typical Load-Settlement Curve

2.0 Inch Footing Centered on Jointed System.
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Figure 21. Typical Load-Settlement Curve
3.0 Inch Pooting Centered on Jointed System.
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Figure 23. Typical Lpadeettlemeﬁt'Curve
2.0 Inch Footing Centered on Solid Mass.
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Figure 24.

Typical Lead-Settlement Curve

3.0 Inch Footing Centered on Solid Mass.
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