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CHAPTER I 

INTRODUCTION 

Statement of the Problem 

The bearing c a p a c i t y of soil or rock is one of the main problems 

in the design o f foundations for large structures,, The maximum pressure 

which t h e g r o u n d can sustain without f a i l u r e is its ultimate b e a r i n g 

c a p a c i t y (26)„ Within this limit the f o u n d a t i o n pressure should b e fur­

t h e r l i m i t e d so that the settlement o f t h e structure and the resulting 

secondary stresses in its members are not excessive^ 

A s u m m a r y of the existing knowledge of the bearing capacity of the 

r o c k showed that t h e r e has been very little research work in the past con­

c e r n e d with the b e a r i n g capacity of rocko The reason seems to be that in 

the past t h e loads p l a c e d on foundation rock have been o f such a small 

magnitude,, that it was taken for granted that the structure would be safeD 

It appears that new situations are developing in which the stability of 

the foundation-roek system becomes a matter of concern. Increasingly 

heavy structural l o a d S j small diameter cassions, andP such projects as 

space v e h i c l e launchersc, which develop very high loads on the foundations^ 

emphasize the importance and limitation of rock as a foundation material» 

The importance of the effect of stresses and deformational characteristics 

of rock mass became more important with opening deeper and deeper holes 

f o r search of i m p o r t a n t materials a n d tectonic investigations0 The bear­

ing capacity of the rock is critical for very high dams built on rock 

f o u n d a t i o n S o 
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Much of the theoretical information available on bearing capacity 

of rock do not substantiate the experimental results and thus cannot be 

used for practical purposes,, 

The important factors in bearing capacity are governed by the 

mechanical properties of the material (density, shearing strength and 

deformational characteristics), on the stresses in the ground before the 

foundation is constructed, on the physical characteristics of the founda-

tion? including the shape and the stiffness and the nature of loads0 Most 

of the research done on bearing capacity deals with an idealized semi° 

infinite medium^ that is homogeneous and isotropic As this is seldom the 

case in either soil or rock, particularly in rocks with jointss the need 

for more realistic analysis has increased in recent times0 

It is realized that the technological properties of rock mass 

depend far more upon the system of geological separations within the mass 

than o n the strength of the rock material itself (l)„ Therefore, rock 

mechanics is to be a mechanics of a diseontinuumi that is, a jointed sys­

tem. It is hypothesized by John (l) that the deformability or settlement 

expected from a rock mass results primarily from displacements of the unit 

blocks (the rock between a set of joints) and not from deformity of the 

block i t s e l f o In other words the macrogeological weaknesses such as joints, 

which would appear in a rock mass in practice are much more important than 

the intact rock massQ The earlier work by Meyerhof ( 2 ) , Bach (ll), Graf 

( 1 2 ) was done on intact rock mass or concrete blocks without weaknesses 

such as joints which may appear in the field0 This work has probably been 

so done because of the difficulties involved in simulating a jointed sys~ 

tenio 
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Purpose of the Research 

The purpose of this investigation was to evaluate the effects of 

joints and to develop a method of analysis which could be used to pre­

dict the bearing capacity from a knowledge of the rockj, and the geometry^ 

of the rock blocks and the jointed rock systemc A regularly jointed rock 

system was simulated,, and loading tests were performed on this system^ 

using model footings. The objective was to determine the effects on the 

bearing capacity^ due to the spacing of the jointSo Using model footings 

tests were done on different sizes of rock blocks forming different jointed 

systemso The effects of the confinement by the adjoining blocks in a 

closed jointed rock system was evaluated by tests on rock blocks confined 

in a boxo Different shapes and sizes of model footings were used for the 

purpose, to investigate the effect of footing geometry on the bearing 

capacity0 I t was recognized that an exhaustive study of the bearing capac­

ity of a jointed rock system was beyond the scope of any single research 

project such as this and thus the shapes of model footings used and the 

number of different sizes of blocks used had to be l i m i t e d o However, it 

is believed that variations chosen in this investigation for the shapes 

and sizes of rock blocks and model footings are sufficiently broad to form 

a comprehensive picture of the topicQ Finally the investigation was exten­

sive enough to obtain a general solution^ which could be used for prac­

tical purposes, for similar rocks. 

In this investigation the rock used was Indiana Limestone, chosen 

for the uniformity of the material and the ease with which this rock could 

be formed into blocks of desired size0 The apparatus usedj, types of tests 

and the test procedures are described in Chapters I I I and IV. The results 
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of the model load tests are given in Chapter V, These results are used 

to analyze the failure characteristics and the bearing capacity, using the 

strength parameters, the cohesion and internal friction of the material. 

This investigation considers only single vertical loads acting 

centrally on foundations with horizontal base. A semi-theoretical expres­

sion based on the theory of plasticity has been developed to calculate an 

approximate value of the bearing capacity of circular foundations, in 

terms of the confining stresses, geometry of the foundation and the rock 

blocks and the shearing characteristics of the material. Based on exper­

imental data, for rectangular and square model footings emperical shape 

factors have been suggested. The results of the model tests seem to be 

in reasonable agreement with the theory developed in this study. 
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CHAPTER II 

REVIEW OF LITERATURE 

The maximum pressure which the ground can sustain without failure 

is its ultimate bearing capacity (26). Compression tests indicate that 

soil fails in shear., An estimate of its ability to support an applied 

load is made either by comparing the shear stresses induced by the founda­

tion with the shear strength of the ground, or by assuming a rupture sur­

face and analyzing the stability against shear failure of the material 

along this surface. There have been many different theories put forward 

by different writers for calculating the bearing capacity. 

The classical earth pressure theory assumes that on exceeding a 

certain stress condition^ rupture surfaces are formed in the soil mass. 

Thus, the footing pressure existing upon the formation of rupture sur­

faces,, may be considered as the ultimate bearing capacity of the soil. 

Based on the above assumption, the bearing capacity can be deter­

mined from the relation of the principal stresses which occur upon the 

formation of the rupture surfaces. The pertinent theories are those by 

Pauker (5), Rankine (6), Ritter (7), Bell (8). From the shape of the 

rupture surfaces^, the bearing capacity can be determined. The principal 

forms of rupture surfaces used in engineering practice ares broken 

planes5 circular^, circular with a tangent, logarithmically spiralled, 

logairithmically spiralled with a tangent, and cycloids. The calculated 
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bearing capacity may be of different magnitude depending upon the shape 

of the assumed zone of failure. 

One of the oldest formulas for the determination of soil bearing 

capacity and depth of laying of foundations is that given by Pauker ( 5 ) . 

The principle of Pauker's theory is the equilibrium condition of a point 

within a mass0 The formula is derived based on the classical earth pres­

sure theory of an ideal non-cohesive material0 Resistance to shear in the 

mass is therefore provided by frictional forces only and the weight of the 

structural load or the ultimate contact pressure is replaced by an equiva­

lent height of material whose unit weight is the same as that of the 

material in which the foundation is laido Pauker's formula is a simple 

one, but it has some limitations,, as on ground surface by this formula the 

bearing capacity is zeroo This contradicts the experimental results, be­

cause the material at the ground surface has some ability to support a 

loado This results from not including in the equation the unit weight of 

soil of the rupturing soil wedge below the footing0 Also, Pauker's equa­

tion does not consider the width of the foundation 

Whatever deficiencies were inherent in the reasoning in Pauker's 

theory, they were compensated his recommending a factor of safety n, of 1 . 5 

to 3 o 0 , thus obtaining a safe bearing capacity of an ideal, granular mater­

ial. 

Ritter (7) gave another theory stating that when pressure on a 

footing causes failure of the material, a wedge is pushed into the ground, 

some of which is forced up at either side0 For equilibrium against hori­

zontal displacement Ritter determined the passive earth pressure thrusts 

on the wedge, and on the foundation faceQ Using Coulomb's wedge theory he 
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obtained an analytical expression for the bearing capacity. Ritter's 

theory gives low estimates as the equilibrium of only one half side of 

footing is considered without giving consideration to the whole system. 

If the footing width is taken as zero in Ritter's expression, the 

expression derived by Bell (8) is obtained who determined the bearing 

capacity from the equilibrium of pressures at the foundation edge. If 

in addition the cohesion is zero, the above equation becomes identical 

to Rankine's (6) formula. This also leads to the unsatisfactory result 

of zero bearing capacity at the surface of cohesionless soil. The more 

conservative special cases of Bell and Rankine indicate that bearing 

capacity cannot reasonably be computed from the stability at the footing 

edge o 

Prandtl ( 9 ) studied the process of penetration of hard bodies, such 

as metal punches, into softer, homogeneous, isotropic material from the 

point of view of plastic equilibrium. (Meyerhof ( 2 ) suggested that the 

Prandtl approach can be used for finding bearing capacity of semi°infinite, 

homogeneous rock mass or very large blocks of rock.) One of Prandtl's 

systems of study was a two-dimensional penetration problem in which a 

vertical punch of width, 2b and infinite length was applied to the hori~ 

zontal surface of a semi-infinite body,. The puncher reminds one of a 

surface strip loading of very long length perpendicular to the drawing 

plane0 The contact surface between the punch and the other materials is 

assumed to be smooth. 

In applying the theory of plasticity in his studies of plastic 

failure in metals, Prandtl followed the following line of reasoning. 

Because the elastic deformations with most common materials are very small, 
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Prandtl neglected them and using Airy's stress function obtained a dif= 

ferential equation of the second order, the solution of which gives the 

analytical expression for the ultimate punching (or bearing) stress, q Q o 

The precision of Prandtl's equation for calculating the ultimate 

bearing capacity of soil depends very much upon the assumed shape of the 

rupture surface.. The rupture surface curve is a compound one, and consists 

of arcs of a logarithmic spiral and a tangent to the spiral„ This theory 

is used for a long strip foundation* When c o and qj > 0, then by 

Prandtl's original equation, q = 0. Thus the ultimate bearing capacity 
o 

of an ideal,, frictional material at its ground surface is zero, which is 

in contradiction to common observations in reality0 The contradiction 

originates mainly from the assumption that the material is assumed to be 

weightless. With the introduced corrections, the bearing capacity of the 

soil has a real value > 0. 

Based on Prandtl's theory of plastic failure Terzaghi (10) presented 

a modified systemo If we think of a footing as being a limiting case of 

a wail rotated until it is horizontal with the ground surface^ then the 

application of stresses to the footing develops passive pressures in the 

underlying soil. In the general case? we may deduce from the solution to 

the wall problem that the maximum stress which can be applied to the foot­

ing to cause yield in the soil or rock will have a finite value at the edge 

of the footing due to the presence of a surcharge0 The stress will increase 

with distance from the edge of the footing, due to the effect of the mater­

ials weight* In general, the stress may no longer increase linearly with 

distance from the edge of the footing, and the constants associated with 

the surcharge and weight contributions will be different. If the material 



9 

also possesses some cohesion, then the maximum stress on the footing at 

yield will be increased by a constant amount in the same way that the sur­

charge requires a constant level of stress at limiting equilibrium, and 

we will need another coefficient to describe the effect of the presence 

of cohesion in the soil. 

On this basis, Terzaghi observed that the ultimate normal load that 

could be applied to the surface could be approximately estimated by super­

posing the limit stresses obtained for weightless material whose ability 

to sustain a surface stress depends only on the presence of a surcharge 

and for material having weight, in the? absence of a surcharge with mater­

ial lacking weighty but possessing cohesiono Such a superposition method 

does not lead to a correct solution, but, in many cases, it enabled one to 

find an approximate answer without the labor involved in solving the prob­

lem by numerical methods. 

Terzaghi's system is devised for a shallow strip footing ( D ^ < 2b), 

with its base at a distance of below the ground surface. It was assumed 

that the ground surface at the base line of the footing is loaded with a 

uniformly distributed load p = Y D ^ and the soil or rock above the level of 

the base of the footing has no shearing resistance. The footing exerts 

on the material a pressure of q Q. The material wedge underneath the base 

of the footing is considered an elastic medium, and is assigned by Terzaghi 

a unit weight Y ° The base of the footing is assumed to be rough. The 

critical load Q q = qQ(2b) on the soil is calculated based on the principle 

of static equilibrium of the soil wedgec, supported laterally by passive 

earth pressure. 

Terzaghi's method of analysis of bearing capacity of a cohesive 
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material shows that the ultimate bearing capacity of a purely cohesive 

material is independent of the width of footing. 

The assumption that the depth of the footing below the surface can 

be represented simply as a surcharge stress over the surface at the foot­

ing level is a conservative one, giving rise to computed footing loads 

smaller than those which would actually be obtained from a more realistic 

approach that included the resistance to shearing of the soil above the 

failure zone. Meyerhof (3) has considered this problem and has computed 

approximately the bearing capacity factors for footings of all depths, 

based on the observed behavior of rough-based footings in tests. In his 

analysis Meyerhof uses a parameter (3, the angle of the line drawn from the 

base of the footing to the point where the assumed bounding failure slip 

line intersects the soil surface. The (3 plane is termed the equivalent 

free surface. The wedge of soil between the plane and the side of the 

footing exerts a normal and a shearing stress on the equivalent free sur­

face, which, in Meyerhofs analysis, take the place of the surcharge 

stress previously considered to be due to the weight of the soil above the 

base level of the footing. 

From his calculations, Meyerhof obtained a diagram relating the 

bearing capacity factor to the angle of internal friction and the equiva 

lent free surface angle {3, which represents the depth of the footing below 

the surface. The parameters N and N do not vary much with the extent 
q y 

to which friction is assumed to act on the equivalent free surface. 

The ratio of the depth of the footing to its breadth is also related 

to (3 and q> by an equation given by Meyerhof. To determine the bearing 

capacity of a footing in a given case, this diagram can be used to find [3 
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and q Q for a given ratio of the depth of the footing to its breadth and cp. 

Meyerhof's results are close to Terzaghi's values at the surface, we can 

see that the contribution of the shearing resistance of soil above the 

base of the footing substantially increases the values of at shallow 

depthSo For shallow footings the product Y ^ N ^ obtained by Meyerhof is 

virtually identical with the product Y Df Nq of Terzaghi. 

Using the values obtained by Meyerhof for a strip footing with a 

rough base at or near the surface, we can see that for <p = 30°, Nq/N^ ~ 1, 

and for <p = 40°, Nq/Ny ~ 0.6. In model tests on footings, Meyerhof ( 3 ) 

found that the ratio of the two bearing capacity factors for a dense sand 

was 0.7, so that, in this case, the theoretical results appear to be con­

firmed. 

Feda (4) also gives a relationship based on tests in which the ratio 

of to N is very close to unity, and Hansen (13) takes Nq to be equal 

to N . It would appear that his equation closely expresses the ultimate 

bearing capacity of a rough footing on a cohesionless soil as a function 

of depth, up to depths approximately equal to the footing widtho 

The value of the factor N c in terms of <p for a strip footing with 

a rough base was obtained by Terzaghi and also by Meyerhof. The values 

obtained by the two investigators are almost identical for a footing at 

the surface. 

Analytical solutions from which one can derive the bearing capaci­

ties of different footings on or in materials of the general type have not 

been developed, although Sokolvski (14) arrived at a numerical solution. 

His method was employed by Hajal (15), who used a computer to obtain 

tables and graphs of solutions from which many general results of practical 
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interest can be calculated,. Because of the number of variables, and the 

nonlinearity of the basic equations, any numerically obtained solution to, 

say, a surface loading condition, is valid only for the angle of friction 

of the material used in the computation, although the bearing capacity may 

be expressed in a limited general form in which the size of the footing 

and the cohesive shearing strength are variables. An important class of 

problems concerns itself with the examination of the failure conditions 

developed in a mass by the application of discontinuous normal stresses 

at the horizontal surface,, The object of these studies is the computa­

tion of the ultimate load which can be carried by a footing at or near the 

surface of the ground, and the problem can be considered an extreme exam­

ple of a sloping wall whose angle p to the vertical is equal to -90°. 

Sokolovski used techniques of numerical analysis to solve problems of this 

kind. He studied the superposition of the individual limiting conditions 

given by Terzaghi and concluded that the total stresses obtained at yield 

by summing the stresses at yield in the separate cases satisfy the appro­

priate equations of equilibrium. However, because of the nonlinearity he 

found that the yield condition for the superimposed stresses is that hold­

ing for a material whose angle of friction is smaller than the angle 

employed in obtaining the component stress states. Thus, for most mater­

ials, the superimposed solution will not correspond to the solution which 

would be found by means of a single exact analysis in which all material 

properties were included; the superposition solution yields a conserva­

tive result. Lundgren and Mortensen (16) made a theoretical study of a 

cohesionless material with an angle of internal friction of 30°, found 

that superposition gave a bearing capacity 17% lower than that of the 
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more nearly correct analysis. 

Sokolovski found that if a dimensionless normal stress coefficient 

N is employed to describe the slope of the line of increasing stress, the 

stress p (here due to the unit weight of the material) can be obtained in 

the form: 

P Y

 = 2 N Y Y X (1) 

By a numerical integration of the two differential equations des­

cribing the yield conditions when the material has weight, Hajal found the 

correct curve of vertical stress distribution on the footing at failure. 

For different angles of internal friction of the material, Hajal found 

values of N once again for a smooth or frictionless footing. Thus he 

obtained the limiting failure load per unit length of a smooth strip 

footing at a shallow depth z (where z < 2b) below the surface of a 

cohesionless material possessing weight. 

-V - »Y L2 (£> + 1 ] (2) 
2b y ' 

Obviously a footing with a frictionless base represents an ideali­

zation which would rarely occur in practice, and then only in specially 

designed laboratory experiments. 

The theoretical values of N for a rough footing may be compared 

with the experimental results obtained by De Beer and Ladanyi (17) for a 

uniform sand, which indicate that N has values of about 14, 33, 83, and 

210 for cp of 25°, 30°, 35°, and 40°, respectively. For a somewhat coarser 

and less uniform sand, Feda (4) found that N is about 170 for <p = 40°, 
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and, on the basis of his own, other experiments, and a comparison with 

theoretical values, he proposes an empirical equation for N : 

N = 0.01e°' 2 5 < P (3) 
r 

where e is the base of natural logarithms. 

Bearing Capacity of Finite Blocks 

Some work by German investigators was done on small blocks of con­

crete and rocko They performed some loading tests on strip and circular 

model footings resting on cubes of concrete and rock, Bauschinger (18), 

Graf (12), Bach and Baumann (ll), in their work indicated that the mater­

ials fail by a combination of shearing and splitting. Immediately beneath 

the footing a wedge or cone of the material corresponding to an angle of 

internal friction of 40° to 50°, is formed by shearing along a rupture sur­

face and is forced into the material below. By exceeding the tensile strength 

of the surrounding material, it is split progressively downwards and dis­

placed sideways. 

G. B. Sowers (19) performed some experiments on concrete specimens 

laterally supported in steel rings. He stated the looseness with which 

engineers use the term "compressive strength" when applied to brittle or 

comminutable materials such as concrete and rock leads to erroneous assump­

tions and even to unnecessary use of expensive and vital materials. 

He showed that the true compressive strength of any area of rock 

or concrete fully supported laterally is several times greater than the 

compressive strength as developed by the simple cube or cylinder test. 

Based on these and the observations of the German investigators 

Meyerhof (2) suggested a simple theory for the two dimensional case0 
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Meyerhof s Theory of Blocks 

At the bearing capacity q Q of a strip footing of width B, resting 

on a block of thickness H and width L (L > H), the horizontal splitting 

pressure p^ can (in accordance with Coulomb-Mohr's theory) be shown to be 

2 
p, = q tan a * 2c tan a (4) n o 

whose resultant acts at a depth — cot a, where the semiwedge angle 

a = 45° ° 2 (figure l). The maximum bending tensile stress p^ at the 

point of the wedge of material below the footing is 

pt = ( 1 + 2H -̂ B cot a ] (2H -Tc'ot a ) p h ( 5 ) 

simplifying 

- cot a; cot a p 
q = — — — — — + 2c cot a (6) o on , -g- - cot a 

H For large values of - and substituting the unconfined prism strength 

p = 2c cot a o ru 

p u " 1 + 4Bc 

This relationship indicates that the bearing capacity of surface footings 

is directly proportional to the ratio of block thickness to footings width 

H pt 

(-) for a given ratio — depending on the properties of the material. He 

also suggested that where splitting of the material is prevented by 



^ L — = * | 

Failure of a Small Block 

Figure 1. Analysis of Bearing Capacity of Rock 
Block, after Meyerhof. 

—H B — 

I a = 45 -<p/2 

Failure of a Large Block 

Figure 2. Analysis of Bearing Capacity of Rock 
Block, after Meyerhof. 
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reinforcement or the use of blocks that are large in relation to the size 

of the footing, the bearing capacity is mainly governed by the shearing 

strength of the material. At failure a wedge or cone is formed below the 

footing as before, but the material at the side is forced outwards and 

upwards by shearing along a curved rupture surface. The bearing capacity 

of a strip footing on the surface as before can then in accordance with 

Prandtl-Terzaghi approximately be represented by 

q = cN (7) o c 

where N c is the general bearing capacity factor. This factor depends 

mainly on the angle of internal friction <p and the ratio h (or the inclina^ 

tion of the "equivalent free surface"). For a very large value of h the 
B 

B 

bearing capacity becomes equal to that of a strip footing on the surface 

of a semi-infinite solid (Figure 2). 

Meyerhof performed some model tests on concrete blocks using 1-1/4 

inch circular footing. For splitting failure he suggested that the results 

can be analyzed in the same way as for the strip footings. For large 

blocks where the failure occur by general shear he extended the same 

theory used for strip footings to the circular ones on the surface. He 

suggested that bearing capacity is approximately given as: 

q = cN + pN (8) Mo c K q 

where N c and are general bearing capacity factors for circular footings 

and p is the normal pressure on equivalent free surface. For a large 

value of g the bearing capacity becomes equal to that of a circular foot­

ing on the surface of a semi-infinite solid. 
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Meyerhofs theory in Cases of splitting failure suggests the same 

bearing capacity for blocks with L > H. This contradicts the experimental 

results of Von Kolnitz (20) and Johnson (21), where it is seen that the 

bearing capacity increases with the width of the block. 

Meyerhof also suggested the failure by general shear takes place 

at large ratios of footing width to block width and thickness. But he did 

not give any ratios of footing size to block size at which such a failure 

will be expected. 

Von Kolnitz 

Von Kolnitz (20) investigated the bearing capacity for rectangular 

footings of a thin layered, jointed rock system. He used square footings 

of 1", 2", 3", 4", and 6" size, with 4" x 4" x 1" thick blocks. On the 

basis of his experimental data he suggested a modification of the 

Meyerhofs equation for his jointed rock system. Von Kolnitz summarized 

the results of his investigations as follows: 

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 capacity of a jointed rock system with the 

general bearing capacity equation, unless the foundation is very small in 

comparison to the block. 

3. The bearing capacity of the jointed system can be evaluated by 

a simple modification to the Meyerhofs equation for the bearing capacity 

of rock: 
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( ~ - cot a) z (cot a ) p 
(9) 8H 

-g- - cot a 
+ 2c (cot a) 

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

block size, there is a slight increase in bearing capacity when the foot­

ing is moved from the center to the edge of a block. Further, there is a 

significant drop in bearing capacity when the footing is moved to the 

corner of a block and over a discontinuity. 

4b. Large footings: When the footing size approaches the block 

size, position of the footing affects the bearing capacity very little 

until a discontinuity is covered. This results in a significant drop in 

bearing capacity. 

5. Failure occurs in a splitting manner followeqV by a punching 

out of lower blocks. 

6. Settlement depends greatly upon the tightness of the packing 

of individual blocks and would be most difficult to predict. 

According to Von Kolnitz the modification to the Meyerhof equation 

does not hold when the footing size is increased so that it exceeds the 

block width, as in the case of the six-inch footing. When this was done, 

the bearing capacity remained very nearly that for the four-inch footing. 

This suggests that the bearing capacity reaches a lower limit when the 

footing width is just equal to the block width. Another feature here was 

that the constant value for bearing capacity was reached when the footing 

was centered over a vertical discontinuity. This also held true when the 

smaller footings were centered over two blocks and then over four blocks. 

His statement that bearing capacity increases when the footing is moved 
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from the center to the edge of block does not seem to be correct, as the 

work done by Johnson (21) also at Georgia Tech shows that the bearing 

capacity decreases in that case. 

Von Kolnitz pointed out that this modification holds true only 

when the footing width exceeds the rock thickness. If the reverse were 

true, the modification would result in an increase in bearing capacity. 

It should also be pointed out that this modification may not hold if the 

rock layers become very thin as in the case of laminated rock. If the 

thickness of the layer should approach zero, the predicted bearing 

capacity would also approach zero, which does not seem reasonable. 

Johnson 

Johnson (21) further worked on the jointed rock system. He used a 

thin layered, jointed system composed of small blocks (four inches square 

by 0.25 inch thick) of Indiana Limestone stacked as closely as possible by 

hand to form a mass 12 inches square and four inches high. The system was 

placed on a rigid aluminum retaining box, two adjacent sides of which were 

fitted with SR 4 strain gauges for measuring the lateral loads which devel­

oped during testing. Model footings were made of steel and ranged from 1.25 

inches square to six inches square. The rate of deformation was 0.01 

inches per minute. 

He found a general trend for bearing capacity as a hyperbolic func­

tion of the ratio of footing width, B, to block width, L. The amount of 

settlement occurring in the loaded blocks was found to be dependent upon 

the thickness of the separations occurring in a horizontal plane between 

the stacked blocks. Lateral loads appeared to reach "critical magnitudes" 

with regard to foundation failure only after the loaded blocks had failed 
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in bearing. He gave the following conclusions: 

1. The bearing capacity failure occurring in the loaded blocks is 

always the splitting type described by Meyerhof. 

2. The bearing capacity of the loaded blocks can be represented 

by a power function of the form 

o - a(S ) " (10) 
O L 

in which a is in psi units and n is a fractional negative exponent. 

3. The magnitude of the coefficient a and exponent n vary according 

to the position of the footing on the loaded blocks. 

4. The total amount of settlement occurrinq in such a system 

prior to failure can be attributed to the following: an initial component 

due to the reduction of void spaces occurring in a horizontal plane between 

stacked blocks, and a subsequent quasi-elastic component resulting from 

deformation of the individual blocks under load. 

5. In order to predict the amount of settlement which would result 

in the loaded blocks, it would be necessary to determine the thickness of 

void spaces present in the system prior to loading, and to determine the 

behavior of the quasi-elastic deformation of the system. 

6. The lateral load developing in such a system under a footing 

load is probably dependent upon the Pcisson's ratio of the rock, the 

irregularities in individual blocks and stacking, and the width of void 

spaces occurring in a vertical plane within the system prior to loading. 

7. The lateral load developing in such a system prior to failure 

is not of sufficient magnitude to be a factor in foundation failure. 
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8. Lateral load developing after failure of the loaded blocks is 

due to the forcing aside of adjacent blocks by the wedge of material formed 

underneath the footing as it is forced downward. 

The results of Von Kolnitz and Johnson clearly showed that the bearing 

capacity varies with — ratio, i.e., the ratio of the block width to the 

footing width. This indicates clearly the limitations of Meyerhofs 

analysis. But as each of the above investigators performed tests on just 

one thickness of the blocks, the investigations only serve the purpose of 

indicating that the bearing capacity varies with the width of the blocks 

also. The curves of q Q vs. - given by Johnson clearly states the above 

fact. 
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chaptef: h i 

INSTRUMENTATION AND EQUIPMENT 

The rock selected for testing in this investigation was Indiana 

Limestone,, The rock can be cut freely, without splitting, into the 

desired shape and dimensions0 As a large quantity of material was neces­

sary to be cut into shapes and different sizes, this particular rock was 

chosen for the investigation0 

Indiana Limestone is found in an area around Salem, Indianac The 

rock is composed of limestone "sand" grains cemented together by the inter­

locking action of calcite crystals0 The "sand" grains are the result of 

deposition of calcium carbonate on small, partially broken shells, often 

in a series of concentric layers0 Due to their roughly spherical shape 

resembling fish eggs, the rock is termed by geologists as "oolitic" lime-

stonec It is a calcite cemented calcareous stone formed of shells and 

shell fragments, practically non-crystalline in character It is charac­

teristically a free stone without pronounced cleavage plane, possessing a 

remarkable uniformity of composition, texture, and structure and equality 

of strength in all directions regardless of the plane of its natural bed­

ding ( 2 3 ) o The average analysis (in per cent) as developed by carefully 

prepared composite samples of Indiana Limestone Company shows that it con­

tains 9 7 0 3 9 per cent Carbonate of Lime, l o 2 0 per cent Carbonate of Magnesia 

o 6 9 per cent Silica, c 4 4 percent Alumina, c 1 8 per cent Iron Oxide, o 1 0 per 

cent Water and Loss. 
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The average weight of dry (seasoned) Indiana Limestone is 144 

pounds per cubic footo 

The stone varies in colortone from buff to grayish or blue-gray 

shadec Dark spots are sprinkled throughout the rock, which seems to be 

the organic residue of the original inhabitants of the shells. The un-

confined compressive strength of the rock varies from about 4000 to 12,000 

psi (22, 23). 

Types of Tests 

The types of tests performed in this investigation covers, 

1 0 Triaxial Cell Tests 

2. Bearing Capacity Tests 
a. Open Jointed System 

b. Closed Jointed System 

3. Plane Strain Tests 

Triaxial Cell Tests 

The special Triaxial Cell, designed and built at Georgia Institute 

of Technology to test rock samples under lateral pressures of up to 10,000 

psi was used for these tests. The pressure cell is constructed of bear­

ing bronze, high strength steel, and stainless steel. The base contains 

the ports for the lateral confining pressure and pore pressure0 

A high strength steel pedestal was fitted at the center of the 

cell base to act as a base for the rock samples to be tested. A high 

strength steel cylinder was threaded on the base and an 0-ring was pro­

vided for the sealing purpose. A bronze packing gland threaded into the 

top of the cylinder formed the upper seal. In the center of the packing 

gland a stainless steel piston, sealed with four o-rings was provided for 
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the loading.. The piston was brought in contact with the upper end of the 

rock sample, while testing, and was thus used for applying the vertical 

loading0 Two small loading blocks of stainless steel, 7/8 inch in diam­

eter, were used on each side of the rock sample. The small loading blocks 

were flat on one side and spherical on the opposite sides0 This was done 

to match the spherical depressions in the base and the piston with the side 

of the loading blocks and the flat side to match the sides of the rock 

sampleo This arrangement was helpful to take care of slight misallignments 

incurred during sample preparation. In order that the air can escape as 

the cell was being filled with hydraulic oil, a value was provided at the 

top of the cylinder. The confining pressure was controlled by using high 

pressure hand pump. The hand pump was connected to the base through which 

the oil was pumped into the cell. The confining pressure could be increased 

by pumping the oil in the cell by the hand pump or could be released by 

means of a screw value provided for the same0 

Preparation of the rock samples was accomplished by using conven­

tional machine tools which had been modified for the use of rock cutting 

and rock coring apparatus. A twelve-inch diamond tooth circular saw was 

used to trim the rock specimens to suitable size and shape for coring. 

Two parallel faces were cut, producing a slab approximately two inches 

thicko In the sedimentary rocks these faces were cut parallel to the 

stratification so that the test core would be oriented in its natural 

position when placed in the triaxial test cell. A diamond impregnated 

coring bit, 7/8 inch inside diameter and one inch outside diameter, was 

used to produce a core sample from the previously prepared slabsc The 

coring bit was attached to a water head and was driven by a conventional 
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drill press. 

A suitable material for use as a membrane must be impervious with 

respect to the confining fluid and must be sufficiently flexible so that 

the sample deformation is not restricted,, A material meeting these speci­

fications is plasticized polyvinyl chloride plastic in the form of thin 

wall tubing. The tubing used was 7/8 inch inside diameter with a 0.035 

inch wall thickness. 

Axial deformations were measured during testing by using a microm­

eter dial indicator having divisions of 0.0001 inches. The dial indicator 

was placed between the load table and the crosshead of the testing machine* 

Also the axial deformations were simultaneously measured by using a linear 

variable differential transducer. The load-deformation curve was traced 

on a drum recorder, with the axial load indication being actuated by a 

push-rod arrangement from the testing machine load indication unit. 

The loading machine used in the triaxial shear tests for loads up 

to 20,000 pounds was a controlled strain mechanically driven machine, with 

deformation rates of 0.01 inches per minute. The test set up using the 

machine is shown in Figure 5. 

Bearing Capacity Tests 

Tests on two types of jointed systems were performed. 

a„ Open Jointed Rock System 

b 0 Closed Jointed Rock System 

An open jointed system will be referred to here as "a jointed rock 

system in which the blocks adjoining the loaded blocks will have negligi­

ble or no effect on the bearing capacity of the loaded blocks" whereas, 

"in a closed jointed system the adjoining blocks will have a significant 
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effect on the bearing capacity of the loaded blocks." 

The loading tests were done on three types of footings in each 

case. 

The shapes of the footings used were: 

I. Circular Footings 

2 0 Square Footings 

3 o Strip Footings 

The diameter of the circular footings used were, 1 " , 2 " , 3 " , and 

4 " . The square footings were squares of 1 " , 2 " , 3 " , and 4 " sides. The 

strip footings were 5 " long and had widths of 0 . 3 5 " and l / 2 " respectively. 

The rock used in the testing was cut into the desired shapes of the 

blocks. Different combinations of lengths, widths and thickness of the 

blocks were used for different tests. In case of open jointed system, the 

thickness of the blocks varied from one inch to sixteen inches and the 

width from two to sixteen inches. It was desired to test greater size 

blocks with width and thickness of about twenty four inches but the sizes 

had to be restricted because of the limited availability of the material. 

The details of all the sizes used for the bearing capacity tests are given 

in chapter headed Test Procedure. 

Two multiple range driven, controlled strain testing machines, one 

mechanical and one hydraulic, were employed in conducting the model foot­

ing tests on the jointed rock system. These were the Tinius-Olsen Machines, 

the one used in conducting the unconfined compression tests on the cylin­

drical samples having a capacity of 2 0 , 0 0 0 pounds and the other having a 

capacity of 1 2 0 , 0 0 0 pounds. Deformations of the loaded blocks were meas­

ured with a micrometer dial gauge sensitive to 0 . 0 0 0 1 inch. Also the 
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deformations were simultaneously measured by using the linear variable 

differential transducer and the load deformation curve was traced on the 

drum recorder as in the case of triaxial tests. 

A rigid aluminum box enclosed on four sides and the bottom was 

used to retain the system. The sides of the box were made from six 

inches x 0.25 inch aluminum flat stock, and were fitted with two pieces 

of one inch x 0.25 inch aluminum angle which acted as stiffenerSo The 

bottom of the box was 13.625 inches square and 0.25 inch thick. It was 

attached to two adjacent sides of the box with one 0.125 inch brass 

screw per side. The size of the box had to be limited, keeping in mind 

the amount of material required for a single test, and the time needed 

for cutting the proper size and number of blocks required to fill the box. 

When testing 2" x 2" blocks, 144 blocks were needed to fill the box for 

each test. 

The sides of the box were mounted with SR4 Strain Gauges, to deter­

mine the lateral stresses transferred to the sides of the box, during 

testing. The same system was used during the tests on closed jointed sys-

temo In the closed jointed system, the blocks were given a confinement 

pressure by the sides of the box prior to the testing. With this system, 

which is shown in Figure 3 , it was possible to give an initial confinement 

pressure to the jointed rock system. This was achieved by the help of the 

strain indicator box, by inserting thin rock shims between the sides of 

the retaining box and the rock systerrio Also as an additional check, a 

thin disc shaped load cell was placed between the rock system and the side 

of the boxo With the help of the strain indicator box, it was possible 

to find the load transferred to the side of the box. The load cell and 

the sides of the box which were loaded as simple beam, were calibrated 
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Figure 3„ Strain Gauge Arrangement for the 
Testing of Jointed Rock System, CO 
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for the response of the load before testing*. A simple switch box and a 

strain gauge indicator box were used to take different responses of the 

sides and the load cell during the testing. A schematic diagram of the 

system is shown in Figure 3 . 

Some tests were performed on a single column of blocks in the big 

triaxial cell of one foot diameter used in the plane strain tests. This 

was done as a check on the bearing capacity tests done in the box. Air 

pressure was used from the compressor for the confining pressure. For per 

forming these load tests of 1", 2" and 3" circular footings over 4" x 4" x 

blocks, a column of four blocks was used to simulate the central column in 

the jointed rock system in the box« The cell was modified for this pur­

pose. Two aluminum blocks were designed and made to fit the cell as shown 

in Figure 4. 

The curvature of the blocks was made to fit the cell curvature0 

The upper blocks had a groove for the cell piston to slide through and 

apply the load to the footing which was placed below it. The lower block 

was built with a sliding wedge arrangement for the minor adjustment with 

regard to the small variations in the height of the blocks. The upper 

block was fixed to the cell by means of four bolts which were screwed into 

the body of the cell. Air was used from the air compressor for the con­

finement and was read by means of a gauge attached to the body of the cell 

Rubber membranes were used for testing in this case0 

Plane Strain Tests 

Some plane strain tests were conducted on the rock samples in this 

investigation. The length of the rock samples used was 16", the width 2", 



Figure 4. Cell Cross-Section Showing Arrangement for 
the Bearing Capacity Tests Inside the C e l l o 
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and height 4". The rock samples were cut for this purpose from bigger 

blocks of rock with a diamond sawQ 

The plane strain apparatus designed and built at Georgia Institute 

of Technology was used for the testing0 The cell was formerly used with 

air pressures of only up to 300 psi. It was planned to test the rock sam-

pies up to a pressure of 1000 psi, so it was necessary to use fluid for 

confinement at this higher pressure, rather than air» For this purpose it 

was decided that oil would be more suitable to use than water, because of 

the complicated wiring system in the cello An ordinary lubricating oil 

No. 10 SAE from Sinclair Petroleum Products obtained from Sinclair Refining 

Company was used for this purpose. 

A new load cell was designed and built in the laboratory for the 

purpose to record the intermediate principal stress and which could be used 

in oil. The body of the load cell was made in the laboratory using high 

strength steelc The load cell was designed to take loads up to 5000 

poundso SR4 strain gauges were mounted on the body of the cell in order 

to measure the stress response of the cell. The load cell was then cali­

brated with the help of the loading machine and strain indicator box<> New 

sensors for keeping the length of the sample constant were made to suit 

the new conditions and also the entire electrical circuit had to be insu­

lated, so as not to get short circuited when in touch with oil. For this 

purpose Duco epoxy cement was employed at certain places. 

The oil was accumulated in a large tank from which it was pumped 

by means of a motor into the cell and back. Gauges were fixed to the cell 

to record the cell pressure. For controlling the cell pressure and the 

intermediate principal stress, in order to keep the length constant, high 
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pressure hand pumps with valved lines connected to the fluid inlet ports 

on the cell were used. 

As with the previous experiments on the plane strain apparatus, 

it was found necessary to produce rubber membranes in the laboratory 

from the latex solution than to obtain commercially made ones. The mem­

brane mould was dipped into the latex bath approximately seven to eight 

timeso For dipping the mould into the latex, it was slowly immersed into 

the bath so as not to create air bubbles allowing about a minute to elapse, 

and then slowly withdrawing it until the top was just above the surface of 

the latexo Further time was permitted for the excess solution to run off 

the top of the mould before it was removed from the batho The process took 

about three minutes, after which the mould was hung up to dry for a minimum 

of two hours. To obtain an even membrane thickness, the mould was inverted 

for alternate dippings, and extra latex was applied to the corners between 

dippingSo 

When the final dipping was completed, the membrane was allowed to 

cure on the mould for 24 hours. The upper and lower surfaces were cut 

away to fit the platens of the plane strain apparatus, and the membrane 

was carefully stripped from the mould. After being checked for holes or 

imperfections, the membrane was put away to cure for another two days 

before use. 

The intermediate principal stress was applied by means of a hydraulic 

jack connected to a high pressure hand pump. The readings of the applied 

load were recorded by the load cell placed at the other end of the sample. 

Sensors with the help of strain indicator box were used for the purpose of 

keeping the length of the sample constant. Details of the procedure used 

are given in Chapter IV. 
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CHAPTER IV 

TEST PROCEDURE 

Triaxial Cell Tests 

Preparation of the samples for the triaxial tests was accomplished 

by using a diamond impregnated coring bit, 7/8 inch inside diameter and one 

inch outside diameterc The coring bit was attached to a water head and 

was driven by a conventional drill press. The samples were then cut to 

the 2" size and their ends polished smooth. The samples were then left 

for a few days for air drying before use. 

The core sample along with the loading blocks and membrane, was 

placed on the cell pedestal, the rubber o-rings were slipped over the ends 

of the membrane. The membrane was kept longer than the sample, so that it 

would also cover the small loading blocks placed on both sides of the sam­

ple and then slip over the steel pedestal on the base of the triaxial cell. 

The overlapping ends of the membrane ¥/ere sealed by using 4 o-rings over 

the jacket at each end. The cylinder was assembled to the base and filled 

with hydraulic fluid to the level of the vent valve opening. The packing 

gland was then secured in position, but remained at least l/4 turn from a 

fully tightened condition. 

To test the membrane and its seals for leakage an oven dry lime~ 

stone sample was placed in the triaxial cell and the lateral pressure 

increased to 2,000 psi. When the pressure was released and the sample 

removed, it was examined for any spots of oil which would readily be 
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visible on the light colored surface, No leakage was detected in this 

case. After assembly the triaxial cell was placed in the testing machine 

and the lateral confining pressure hose connected to it from the high 

pressure hand pump, and the confining pressure applied. 

The deformation rate used was 0.01 inches per minute in all the 

tests. The deformation readings were taken at regular intervals of load-

ing. The loading increments were chosen as 100 lbs. in some tests and 

200 lbs. in others. The consecutive deformation readings become larger 

as the samples approached failure. As the failure was reached the load 

decreased rapidly in most of the cases. A higher rate of deformation of 

0.02 inches per minute was applied to the samples after failure. 

Bearing Capacity Tests 

Various sizes of blocks were used for each type of test to get a 

comprehensive picture of the effects of different dimensions on the bear­

ing capacity. However, in the closed jointed system, the experiments were 

performed on 4" x 4" x 1" and 2" x 2" x 1" blocks and some strip blocks 

only. The limitations had to be put, keeping in mind the difficulties 

involved in preparing a closed jointed system and the quality of the mater­

ials involved. 

The sizes of the rock blocks used for open jointed system were var­

ied in width dimensions from 2" to 16" and the thickness of the blocks 

varied from 1" to 16". 

The various sizes used for circular and square footings are as 

follows: 



Figure 5. Triaxial Test Set Up. 

Figure 6. Bearing Capacity Test Set Up for Jointed Rock System. 
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Length Breadth Thickness 

2" 2" 1" 

2" 2" 4" 

4" 4" 1" 

4" 4» 4" 

4" 4" 8" 

4" 4" 10" 

4" 4" 16" 

8" 8" 4" 

16" 16" 4" 

The sizes of blocks used for strip footings are as follows: 

Length Breadth Thickness 

5" 1.40" 4" 

5" 2'" 4" 

5" 3,5" 4" 

5" 4" 4" 

7" 5" 4" 

8" 5'1 4" 

14" 5" 4" 

16" 5" 4" 

For the open jointed system, the samples used in the model footing 

tests were sawed with the masonary saw as previously described,. After 

sawing, the blocks were air dried for a few days. In order to provide as 

smooth a bearing surface as possible and to avoid any flexural deformation 
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of the blocks, both faces of the sample were ground and made level. The 

final tolerances in the block thickness and width were ±0,015 inches. 

The blocks were then arranged in the aluminum retaining box. The 

box was previously assembled on the bed of the testing machine, and the 

SR4 strain gauge was inspected to insure that it was functioning properly 

and the zero readings taken. The individual blocks were then stacked on 

as closely as possible by hand in the retaining box as shown in Figure 6. 

Thin rock shims were placed between the system and the two adjacent sides 

of the box to insure transmission of any lateral load which developed 

during testing. In this case care was taken that no initial confinement 

was produced on the system, while keeping these shims in position, which 

could be easily checked by means of the SR4 strain gauge system. As an 

additional check, the disc shaped load cell was placed between the system 

and the side of the box, and any load transferred to the load cell could 

thus be recorded by means of the strain indicator box. The model footings 

were then placed in the appropriate position in the center of the central 

block. The loading head was then brought into contact of the footing and 

a seating load of approximately 10 pounds was placed on the footing. The 

micrometer dial gauge used to measure deformation in the loaded blocks was 

placed in position and adjusted to zero reading. The zero readings of the 

strain gauges and the load cell were recorded. Also the linear variable 

differential transducer was adjusted for zero reading and the recording 

drum was brought in position and the marker ink pen was placed on the 

graph paper mounted on the drum for the load settlement curve. 

The footing load was applied at a rate of deformation of 0.01 inch 

per minute. The system was loaded until the footing load reached a maximum 
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Figure 7 D Block Arrangement for the Bearing Capacity 
Tests on Jointed Rock System. 
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value and failure occurred, and continued in some cases after failure,, 

The strain gauge readings and also the load cell readings were taken 

from time to time during testing. 

For the closed jointed system the same procedure was used as 

indicated for the open jointed one. In case of open jointed system it 

was taken care that the system was not confined by the sides of the box 

at the start of the teste But in the closed jointed system, an initial 

confinement pressure of the desired value was applied by the sides of 

the box, using the SR4 strain gauge device and the load cello The ini­

tial confinement pressures used in this investigation were 20 to 100 psio 

The confinement pressures were achieved by pressing thin rock shims 

between the sides of the box and the rock system and varying the thick­

ness of the shims and watching the stress produced at the side of the 

boxo By maintaining the desired value of indicated strain it was pos­

sible to keep the desired confinement pressure on the rock system. An 

additional check was done every time as before by the use of the disc 

shaped load cell which was kept between the roek system and the side of 

the retaining box. 

The closed jointed rock system tests were done on blocks having 

thicknesses of 1" and 4". The width dimensions used were 2" and 4", 

Various sizes used for circular and rectangular footings are as follows: 

Length Breadth Thickness 

2" 2" 1" 

4»» 411 i*i 

For strip loading tests the sizes of the blocks used are as fol­

lows: 
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Length Breadth Thickness 

5" 3.5" 4" 

5«» 4»» 4" 

In order to achieve a greater accuracy, two different machines 

were used, depending upon the magnitude of the desired loado The bearing 

capacity test set up is shown in Figure 6. 

Some bearing capacity tests were done on 4" x 4" x 1" blocks, using 

circular footings of 1", 2" and 3" diameter, in the big cell of 1 foot 

diameter0 This was done to see the difference in bearing capacity of the 

system with the confinement produced by the adjacent blocks on the central 

column of blocks as in the jointed rock system, and in a system where the 

confinement on the central blocks was due to the air pressure in the cello 

The details of the arrangement for this test are shown in Figure 4 Q 

The rock blocks were placed on the pedestal over the lower block 

in the cell, having the sliding wedge arrangement For convenience, the 

rubber membrane was first slipped over the lower block before the rock 

blocks were put on it and o°rings put around the membrane, to seal the 

blocks from the outside pressure in the cello After keeping two blocks 

it is easy to keep the upper block with the footing in the center held in 

contact with the upper aluminum block and then to slide the middle block 

between them. After the blocks were placed in position the sliding wedge 

block was pushed up a little, by sliding the upper wedge in the block, over 

the lower wedge thus butting the rock blocks with some pressure against the 

upper aluminum block0 Then the membrane was slipped over the upper block 

and o-rings put around it. 

The piston was then brought in contact with the footing. The cell 
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was filled with air from the air compressor and the desired confinement 

pressure applied, which could be read by the gauge attached to the cell. 

An initial load of about 20 pounds applied and the deformation dial gauge 

was set for zero. The deformation was read by means of a dial gauge divided 

into divisions of 0.0001". The load was applied by means of the loading 

machine attached with the plane strain apparatus. The rate of deformation 

was kept at .01 inch per minute. 

Plane Strain Tests 

Plane strain tests were run on rock samples of size 2" x 4" x 16 M. 

The sample dimensions were checked before use. The rubber membrane was 

fixed to the bottom platen by keeping the membrane between the bottom 

plate and the platen and tightening the two by means of the screws. Then 

the rock sample was put in the membrane and the upper platen was placed 

over it. The membrane was carefully kept between the upper platen and the 

loading cap and the two were tightened against each other by means of the 

screws provided for the same. The load cell was then placed on one end 

of the sample and was connected to the other side of the sample with a 

hydraulic jack by means of high tension steel bars. The hydraulic jack 

was provided to give the intermediate principal stress0 

The sensors were then put together, one on each side of the sample, 

along its length and were joined to two end plates put on the ends of the 

sample0 Then the hydraulic jack was connected to the high pressure hand 

pump which was used for giving the pressure to the jack, and a check was 

made on the sensors which were connected to the strain indicator box0 The 

two end plates on the sample were brought in contact at the ends of the 



43 

sample by tightening the screws of the high tensile steel bars by hand and 

a little pressure applied. 

The whole assembly was then slowly lifted and taken inside the cell, 

and placed in position. The cell assembly was lifted by means of the motor, 

until the loading piston was in place and in contact with the loading cap, 

placed over the sample. The piston and loading cap were connected by 

means of an Allen Key, put across two holes in the angles screwed on the 

loading cap and through the hole in the piston. This was done to insure 

that the piston was in place over the center of the sample throughout the 

test. An initial load of about 100 pounds was then applied to the sample, 

and the micrometer dial gauge was adjusted to zero position. 

Before starting the test, the zero reading of the load cell for the 

intermediate principal stress was taken with the strain indicator box. 

The reading for the sensors was taken and was kept at this reading through­

out the test, by means of the hydraulic jack. The cell was then closed by 

placing the side cap in position by means of the screws. 

The cell was then filled with oil by means of the motor. The con­

finement pressure was applied by means of the other high pressure hand 

pump used for this purpose. The zero readings were again taken, before 

the start of the loading. The loading was done at a deformation rate of 

0.01 inch per minute, and for loading, the machine attached to the plane 

strain apparatus was usedo The intermediate stress was increased during 

the test to keep the length of the sample constant and recorded with the 

help of the load cell and the strain indicator box. Throughout the test, 

the longitudinal sensor reading at the strain indicator box was kept the 

same, thus insuring the length to be constant throughout the test* 



44 

CHAPTER V 

THEORETICAL DEVELOPMENT 

Theoretical expressions have been developed in this chapter for the 

bearing capacity of circular footings resting on square blocks forming the 

jointed system. The expressions are developed, both for blocks with very 

low and high g ratios. Earlier work done on similar materials show that 

the Mohr-Coulomb failure criteria can be used for the yield condition (23). 

The following failure mechanism is postulated for calculating the 

bearing capacity of a circular footing resting on a square block of the 

jointed rock system. 

When the footing load is increased, a cylindrical zone of material 

below the footing develops a state of stress corresponding to plastic 

equilibrium. The horizontal or radial pressure of this cylinder creates 

an internal pressure on an external cylinder of rock surrounding it. Fur­

ther increase in the load on the footing increases the horizontal split­

ting pressure correspondingly. With the increase in the horizontal split­

ting pressure the external cylinder of rock which surrounds the material 

below the footing also starts to become plastic. When a sufficient part 

of this surrounding material has become plastic, the failure of the exter­

nal cylinder takes place, by splitting. 

The horizontal splitting pressure, p^, at failure is assumed to 

be the inside pressure of the expanding cylinder, whose inside diameter 

is the diameter of the circular footing and the outside diameter as the 



45 

diameter of the loaded cylindrical blocks. For rectangular blocks, which 

have been used in this investigation, the outside diameter is assumed con­

servatively to be the diameter of the inscribed circle. The horizontal 

splitting pressure, p^, is then related to the bearing capacity, q Q, by 

the Mohr-Coulomb failure criteria. 

For blocks of higher g ratios the horizontal splitting pressure, p^, 

is taken as the inside pressure of an expanding long cylinder, which due 

to axial symmetry, assumed here, will be in plane-strain condition. For 

very thin blocks, with low - ratios, the inside expanding pressure required 

for failure is calculated, treating it as a very short cylinder or in other 

words a flat ring. This is a case of plane-stress as the longitudinal 

stress becomes zero for all points. Due to the axial restraint in a long 

cylinder the expanding pressure will be higher and, consequently, the 

bearing capacity will be higher for blocks of greater - ratios in compari­

son to the thin blocks forming a short cylinder. 

At the outside diameter a pressure p Q is considered to act for the 

case of a closed jointed system and which is taken as zero for the open 

jointed rock system. 

The following assumptions are made to calculate the theoretical 

bearing capacity of a circular footing resting on square blocks forming 

a jointed system. 

1. The material is taken as homogeneous and isotropic in character 

2. Ideally plastic material. 

3. Failure takes place when yielding occurs over the plastic 

region and all the material has become fully plastic. 

4. The yield condition is defined by Coulomb's equation. Taking 
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and dg as major and minor principal stresses, 

o- = d_ N + 2cN r 0 9 9 
1/2 (11) 

where = tan (45 + 9/2) 

H 

(a) For high ^ ratios. 

For an element in cylindrical coordinates assuming radial symmetry 

and no variation in the axial direction, considering the equilibrium of a 

volume element bounded by two concentric cylindrical surfaces the equation 

of equilibrium for a cylinder are reduced to (Figure 8) 

dd 
(d + ^ ° dr)(r + dr) d0 . dz 

- 6 r d0 dz - drt • dr°d8°dz = 0 r 0 

or 

dd d - d 
_jr r 1 
dr r 

= 0 (12) 

where a and d Q are the radial and tangential stresses (27). Solving the 

differential equation, with the help of equation (ll) gives 

d = r 
(1/N -1) 

Ar + 
2c 
j 1/2 
<P J 

(13) 

and 

r ( 1 ^ - 1 ) ' 
d^ = 

1) 
Ar 

+ 
2c 
175 

- 9 
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6 
2 

(a) Stresses on Volume Element E 

z 

(b) Forces on Volume Element E 
Figure 8. Stresses on a Volume Element for a Long Cylinder. 
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where A is a constant of integration, 

At r B 6 - p, r v\\ 

and 

6 = 
T 

2cN^ 1/2" 

N -1 ^B/2 
2cN 1/2 

N - 1 (15) 

+ 
2c 

N
9 N ] / 2 (N -1) 

fcr-U 2cN 1/2 

N -1 (16) 

at r = - , equating octahedral normal stress with p Q ? and using a 

1/2 

z 2 

po 2 N - 1 ' *B ) <k) 9 2cN 
N - 1 

9 

(17) 

solving for p^ and using 

;h N <p N 
2c 
T/2 

9 

(18) 

2 N L 
p0 r+FT ( b } 

9 

+ c 

(i -;r) "1 

, cot J ( ^ - ) (§) "-iWsn/2 

q = cR + p R o c o p (19) 

where R and R are dimensionless factors and c p 
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2 
21^ L 

= I~+ N 
9 

R = 
P (20) 

and 

R = (R - N ) cot <p + 2N c p <p I 
1/2 (21) 

(b) For very thin blocks, with low ^ ratios. 

As the tube or thin cylinder is very short, the longitudinal stress 

is zero for all points or 6^ ~ 0, and the tube is in a plane-stress condi­

tion (Figure 9). The condition of plasticity according to Sach's and 

Lubahn (24) becomes 

where 6^ and d^ are the radial and tangential stresses and p^ is the ten­

sile strength of the material or 

d - d ° d Q + d_ = p, r r 9 9 rt (22) 

The differential equation of equilibrium is 

d r 
r 

d e = 0 (23) 

Solving equations (22) and (23) gives 

log 



50 

Figure 10. Analysis of the Bearing Capacity of a Strip 
Footing for a Closed Jointed Rock System. 
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or 

r 
L 7 2 

2 . -1 h/3 "r 

3d 

1 
2\2 

2P, 

At r = B/2, d r = p} or 

2 . -1 I a/3 
6 S i n I 2 " p 

1 > 3 £h. 4 2 

T 7 2 -

2P, 

(25) 

Solving for and using 

P h =
 N 

2c 
1/2 (26) 

Solving equations (25) and (26) gives 

2cN — N sin — log Vr) + ~—• log 1 N 

2c 2c W 2 

N l / 2 J ) 2 p j N -^T72 

(27) 

Equation (27) gives the bearing capacity of a circular footing resting 

on thin blocks of the jointed system. Also the values of R^ and R c have 
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been provided in the form of charts (Figure 20, 21) with varying ratio of 

block width to footing width. Thus knowing the value of the cohesion and 

angle of internal friction of rock, c and cp, the confinement on the rock 

block and the ratio of the block width and thickness, to the footing 

width, the bearing capacity of a circular footing resting on a jointed 

rock system can be easily estimated with the help of the charts and using 

equations (19) and (27). The results obtained by using equations (19) and 

(27) and the charts are discussed in Chapters VI and VII. 

A complete theoretical analysis for other shapes of footings was 

not possible due to the complications involved in using different shapes 

and emperical shape factors have been suggested for the strip and square 

footings in this investigation based on the experimental results. The 

details of the shape factors suggested are given in Chapter VII. 

Modification of Meyerhof Theory for Closed Jointed System 

It should be noted that the equation developed below, and the origi­

nal Meyerhof equation have been used for comparison purposes only, as the 

results obtained by using these equations fail to agree with the experi­

mental results in this investigation, the details of which are given in 

Chapter VII. 

Meyerhof (2) gave the bearing capacity of a strip footing resting 

on a block of thickness H and width L > H as 

(~ - cot a ) 2 cot a p 
q Q = — Q H — + 2 c c o t a (28) 

~g~ - cot a 

The rock block shown in Figure 10 is confined by a confining pressure 
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of p o„ At the bearing capacity q Q of a strip footing of width B, resting 

on a block of thickness H and width L > H, the horizontal splitting pres­

sure p^ in accordance with Mohr-Coulomb theory is: 

p, = q tan a - 2c tana (29) rh ^o 

whose resultant acts at a depth of ^ cot a, where the semi-wedge angle 

A = 4 5 0 _ £ o T n e maximum tensile stress at the point of the wedge of 

the material below the footing caused by splitting pressures p^ and confin­

ing pressures p Q can be shown to be 

P t - Pt' - Pt« (30) 

where p^' and p " can be calculated by taking resultants of p^ and p Q as 

eccentric loads, acting only on the part of block below the wedge. This 

will create tension below the wedge and compression on the bottom part of 

the block. 

B 
p -r- cot a ou 

p . =
 h 2 (1 + — f i ) (31) 

H - - cot a H - - cot a 

and, 

p xH 3 ~ cot a 
Pt =

 B
 ( 1 + ~ B } • ( 3 2 ) 

H - - cot a H - - cot a 

Putting values of p^' and p^1 in equation (30) and solving for q Q using 

the value of p^ from equation (29), the bearing capacity for a closed 
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jointed system is given by 
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CHAPTER VI 

RESULTS 

Triaxial Tests 

The stress and strain calculations for all the rock samples tested 

in the triaxial cell, in order to find the strength parameters c and cp 

of the rock material used in this investigation, were plotted for each 

test. All the curves indicate an elastic deformation, upon initial load­

ing up to a limiting stress level. On some of the curves, this limiting 

or yield stress is clearly defined and rupture takes place almost imme­

diately after it is reached. 

The maximum deviator stress is reached at the failure, thus a peak 

strength is reached and the sample fractures. The maximum deviator stress 

is defined as the difference between the principal stresses at failure, 

that is (d^ - d g ) . The maximum shear stress applied to the rock specimens 

during these tests is equal to one-half the maximum deviator stress or, 

t = 4 (d. - o O max 2 1 3 

This maximum shear stress is the radius of the Mohr Circle, the 

center of the stress circle is located at 2^1 + 6 3 ) o n t n e a x i S o Mohr 

diagrams for the samples tested are presented by Figure 12. The plotted 

circles are for the averaged values from the entire series, which con­

sists of four test specimens for each confinement pressure. Typical stress-

strain curves for the rock samples tested are shown in Figure 11. The 
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Figure 1 1 , Typical Axial Stress-Strain Curves for 

Indiana Limestone. 



Figure 12. Mohr's Circles for Indiana Limestone Using Triaxial 
Cell Test Results. 



58 

strength results of the test conducted are listed in Table 1. 

On the basis of these data, a Mohr failure envelope can be deter­

mined. The limiting stress condition at a point are represented by the 

Mohr stress circle. Each set of principal stresses has a unique circle 

which is defined by the minor principal stress (confining pressure) and 

the deviator stresso For a given confining pressure the value of the 

deviator stress was taken as the average value of the maximum deviator 

stress of all the samples tested with that confining pressure,, With these 

deviator stresses, a set of circles is drawn. According to Mohr, the envel­

ope of the circles is the critical stress function. The envelope, a straight 

line under the range of confining pressures used in this investigation can 

be represented by the equation 

T = c + 6 tan (p o n 

where c is termed as the cohesion and <p as the angle of internal friction 

of the material. The value of c, obtained in this manner, for the rock 

material used in this investigation is 1150 psi, and the value of <p is 

37°, The variation of the radius of the Mohr Circle ^ (d^ - d^) is a 

function of the distance from the d, T origin to the center of the circle 

that is ~ (d^ + d^). The results of this investigation are presented in 

this form in Figure 13 and in form of Table 2. The slope of the line in 

this plot is 31°, thus showing Tan b = Sin q> for the samples tested. 

The condition of rock samples after testing can be clearly seen 

through the plastic membrane, A single distinct failure plane was observed 

for each sample tested. For a comparison the test results of this inves­

tigation are given below with the earlier work done on limestone by other 

investigators. 
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Table 1* Triaxial Cell T est Results 

Stresses at Failure 
Test Cell Pr. o-x *2 V 6 

0 
T 

G 
e S t r c 

Noo psi psi psi psi psi psi 

RTC-2 1000 9049 1000 1000 3284 3229 o019 

RTC-3 1000 9344 1000 1000 3398 3390 ,017 

RTC-4 1000 8973 1000 1000 3684 3794 o016 

RTC-5 1000 8526 1000 1000 3397 3388 o018 

RTC-6 750 8153 750 750 2931 3084 O029 

RTC-7 750 7406 750 750 2941 3096 o020 

RTC-8 750 8141 750 750 2681 2729 o019 

RTC-9 750 6864 750 750 3116 3345 .019 

RTC-10 500 7107 500 500 2247 2469 o016 

RTC-11 500 7107 500 500 2413 2705 .014 

RTC-12 500 6453 500 500 2522 2858 .015 

RTC-13 500 6923 500 500 2406 2695 o018 

RTC-14 250 4746 250 250 1537 1820 .012 

RTC-15 250 • 6037 250 250 2180 2728 o014 

RTC-16 250 6682 250 250 2395 3032 .012 

RTC-17 250 5910 250 250 1906 2340 .021 

RTC-18 0 3709 0 0 1237 1749 .009 

RTC-19 0 4626 0 0 1542 2181 .007 

RTC-21 0 5592 0 0 1865 2636 .008 

RTC-22 0 4357 0 0 1458 2054 .015 
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Table 2. Principal Stress Difference vs. Principal Stress 
Sum Values at Failure for Triaxial Cell 
Tests for Indiana Limestone 

Test No. Cell ^ ^ - $ 3 +d 
Pressure 1 psi psi 

psi 

RTC-2 1,000 0.111 8049 10,049 

RTC-3 1,000 0.107 8344 10,344 

RTC-4 1,000 0.111 79 72 9, 972 

RTC-5 1,000 0.117 7525 9,525 

RTC-6 750 0.092 7403 8,903 

RTC-7 750 0.102 6570 8,070 

RTC-8 750 0.101 6656 8,156 

RTC-9 750 0.092 7311 8,891 

RTC-10 500 0.072 6414 7,414 

RTC-11 500 0.070 6608 7,608 

RTC-12 500 0.076 6063 7,063 

RTC-13 500 0.072 6423 7,423 

RTC-14 250 0.053 4416 4,996 

RTC-15 250 0.041 5788 6,288 

RTC-16 250 0.037 6432 6,932 

RTC-17 250 0.042 5661 6,161 

RTC-18 0 0 3709 3,709 

RTC-19 0 0 4626 4,626 

RTC-21 0 0 5592 5,592 

RTC-22 0 0 4357 4,357 



Figure 13, Principal Stress Difference vs c Principal Stress Sum 
at Failure for Indiana Limestone, 
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Invest!gator Value Cohesion psi p, psi 

Schwartz 46° 1100 392 

Mazanti 35.1° 1740 

Johnson 37° 910 410 

Present Investigator 37° 1150 420 

P1ane Strain Tests 

The results of plane strain tests are shown in Table 3. The Mohr 

circles obtained using these results are shown in Figure 14. The value of 

q>' obtained from Mohr's envelope is 39.6°. There seems to be an increase 

of <p value of about 2.6°, which is about seven percent increase in the 

value obtained in Triaxial tests. Also (<5^ - d^) values are plotted against 

(tfj + 6^) values for the tests conducted. The slope of the envelope, shown 

in Figure 15 is found to be 32.5°. Thus the value of tan &' is equal to 

Sin q>'. Table 3 presents the principal stress difference, principal stress 

sum and their ratio for the tests done in this investigation. 

An open jointed system will be referred to here as "a jointed rock 

system in which the blocks adjoining the loaded blocks will have negli­

gible or no effect on the bearing capacity of the loaded blocks" whereas, 

"in a closed jointed system the adjoining blocks will have a significant 

effect on the bearing capacity of the loaded blocks." Due to the confine­

ment produced by the adjoining blocks on the loaded blocks the bearing 

capacity of the loaded blocks will be increased in a closed jointed sys­

tem. 

Bearing Capacity Results 



Table 3 o Plane Strain Test Results, Stresses at 
Failure for Indiana Limestone 

6 3 

Test No. w l 
psi 

w 2 
psi 

v 3 
psi 

1 3 
psi 

d + d 
1 3 
psi 

o o 
psi psi 

RPS-1 

RPS-2 

RPS-3 

RPS-4 

RPS-5 

RPS-6 

RPS-7 

RPS-8 

RPS-9 

RPS-10 

RPS-11 

RPS-12 

RPS-13 

9488 

9242 

9627 

8390 

8168 

7222 

7268 

6849 
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Figure 15. Principal Stress Difference vs. Principal Stress Sum for Plane 
Strain Tests at Failure for Indiana Limestone. LP 
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When the load was applied to the footings, an initial settlement 

of the system took place at much lower loads, and after this settlement, 

the model footing load began to build up at a rate more rapid than in the 

beginning phase of the testing. In most of the tests the load settlement 

curves assumed a flatter, constant slope at this point (Figures 17 and 

18). 

In most of the cases, the initial settlement of the system was com­

plete when the magnitude of the load on the footing was between one to 

ten percent of the total failure load, and after this the load began to 

build up at a faster rate. The change in the slope of the load vs. set­

tlement curves usually occurred at settlements ranging from 0.02 to 0.05 

inch, and most frequently the readings were closer to the former one. 

At failure, there was usually a decline in the rate of load, 

Figures 17 and 18. As failure was approached, the model footing load 

would reach a maximum value and stay at that value for a very short period 

of time, while the deformation continued. It was usually followed by an 

increased rate of settlement and failure. In cases of open jointed system, 

the load dropped sharply after failure to values of 60 to 75 percent of 

the failure load in most of the cases, Figure 17. In case of a closed 

jointed system, the failure was clearly marked, on the load settlement 

curve by a drop in the load by 15 to 20 percent (Figure 18), but if the 

deformation was continued afterwards, the load rose again to the failure 

value and then afterwards the load settlement curve took a constant slope, 

the load constantly increasing with the deformation, Figure 18. The slope 

of the curve after failure was much steeper than the original slope before 

failure in almost every case, indicating that the load increment varied 
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much less with deformation after failure compared to deformation before 

failure. 

In most of the cases for both the open jointed and the closed 

jointed system, only the central column of blocks which were loaded 

failed, and adjoining blocks were not much affected (Figure 16a). In a 

few cases of closed jointed system, the radial failure cracks were also 

extended to the adjoining blocks. In some tests of closed jointed sys­

tem, it was noted that the cracks in the adjoining blocks were hair-thin 

and could not be easily observed. But if the deformation was continued 

after failure, the cracks widened and could be very clearly seen. 

In open jointed system, the strain gauge indicators indicated no 

load transfer or negligible amount in all the tests before the failure 

was reached. However, if deformations were continued after failure was 

reached, there was a little lateral load transferred on the sides, depend­

ing upon the deformations experienced after failure. Thus p Q was taken to 

be zero in case of open jointed system for the calculations of the bear­

ing capacity. 

In case of closed jointed system the blocks were already confined 

together before the start of the test. In this case, the lateral pressure 

on the sides of the box increased during testing. The increase in pres­

sure in most of the tests was between 5 to 10 percent of the original 

confinement used on the side of the box, prior to failure. After failure 

there was a significant and sudden increase of the lateral pressure on 

the sides of the box. The pressure increased with the increase in defor­

mation after failure in most of the tests on closed jointed systems. Thus 

in tests on closed jointed systems a confining pressure was used for the 
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system when calculating the theoretical bearing capacity. Some of the 

typical load settlement curves both for open jointed system and closed 

jointed systems are shown in Figures 17 and 18. 

The results of the tests conducted on circular footings for open 

jointed system are given in Tables 4 and 10 to 15, and for closed jointed 

system are given in Tables 5 and 16 to 20. 

For strip footings the result of open jointed system are given in 

Tables 6, and 21 to 23, and for closed jointed system in Tables 7 and 24. 

Square footing test results are shown in Tables 8, 25 and 26, for 

open jointed system and in Tables 9 and 27 to 29 for closed jointed system. 
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CHAPTER VII 

DISCUSSION OF RESULTS AND CONCLUSIONS 

Initial Settlement 

Load settlement curves were plotted for the bearing capacity 

tests conducted in this investigation both for open and closed jointed 

systemSo As mentioned in the previous chapter, in all the tests for open 

and closed jointed systems, an initial settlement of the system takes 

place, when the load is applied to the footings. This settlement is 

about one per cent of the height of the systemo The amount is equivalent 

to the sum of the block tolerances for the flatness,0.015 inch per block. 

Thus the initial settlement appears to take place due to the adjustment of 

the blocks over the irregularities and small gaps left between the blocks 

due to horizontal joints. Due to this initial settlement, the load set­

tlement curves have a very steep slope in the beginning of the test, which 

gives them the shape shown in the load settlement curves (Figures 17 and 

18). With the initial settlement the majority of the separations occur­

ring in a horizontal plane between the stacked blocks seem to close, as 

after this the load settlement curve assumes a flatter, constant slope. 

For all shapes of footings and for both jointed systems, the load 

settlement curves seem to be quite similar in shape prior to failure. How­

ever, after failure, which is distinctly marked in all the tests by a drop 

in rate of loading after a peak value, the behavior is different in the 

two cases of open and closed jointed systems. 
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I .1 

(b) 

Figure 16. (a) Typical Failure Crack Pattern for Jointed Rock 
System with ~ Less than about Eight. 

H 
(b) Typical Failure of Loaded Blocks with ^ 

More than about Eight. 



Figure 17 0 Typical Load Settlement Curves for 1" Circular 
Footings on 4" x4" x 1" Blocks. (Open Jointed 
System) 



Figure 18. Typical Load Settlement Curves for 1" Circular 
Footing on 4" x4" xl" Blocks.(Closed Jointed 
System) 
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In a closed jointed system there was again an increase in the load 

after failure, if the deformation was continued. This increase in the load 

is probably due to the sharp increase in the confinement produced by the 

sides of the box on the system after failure. The confinement pressure 

seems to be produced by the wedging of the material horizontally by the 

footing wedge formed immediately below the footing at failure. Below the 

results are discussed under separate headings for the different shapes of 

footings tested in this investigation, 

Circular Footings 

The bearing capacity was first theoretically calculated using equa­

tion (19). As stated in the chapter, theoretical development, the theo­

retical derivation was obtained for an expanding cylinder, to be used for 

bearing capacity of circular footings. For the ratios of ^ > 8 the exper­

imental results agree with the theoretical equation (19), as the blocks 

in this case seem to behave as a long cylinder (Figure 19). Experiments 

done on blocks having ~ > 8 show that the bearing capacity does not increase 
o 

with increasing — ratio more than about eight. This is due to the type of 

failure for such blocks with ^ ratio greater than about eight as shown in 

Figure 16b. 

Due to the axial restraint in a long cylinder the pressure required 

for expansion failure will be higher for this case, than in the case of a 

short one. Thus, for low values of g- the experimental value of bearing 

capacity should be less than the theoretical value for the infinitely long 

cylinder. This was found to be true, as shown in Figure 19. The value 
H H 1 1 reduces with the reduction of rr ratio. For - values of — to r, the 
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experimental results agree with the theoretical equation (27), for a 
H 1 

short cylinder, Figure 19. For the values of ^ between ^ a n c* 8, there is 

a transition between the two limits. The experimental data available was 

examined, Figure 19, and a factor J was obtained to take care of the cases 
H 1 

in which the ratio — was between ^ and 8. The ratio of the experimental 

bearing capacity of the footing to the theoretical value obtained by 

using equation (19), is taken here as the J value. The values of J plotted 

against g- is shown in Figure 19. The equation of this curve is found to 

be 
/ H 0.346 i H 

J = 0.53 (g) for 5 < g < 8 

and (34) 

J = 1 for | > 8 

H 1 1 H i 
for — values of — to 2 9 ^ e ^ v a l u e f° r g = 2 c a n ^ e u s e ° - ° 

The equation (19) was modified by multiplying Factor J and the 

equation for a circular footing resting on a rock block is obtained as 

follows: 

q = J ( C R + p R ) (35) Mc c Ko p 

where R and R can be obtained by using equations (20) and (21) or can c p 
be found out with the help of charts (20, 21). The value of J can be 

found from equation (34) or Figure 19 can be used for this purpose. 

The experimental results of Meyerhof (2) performed on concrete 

blocks are also plotted in Figure 19. The results seem to agree with 

the behavior presented by this graph. The variation in Meyerhof's 



Table 4 C Bearing Capacity Test Results for Circular Footings 
on Open Jointed Rock Systems, p^ * 420 psi 

Footing 
Size 
(In,) L/B ti/B 

Size of Blocks 

Experimental 
Q Lbs, 

Width 4" Length 4" Thickness 1" 

Theoretical Experimental 
(lbs0/sqG in 

Failure 
Settlement 

Inches 
Qo Q w 3 wavg, avg, SI S2 S3 

1 4 1 10,960 10,500 9,980 109480 13,950 13,380 12,700 13,350 14,010 11,010 ,075 ,065 .080 

2 2 1/2 20,200 21,300 18,280 19,570 6,430 6,780 5,820 6,230 6,280 19,750 .120 .087 ,112 

18,500 5,890 .085 

3 4/3 1/3 37,450 35,420 35,100 35,990 5,300 5,010 4,960 5,090 3,815 27,000 .087 .068 ,102 

4 1 1/4 58,600 62,200 56,300 59,030 4,670 4,950 4,480 4,710 4,610 58,000 ,085 .123 .087 

-4 
CP 



Table 5. Bearing Capacity Test Results for Circular Footings 
on Closed Jointed Rock System, P = 100 psi 

Size of Blocks Width 4" Length 4" Thickness 1" 

Footing 
Size 
(In.) L/B H/B 

Experimental 
Q LbSc 

1 2 3 avg, 

Failure 
Experimental Theoretical Settlement 

(lbsc/sq0 in.) (inches) 

*avg, SI S2 S3 

1 4 1 11,700 10,660 12,020 11,460 14,900 14,200 15,300 14,600 14,950 11,730 .106 .080 .091 

2 2 1/2 23,200 21,560 22,980 22,580 7,380 6,850 7,320 7,180 6,720 21,100 .093 .137 .120 

3 4/3 1/3 40,150 41,350 42,100 41,200 5,680 5,850 5,960 5,320 4,090 35,800 .123.084,106 

4 1 1/4 69,900 68,200 70,100 69,400 5,560 5,430 5,580 5,525 5,013 63,000 .079 .180 .068 

c* 
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J = 1 for Blocks with 
High g Ratios 
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B 2 to 8 
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• - Present investigation 
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Figure 19, Experimental Results Showing Variation of Bearing Capacity with 

Ratio of Block Thickness to Footing Width, 
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results are within 10 per cent of the results of this investigation. Also 

the experimental results of Von Kolnitz and Johnson are compared with the 

theoretical results obtained by using the expressions put forward in this 

investigation and plotted in this figure. The results of blocks of g 

ratios of 1, 1/2, 1/3, and 1/5 seem to be within 10 per cent of the results 

of this investigation, and agree fairly well to the behavior of the bear-

ing capacity with the change in g ratio of the blocks. There is some devi­

ation of about 20 per cent from the theoretical results, in case of some 

of the experimental results of Johnson for g ratio of l/8 and l/l2. The 

reason appears to be that in these cases the layers of blocks are very 

thin in comparison to the width of the footing and failure takes place by 

crushing of the individual layers, one by one, rather than forming a wedge 

as in the case of blocks with large thickness. 

Thus knowing the strength parameters c and <p and knowing the footing 
L H 

and block dimensions, that is, the value of g and g, the bearing capacity 

of a circular footing resting on a block of rock can be determined. In 

the case of open jointed systems the values of p Q have been taken as 

zero. 

Using the confining pressures used in the investigation, 20 and 

100 psi, the bearing capacity was calculated for the closed jointed sys­

tems using the above equation. The results thus obtained and the experi­

mental results obtained in this investigation are shown in Table 5 and 

Tables 16 to 18 and in form of plot in Figure 23. The results of the 

open jointed system are shown in Table 4 and Tables 10 to 15, and in 

form of plot in Figure 22. The experimental results seem to be in good 

agreement with the theoretical results, with a maximum variation of about 
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Figure 22. Bearing Capacity of Model Circular Footings on Open Jointed Rock. 



Figure 23, Bearing Capacity of Model Circular Footings on Closed Jointed Rock, 

ro 



12 per cento 

As a check on the results of closed jointed rock in the box, some 

tests were performed in the plane strain cello The results of the bear­

ing capacity tests done in the plane strain cell are shown in Tables 19 

and 20. The results show values quite close to those obtained in the 

aluminum box, for the case of closed jointed systems with maximum devia­

tions of five to seven per cento However, after failure in this case, 

the load drops suddenly to very low values as splitting of the blocks 

takes place and the blocks split away to the sides since there is no 

adjoining material to check this splitting. Thus the load settlement 

curves for these tests look very similar to those of the open jointed 

system, but the failure loads are close to the failure loads for the 

case of closed jointed systems. Thus, as will be expected, the air pres 

sure is helpful in increasing the failure load of the blocks, but, once 

the failure load is reached, it is unable to maintain the load at that 

level or somewhat lower level as in the case of a closed jointed system. 

Rectangular Footings 

The results of loading tests done on strip footings are given in 

Tables 6, 7 and 21 to 24, and shown in Figure 24. The square footing 

test results are in Tables 8, 9 and 25 to 29, and are presented in form 

graph in Figure 26. The load settlement curves show a similar behavior, 

in both cases of open and closed jointed system, as has been discussed 

earlier in the beginning of this chapter. 

Comparison with Meyerhof Theory 

For Strip Footings the theoretical results for open jointed sys­

tem were also calculated by using Meyerhof equation (28) for the sake of 



Table 60 Bearing Capacity Test Results for Strip Footings 
on Open Jointed Rock Systems, p • 420 psi 

c 4 . r R 1 x, (l) Width 3.5" Length 5" Thickness 4" 
size or B I O C K S ^ W i d t h 4„ Length 5" Thickness 4" 

aooting Failure 
Size Experimental Experimental Theoretical Settlement 
(In.) L/B H/B Q Lbs. q (lbs./sq.in.) (inches) 

Q l Q 2 Q 3 Qavg. <1 <*2 <*3 <avg. ^ QT S 1 5 2 5 3 

Meyerhof with S 

,35 10 11.5 22,800 26,200 23,300 24,100 13,020 14.950 13,320 13,760 8,510 13,850 .061 .081 .052 

,50 8 8 33,600 31,800 33,000 32,800 13,450 12,720 13,200 13,120 7,140 12,800 .056 .062 .035 

Table 7. Bearing Capacity Test Results for Strip Footings 
on Closed Jointed Rock Systems, P Q » 1 0 0 psi, p̂ . * 4 2 0 psi 

Footing 
Size 
(in.) L/B H/B 

Size of Blocks 

Experimental 
Q LbSo 

(1) Width 3.5" 
(2) Width 4" 

avg, 

Length 5" 
Length 5" 

Thickness 4" 
Thickness 4" 

Theoretical 

Javg. <*I QT 
Meyerhof with S 
Modified 

Failure 
Settlement 

(inches) 
SI S2 S3 

35 10 11.5 26,500 29,800 25,600 27,300 15,130 17,010 14,620 15,600 9,475 14,800 .093 .103 .085 

50 8 8 35,800 37,700 36,600 36,700 14,330 15,050 14,620 14,670 7,760 13,650 .081 .076 .106 
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comparison with the theoretical results obtained by using the expression 

suggested in this investigation. For the closed jointed system the theo­

retical results obtained by using the expression suggested in this inves­

tigation were compared with the modified equation (33), modified in this 

investigation along the lines of Meyerhof"s original equation (28), 

Meyerhof suggested the equation (28) for the bearing capacity of blocks 

having L > H, In this investigation strip footing tests were also done 

on blocks with L < H. The results of this investigation, along with the 

investigations of Von Kolnitz (20) and Johnson (21) on square footings 

are discussed below. 

For strip footings calculating the results using Meyerhof equation 

and comparing the theoretical results with the experimental results, it 

was found that Meyerhof's equation gives results closer to the experimen-
H L tal ones only in case of tests with =r = 11„5 and — = 4„ For other values D D 

used in this investigation, it seems Meyerhof's equation does not agree 
H L 

with the experimental results0 For values of g of 8 and g from 4 to 40 
H L 

and - of 11,5 and g of 8 to 40, the experimental results obtained in this 

investigation fail to agree with the Meyerhof Equation,(Table 6 and Tables 

21 to 23, Figure 24), Also, as stated earlier for values of g of 1 to l/4 

and g values of 1,3 to 3 in the investigation done by Von Kolnitz, and for 
H L values of - of 1/5 to l/l2 and g- values of 1.3 to 3 by Johnson, Meyerhof 

equation fails to agree with the experimental results. 

The modification, equation (33), derived for a closed jointed system 

along the same approach as of Meyerhof, thus also has the same defect of 

not taking the width of block into account, and thus the theoretical 

results obtained by using this equation does not agree with the experimental 
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Figure 24. Bearing Capacity of Model Strip Footings on Open Jointed Rock. 
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results as shown in Table 7 and Table 24. Also in cases where g value 

approaches the value of £~™L £ o r t n e material, as in case of a 4" foot­

ing resting on a block of 1" thickness, the material having a cp value of 

46°, according to Meyerhof"s equation the bearing capacity becomes nega­

tive, which can never be the case, as Von Kolnitz tests on 4" width, 1" 

thick blocks of cp value 46° give positive bearing capacities,, Thus it 

seems that Meyerhof's equation fails to explain many of the above men­

tioned defectSo 

Comparison with Von Kolnitzcs Modification 

Von Kolnitz suggested a modification of the Meyerhof equation. 

He suggested 

M o d i f i e d = ( q o ) ( B ) 

for the case of an open jointed system, This equation still fails to agree 

with the experimental results of this investigation where different block 

widths has been tested, Figure 26. 

Von Kolnitz formula for square footings does not hold good, as, 

again it fails to take care of the width of the blocks. Also he used the 
H 

expression given by Meyerhof for strip footings and modified it by g, 

which does not seem to work. He also stated that the modification only 

holds true where the footing width exceeds the thickness of rock. The 

equation was modified on only one series of tests on 1" block thickness 

and 4" width. Von Kolnitz did not vary the thickness or the width of 

the blocks in his investigation. 

Comparison with Johnson Theory 

Johnson in his investigation also showed that the modification 
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suggested by Von Kolnitz fails to agree with his experimental results. He 

also showed that the original Meyerhof equation, too, does not agree with 

his experimental results, Johnson performed a series of tests on rock 

Johnson suggested another equation for the calculation of bearing 

capacity based on his experimental data. He represented the bearing 

capacity by a power function of the form 

in which the coefficient a is in psi units and n is a negative fractional 

unit. 

His representation merely serves the purpose of showing the behav­

ior of the bearing capacity with the ratio of footing width to block 

width. His expression cannot be used In any manner to find the bearing 

capacity of a jointed system, using the dimensions of the footing, block 

and the strength parameters of the rock material. 

However, Johnson's investigation points out that the bearing 

capacity varies with the ratio of footing width to block width. Meyerhofs 

equation attempts to use the same formula for all blocks having (L > H). 

This seems to be the main cause of the difference in the results. As 

the present investigation also proves that increasing the block width, 

in case of a splitting failure, also increases the bearing capacity. Both 

the investigations done by Von Kolnitz and Johnson seem to be based on 

very limited amount of data, in the sense that the tests were done on only 

one size of blocks and no attempt was made to vary the thickness and width 

blocks of size 4" x 4" He also used square footings in his inves­

tigation. 
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of the blocks used. Thus the present investigation shows that all the 

previous equations suggested for the bearing capacity of open jointed sys­

tems or a block of rock in case of splitting failure cannot be used to 

give proper results. 

Shape Factors 

In an attempt to suggest a shape factor for the strip footings 

which could be used along with the equation developed in this investiga­

tion for the circular footings, the following method was used. The bear-
H L 

ing capacity for a circular footing having same ratio of g and g as the 

strip footings was calculated by using equation (35). 

The ratio S as the ratio of the theoretical bearing capacity of a 
H L 

circular footing having same g and g as that of the strip footing, to the 

experimental bearing capacity of strip footings used in this investigation 

was plotted against g ratio for the strip footing. The plot is shown in 

Figure 25. 

The graph shows the relation between g and S. The curve up to 

g = 32 can be very closely approximated by a line. An emperical relation 

can be obtained between S and g from this plot and S is given by 
S = (2.2 + 0.18 g) (36) 

Thus by knowing the value of g for the strip footing, the shape factor 

for the strip footing can be calculated from equation (36). Thus the 

bearing capacity of a strip footing up to g = 32 can be calculated by 

using the equation (35) and (36) and the bearing capacity is given by 
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= f ( c R c + P<>V ( 3 7 ) 

s 

the values of J and S can be found by Equations (34) and (36) or by using 

the given charts for these factors in Figure 19 and Figure 25. However, 

the equation will give conservative results if used for values of ^ > 32. 

The bearing capacity obtained by using equation (37) is given in 

Tables 6, 7 and 21 to 24, and shown in Figure 24 along with the experi­

mental test results. 

Tests were also conducted on square footings in this investigation. 

The results of the square footings are quite close to those of the cir­

cular footings. The variations are between 10 to 15 per cent of the 

results of circular footings. The bearing capacity of these square foot­

ings seems to be about 85 to 90 per cent of the bearing capacity of cir­

cular footings. Based on the experimental results, it is suggested to 

use a shape factor of 0.85 to 0.9 for the square footings resting on 

blocks of rock, or 

q =0.85 q„ Msq Mc 

The results of the tests conducted on square footings are shown 

in Tables 8, 9, and 25 to 29, and in form of graph in Figure 26. 

As stated earlier, the investigation is done on one type of 

rock. This was done keeping in mind the extensive number of tests 

required to take into account the changes in block length, width and 

height and the different footing shapes, in order to present quite a 
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Bearing Capacity of Model Square Footings on Open and Closed Jointed Rock. 



Table 8. Bearing Capacity Test Results for Square Footings 
on Open Jointed Rock System 

Size of Blocks Width 4" Length 4" Thickness 1" 
Footing Failure 
Size Experimental Experimental Theoretical Settlement 
(in.) L/B H/B Q Lbs. q (lbse/sq0in.) . (inches) 

Q l Q 2 Q 3 Qavg, *l <2 % < W <*T QT 2 1 8 2 S 3 

1 4 I 10,100 12,250 11,450 11,266 10,100 12,250 11,450 11,266 12,600 12,600 .03 .057 O048 

2 2 1/2 19,800 21,700 20,600 20,700 4,950 5,425 5,150 5,175 5,650 22,600 .08 .092 .©63 

3 4/3 1/3 45,720 42,120 43,650 43,830 5,080 4,680 4,850 4,870 3,430 30,870 .069 .087 .048 

4 1 1/4 68,500 76,200 72,260 72,320 4,281 4,762 4,516 4,520 4,610 73,760 .053 .097 O086 

CO 



Table 9, Bearing Capacity Test Results for Square Footings 
on Closed Jointed Rock System, p = 100 psi 

Footing 
Size 
(In,) l/B H/B 

Size of Blocks 

Experimental 
^ Q Lbs. 

lidth 4" Length 4" Thickness 1" 

Experimental 
lbs./sqein< 

3 avge 
q 3 qavg ( 

Theoretical 
Failure 

Settlement 
(inches) 

SI S2 S3 

1 4 1 11,800 13,650 12,050 12,500 11,800 13,650 12,050 12,500 13,450 13,450 .042 .068 ,053 

2 2 1/2 28,150 24,280 26,170 26,200 7,037 6,070 6,542 6,550 6,050 24,200 ,075 ,058 ,093 

3 4/3 1/3 52,100 45,300 47,320 48,240 5,788 5,033 5,258 5,360 3,680 33,120 .095 ,086 ,059 

4 1 1/4 76,500 72,850 86,810 78,720 4,781 4,553 5,425 4,920 5,013 80,208 ,065 ,076 ,086 
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comprehensive picture of the topic, which otherwise would not have been 

possible. 

Applying the results of model footings to the prototype in the 

field involves dimensional analysis. The numerical value that is 

obtained by a test of a model depends on the values of the independent 

variables in the problem. A dimensional analysis of the relationship 

invariably leads to an equation, suggested by Buckingham, of the form 

it = F ( i t p i t ^ , . . o , i t p ) 

in which the it's are a complete set of dimensionless products. If we 

wish to know a particular value of TL that corresponds to specified numeri­

cal values of i t ^ , i t ^ , ° ° ° j.^, we may evidently achieve the result by means 

of a test of a model, provided that the independent dimensionless vari­

ables 1 ^ , . o . pTtp have the same values for the model as for the proto­

type. The model and the prototype are then said to be completely similar. 

Since a complete set of dimensionless products determines all dimension­

less products of the given variables, every dimensionless product has the 

same value for the model as for the prototype, when complete similarity 

exists. Obviously, complete similarity is impossible without geometric 

similarity. 

Keeping this in view, the expressions or the deviations put forward 

in tnis investigation were brought in form of dimensionless ratios, so 

that a geometric similarity exists between the model and the prototype. 

The dimensional problem is very much reduced if two geometrically similar 

structures have similar loadings (in the sense that the loads on homologous 

parts have a constant ratio)(25). Thus having geometric similarity and 
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similar loadings the dimensional problem is only effected by smaller 

factors as time of loading, unit weight of material and the rate of load-

ing0 

The expressions suggested in this investigation are written in 

terms of cp and c, the strength parameters of the material, which are not 

affected by the scale, and will have the same value for the model and the 

prototype in the field. Thus, taking a suitable factor of safety, it 

appears that the results can be applied for the practical purposes. How­

ever, a detailed dimensional analysis will make some field tests also 

necessary to compare the results. The problem is similar to that for 

the soil bearing capacity, where with a suitable factor of safety, the 

theoretical results obtained through model studies have been applied in 

the field with success over the years. 

The rock tested in this investigation, Indiana limestone, has almost 

isotropic properties^ Mazanti (23), which may or may not be true for other 

rocks in the field. So the field rock should be tested in the direction 

of loading in the field for obtaining the cp and c values to be used in 

the expressions suggested in this investigation. The rock may also be 

tested in different directions and the least cp and c value can be used, 

which will give very safe, conservative, results. 

At low confining pressures, some rock types are much more brittle 

than limestone. In particular, igneous rocks may be quite brittle because 

the silicate minerals resist plastic deformation much more than calcite. 

The expressions put forward in this investigation for the bearing capacity 

of jointed rock may not be applicable to the more brittle rock types. For 

more brittle rock types further investigation similar to this one will be 
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required before any conclusions can be given. 

The joints of the rock may be filled with very soft matrix like 

clay in some cases in the field, in which case it will be safer to use 

it as an open jointed system, with no confinement on the loaded block. 

Also due to folds or stress history of the rock, there may be some con­

fining pressures on the loaded block in the field. Thus, as is the case 

with most of the engineering problems in the field, a considerable amount 

of judgement will be required of the field engineer. However, it appears 

that choosing a suitable factor of safety, the expressions put forward 

in this investigation can be very well applied in the field. 

Summary of Conclusions 

The objectives of this investigation was to present some solution 

in form of expressions, which could be used to find the bearing capacity 

of rock blocks and jointed rock system for practical purposes. This 

investigation considers only vertical loads acting centrally on the 

loaded blocks of the jointed system 

This investigation is confined to a single rock, with artificial 

jointing. The rock has almost isotropic and homogeneous properties. The 

results of this study can be applied to other rocks having similar proper­

ties as that of limestone and may not be applicable to other more brittle 

rock types. The bearing capacity of a closed jointed system is higher tha 

that of the open jointed one. 

As a result of this investigation, the following conclusions have 

been reached: 

1. Meyerhofs equation for strip footings for splitting failure 
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and the equation modified along this line can only be applied for a 
L H 

limited range of rock block dimensions for — about 4 and — about 12 in 

which case the results by the above equations and the other equation 

suggested for strip footings in this investigation agree. For all 

other sizes of rock blocks, Meyerhofs equation cannot be applied. 

2. For different sizes of rock blocks the expressions of Von Kolnitz 

and Johnson cannot be used. The expression suggested by Johnson shows the 

behavior of change in bearing capacity with the ratio of block width to 

footing size, but cannot be used to find the bearing capacity, knowing 

physical properties of the rock and the dimensions of footing and the 

rock block. 

3. The bearing capacity of circular footings can be given by the 

following'expression: 

% ' j ( c R c + PoV 

where 

r = (R c p M )cot <p + 2N 1/2 

J = 0.53 & 
H 0.346 

and 

J = 1 for £ > 8 

For - values of JL, 
12 to 

1 
2' the J value for - r can be used. 
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4 0 The bearing capacity of strip footings up to g = 32, can be 

represented by 

% = i ( c R c + *oV 

where 

S = (2.2 + 0.18 |) 

5. The bearing capacity of square footings can be given by 

q = 0.85 J (cR + p R ) sq c *o p 

6. The Mohr cp angle of the material under plane strain condi­

tions is about 7 per cent higher than the cp value under triaxial condi­

tions where d_ - d 0 . 
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CHAPTER VIII 

RECOMMENDATIONS FOR FURTHER STUDY 

(1) Since this investigation is done on model footings and small 

sizes of rock blocks, it will be very useful if further study could be 

done on big blocks of rock or concrete using bigger footings, to look 

into the size effects, when using the results of model tests into the 

field. 

(2) A study to examine the effects of another soft material, 

such as clay in the joints, can prove to be very useful, as such a sys­

tem will be more close to the practical cases in the field, 

( 3 ) On this investigation only a system having horizontal and 

vertical joints have been studied. It will prove useful if studies 

could be done on another system having joints in different directions. 

(4) Present investigation is done with footings resting in the 

middle of blocks or jointed systems, similar studies could be done chang­

ing the position of the footings on the block, and also footings centered 

over more than one block, or bridging one or more joints. 

(5) Different more brittle rocks can be used to make a more com­

prehensive study with different shapes of footings to find shape factors 

and effects of different footing shapes on the rock bearing capacity. 
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APPENDIX 



Table 1 0 o Bearing Capacity Test Results for Circular Footings 
on Open Jointed Rock System 

Size of Blocks Width 2" Length 2" Thickness 1" 
Footing Failure 
Size Experimental Experimental Theoretical Settlement 
(In.) L/B H/B Q Lbs 0 q (lbs0/sq0in,) _ _ _ _ _ (inches) 

Ql Q 2 Q 3 Q a v 9 o <1 ^2 % <avg. *T S" 2 1 S 2 8 3 

1 2 1 6,000 5,800 6,230 6,010 7,650 7,400 7,940 7,650 7,790 6,260 ,035 ,062 ,042 

2 1 1/2 18,500 14,800 12,450 15,250 5,890 4,710 3,970 4,850 4,610 14,500 ,063 ,040 .055 

Table 11. Bearing Capacity Test Results for Circular Footings 
on Open Jointed Rock System 

Size of Blocks Width 2" Length 2" Thickness 4" 
Footing Failure 
Size Experimental Experimental Theoretical Settlement 
(in.) L/B H/B Q Lbs, q (lbs./sq.in.) , (inches) 

Ql Q 2 Q 3 Qavg. «1 <*2 <3 < W ^ QT S 1 8 2 8 3 

2 4 12,100 9,950 10,800 10,420 15,400 12,680 13,750 13,270 12,880 10,100 .056 .043 ,067 
9,700 9,550 12,370 12,160 .068 .053 

1 2 16,100 15,200 17,500 16,060 5,130 4,840 5,570 5,110 4,610 14,500 ,064 ,058 ,035 
15,440 4,920 .046 5 



Table 12, Bearing Capacity Test Results for Circular Footings 
on Open Jointed Rock System 

Size of Blocks Width 4" Length 4" Thickness 4" 
Footing 
Size 
(In.) L/B H/B 

Experimental 

Q, Q, avg, 

Experimental 
q (lbs,/sq.in, 

avg< 

Theoretical 
Failure 

Settlement 
(inches] 

SI S2 S3 

21,200 20,800 18,750 19,400 
19,600 17,400 20,200 
18,400 18,550 19,700 

42,020 35,985 36,030 34,210 
33,980 23,015 

27,000 26,400 23,850 24,680 22,600 17,780 
25,000 22,180 25,750 
23,410 23,600 25,100 

13,350 11,460 11,460 10,900 10,160 31,900 
10,820 7,330 

,054 .068 ,059 
,063 .071 ,053 
.087 .065 

,083 ,058 
,068 ,073 

,044 

,067 



Table 1 3 . Bearing Capacity Test Results for Circular Footings 
on Open Jointed Rock System 

Size of Blocks 
( 1 ) Width 4 " 
( 2 ) Width 4 " 
( 3 ) Width 4 " 

Length 4 " 
Length 4 " 
Length 4 " 

Thickness 8" 
Thickness 1 6 " 
Thickness 1 0 " 

Footing 
Size 
(In.) L/B H/B 

Experimental 
Lbs, 

Theoretical 
Failure 

Settlement 
(inchesO 

Q wl Q 2 
CL Q 3 avgc 

ql q 2 q 3 avgc 
qT QT S I S 2 S 3 

1 4 8 2 1 , 6 5 0 2 0 , 4 0 0 1 9 , 4 5 0 2 0 , 5 0 0 2 7 , 6 0 0 2 6 , 0 0 0 2 4 , 8 0 0 2 6 , 1 2 0 2 6 , 4 1 0 2 0 , 8 0 0 c 0 8 3 , 0 4 2 . 0 5 1 

2 2 8 4 5 , 2 5 0 4 6 , 8 0 0 4 8 , 0 5 0 4 6 , 7 0 0 1 4 , 4 0 0 1 4 , 9 0 0 1 5 , 6 1 0 1 4 , 8 8 0 1 5 , 0 3 0 4 7 , 2 0 0 , 0 6 1 , 0 4 4 , 0 5 7 

1 4 1 0 1 9 , 6 5 0 2 1 , 6 0 0 2 1 , 9 0 0 2 1 , 0 5 0 2 5 , 0 0 0 2 7 , 5 0 0 2 7 , 9 0 0 2 6 , 8 0 0 2 6 , 4 1 0 2 0 , 8 0 0 , 0 3 8 , 0 4 3 . 0 4 6 

1 4 1 6 2 1 , 4 0 0 2 0 , 5 0 0 2 0 , 0 5 0 2 0 , 6 5 0 2 7 , 2 0 0 2 6 , 1 0 0 2 5 , 6 0 0 2 6 , 3 0 0 2 6 , 4 1 0 2 0 , 8 0 0 , 0 4 4 . 0 3 9 , 0 4 2 

o 



Table 14 0 Bearing Capacity Test Results for Circular Footings 
©n Open Jointed Rock System 

Size of Blocks Width 8" Length 8" Thickness 4" 
:ooting 
Size 
(In.) L/B H/B 

Experimental 
Lbs, 

Theoretical 
Failure 

Settlement 
(inches) 

Ql Q 2 Q 3 Qavg, ql q 2 q 3 ^avg0 
QT SI S2 S3 

33,200 32,800 33,900 32,335 42,300 41,800 43,200 41,200 38,900 30,500 ,051 .046 .063 
1 8 4 31,300 30,410 32,400 39,900 38,800 41,250 .048 .061 .056 

55,600 59,100 54,200 17,700 18,810 17,220 .035 .061 .048 
58,450 54,600 55,100 56,375 18,590 17,550 17,920 17,850 56,100 .063 .066 .054 

2 4 2 56,600 57^350 17,990 18,250 .043 .058 

o 
CP 



Table 15, Bearing Capacity Test Results for Circular Footings 
on Open Jointed Rock System 

Size of Blocks Width 16" Length 16" Thickness 4" 

Footing 
Size 
(In.) L/B H/B 

Experimental 
Q Lbs, 

Theoretical 

% Qavg. ql q 3 < W *r 

Failure 
Settlement 
(inches 

SI S2 

1 16 4 53,100 50,110 51,500 51,750 67,500 63,800 65,500 65,900 66,600 52,300 .046 .053 .068 

2 8 2 86,600 93,300 95,600 92,500 28,220 29,700 30,400 29,420 30.620 96,400 .059 .039 .065 

o 
ON 



Table 16. Bearing Capacity Test Results for Circular Footings 
on Closed Jointed Rock System, P Q = 20 psi 

Footing 
Size 
In.) L/B H/B 

Size of Blocks 

Experimental 
Q Lbs 

Width 4" Length 4" Thickness 1" 
Failure 

Settlement 
(inches 

1 4 1 11,300 10,350 10,900 10,850 14,400 13,180 13,900 13,800 14,200 11,150 .050 .075 .068 

2 2 1/2 19,000 22,500 20,750 20,750 6,050 7,020 6,600 6,600 6,350 19,950 .087 .040 .150 

3 4/3 1/3 37,900 35,300 38,400 37,200 5,370 4,990 5,440 5,270 3,865 27,350 .130 .092 .083 

4 1 1/4 62,800 57,300 67,700 62,600 5,000 4,570 5,390 4,990 4,690 59,000 .083 .108 .076 

o 
-4 



Table 17. Bearing Capacity Test Results for Circular Footings 
on Closed Jointed Rock System, P Q * 20 psi 

Size of Blocks Width 2" Length 2" 
Footing 
Size 
(In.) L/B H/B 

Experimental 
Q LbSo 

Q 2 Q 3 

Experimental 
q (ibso/sq.in.) 

Thickness 1" 

Theoretical 

avg< 'avg, Q T 

Failure 
Settlement 
(inches) 

SI S2 S3 

1 2 1 5,400 7,000 6,980 6,460 6,880 8,920 8,880 8,240 8,090 6,350 .030 o080 ,063 

2 1 1/2 16,100 18,200 12,950 15,750 5,130 5,800 4,130 5,020 4,690 14,750 .062 .096 .087 

Table 18. Bearing Capacity Test Results for Circular Footings 
on Closed Jointed Rock System, P Q - 100 psi 

Footing 
Size 
(In.) L/B H/B 

Size of Blocks 

Experimental 
Q Lbs, 

Width 2" Length 2" Thickness 1" 

Theoretical 

avg< q 2 q avg, <T 

Failure 
Settlement 
(inches) 

SI S2 S3 

2 1 7,100 8,090 6,500 7,230 9,040 10,300 8,280 9,200 8,550 6,700 .091 .146 .083 

2 1 1/2 18,000 16,700 16,450 17,050 5,740 5,320 5,240 5,430 5,013 15,750 .030 .057 .087 



Table 19. Bearing Capacity Test Results on Circular Footings 
Tested in the Cell, p^ * 20 psi, Cell Pressure 

Footing 
Size 
(In.) L/B H/B 

Size of Blocks Width 4" Length 4" Thickness 1" 

Experimental 
Q Lbs, 

'2 Q, avg, 

Experimental 
q (lbSo/sqoin, 

q, 

Theoretical 

'avg, q T 

Failure 
Settlement 
(inches] 

SI S2 S3 

1 4 1 11,550 10,380 9,750 10,560 14,700 13,200 12,420 13,450 14,200 11,150 .086 ,073 ,058 

2 2 1/2 22,930 19,300 22,570 21,600 7,290 6,145 7,170 6,880 6,350 19,950 .054 .078 .067 

3 4/3 1/3 36,400 40,100 39,300 38,600 5,050 5,675 5,570 5,460 3,865 27,350 .064 .059 ,083 

o 



Table 20„ Bearing Capacity Test Results for Circular Footings 
Tested in the Cell, p = 100 psi, Cell Pressure 

Size of Blocks Width 4" Length 4" Thickness 1" 
Footing 
S X 2 £ 
(In.) L/B H/B 

Experimental 
Lbs, 

CL Q 3 wavg, 'avg, 

Theoretical 

<T 

Failure 
Settlement 
(inches] 

SI S2 S3 

1 4 1 12,150 11,020 9,740 10,970 15,450 14,060 12,400 13,960 14,950 11,730 .086 .094 .068 

2 2 1/2 24,240 22,070 22,840 23,050 7,720 7,030 7,280 7,340 6,720 21,000 .038 .076 .083 

3 4/3 i/3 40,800 39,260 38,140 39,400 5,790 5,550 5,380 5,580 4,090 35,800 .096 .084 .057 



Table 21, Bearing Capacity Test Results for Strip Footings 
on Open Jointed Rock System, p * 420 psi 

:ooting 
Size 
(In.) L/B H/B 

Size of Blocks 

Experimental 
Q Lbs, 

(1) Width 1.4" 
(2) Width 2" 

Length 5" 
Length 5 M 

Thickness 4" 
Thickness 4" 

avg, 

Experimental 
q (ibSo/sqoino 

q> avg, 

Theoretical 
Failure 

Settlement 
Inches) 

SI S2 S3 

15,900 17,200 15,700 15,725 9,140 9.820 8,980 8.980 8,510 9 S440 .052 .036 .032 
35 4 11.5 14,100 8,010 .032 

28,200 27,800 22,200 24,950 11,280 11,110 8,880 9,990 7,140 9,440 .032 .042 .032 
,50 4 8 21,600 8,640 .028 



Table 22, Bearing Capacity Test Results for Strip Footings 
oh Open Jointed Rock System, p^ 38 420 psi 

Footing 
Size 
(in.) L/B H/B 

Size of Blocks 

Experimental 
Lbs 

(1) Width 7" 
(2) Width 8" 

Length 5" Thickness 4" 
Length 5" Thickness 4" 

avg 1 q 2 q 3 qavg, .. %^ _ q i c 
3 Meyerhof with S 

Failure 
Settlement 

Inches) 
SI S2 S3 

35 20 11.5 33,600 25,100 27,400 28,700 19,200 14,370 15,660 16,400 8,510 16,000 ,073 ,083 ,066 

,50 16 8 45,200 33,400 36,300 38,300 18,050 13,370 14,530 15,320 7,140 15,550 ,085 ,076 ,058 

Table 23, Bearing Capacity Test Results for Strip Footings 
on Open Jointed Rock System, p̂ . 3 420 psi 

Footing 

(In.) L/B H/B 

Size of Blocks 

Experimental 
Q Lbs, 

(1) Width 14" 
(2) Width 16" 

Length 5" 
Length 5" 
Experimental 

lbs./sq,in, 

Thickness 4" 
Thickness 4" 

Theoretical 

avg, avg, 

Failure 
Settlement 
(inches) 

SI S2 S3 

.35 

,50 

40 11,5 38,300 42,700 39,300 40,100 21,850 24,390 22,420 22,950 8,510 16,950 .094 .076 .065 

32 8 48,800 41,200 44,400 44,800 19,530 16,460 17,750 17,930 7,140 16,550 .063 .087 .096 



Footing 
3 i. 2@ 
(In.) L/B H/B 

Table 2 4 , Bearing Capacity Test Results for Strip Footings 
on Closed Jointed Rock System, P Q * 2 0 psi, p̂ . * 4 2 0 psi 

Size of Blocks 

Experimental 
Q Lbs, 

(1) Width 3.5" 
(2) Width 4" 

Length 5" 
Length 5" 

Experimental 
(lbs,/sq0in. 

Thickness 4" 
Thickness 4" 

avg, 

Theoretical 

'avg, ^T *T 
Meyerhof with S 
Modified 

Failure 
Settlement 
(Inches' 

SI S2 S3 

35 10 11,5 24,600 28,300 22,400 25,100 14,050 16,150 12,800 14,330 8,703 14,030 .085 .078 ,103 

,50 8 8 30,150 33,600 38,400 34,050 12,050 13,430 15,370 13,620 7,264 12,970 .091 ,065 .087 

Table 25, Bearing Capacity Test Results for Square Footings 
on Open Jointed Rock System 

Footing 
Size 
(In.) L/B H/B 

Size of Blocks 

Experimental 
Q Lbs. 

Q, Qo Q 

Width 2" Length 2" Thickness 1" 

Theoretical 

avg, 'avg, 

Failure 
Settlement 
(inches) 

SI S2 S3 

1 

2 

2 1 7,120 6,630 6,800 6,850 7,120 6,630 6,800 6,850 7,400 7,400 ,042 ,065 .084 

1 1/2 17,300 18,950 20,390 18,880 4,325 4,962 5,097 4,720 4,610 18,440 .068 .054 ,073 



Footing 
Size 
(In.) L/B H/B 

Table 26, Bearing Capacity Test Results for Square Footings 
on Open Jointed Rock System, p^ * 420 psi 

Size of Blocks 

Experimental 
Q Lbs 

Q, 

Width 4" 

Q avg, 

Length 4" Thickness l/4" 

Theoretical Experimental 
(lbs0/sq0in< 

avg, °*T 

Failure 
Settlement 
(inches] 

SI S2 S3 

1 1/4 3o2 1/5 10,740 10,820 10,280 10,610 

2 2 1/8 18,700 20,000 20,700 19,800 

3 4/3 1/12 34,200 40,000 41,000 38,400 

4 1 1/16 56,000 57,100 54,800 56,000 

6,880 6,940 6,560 6,810 

4,670 5,000 5,710 4,950 

3,800 4,450 4,560 4,270 

3,500 3,560 3,420 3,500 

8,200 12,800 

4,960 19,840 

3,200 28,800 O084 .082 

3,980 63,680 0165 „134 „107 

(Johnson's Test Results) 



Table 27. Bearing Capacity Test Results for Square Footings 
on Closed Jointed Rock System, P * 20 psi 

Size of Blocks Width 4" Length 4" Thickness 1' 
Footing 
Size 
(In.) L/B H/B 

Experimental 
Q Lbs. 

Experimental 
q (lbSo/sq 0ino) 

avg. 'avg, 

Theoretical 
Failure 

Settlement 
Inches] 

SI S2 S3 

1 4 1 12,800 11,650 10,950 11,800 12,800 11,650 10,950 11,800 12,780 .068 .073 .085 

2 2 1/2 22,650 25,040 23,950 23,880 5,662 6,260 5,987 5,970 5,720 22,880 .076 .053 .047 

3 4/3 1/3 48,350 42,850 44,475 45,225 5,372 4,761 4,942 5,025 3,480 30,320 .053 .087 .069 

4 1 1/4 73,800 78,200 81,280 77,760 4,612 4,887 5,080 4,860 4,690 75,040 .056 .083 .091 



Table 28o Bearing Capacity Test Results for Square Footings 
on Closed Jointed Rock System, p Q * 20 psi 

Footing 
S i ze 
(In.) L/B H/B 

Size of Blocks Width 2" Length 2" 

Experimental 
Q Lbs, 

Experimental 
(ibso/sqoin.) 

Thickness 1 M 

Theoretical 

avg, 'avg, <T <T 

Failure 
Settlement 

Inches! 

SI S2 S3 

1 2 1 7,050 6,800 7,270 7,040 7,050 6,800 7,270 7,040 7,280 7,280 .046 .057 .081 

2 1 1/2 20,600 19,740 17,380 19,240 5,150 4,935 4,345 4,810 4,690 18,760 .065 .074 .053 

Table 29. Bearing Capacity Test Results for Square Footings 
on Closed Jointed Rock System, p Q = 100 psi 

Footing 
Sire 
(In.) L/B H/B 

Size of Blocks Width 2" Length 2" 

Experimental 
Q Lbs. 

Experimental 
q (ibs./sqoin.) 

Thickness 1" 

Theoretical 

avg !1 'avg, Qn 

Failure 
Settlement 
(Inches 

SI S2 S3 

1 2 1 9,040 8,400 7,010 8,150 9,040 8,400 7,010 8,150 7,700 7,700 .065 .044 o061 

2 1 1/2 20,500 18,600 19,460 19,520 5,125 4,650 4,865 4,880 5,013 20,052 .054 .087 O049 
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