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INTRODUCTION 

This study was dona to investigate the behavior of concrete under 

three-dimensional stresses with two objects in mind. The first object 

was to determine the effect of the lateral stresses on the longitudinal 

strength of a concrete specimen with empty voids. The other was to de¬ 

termine the effect of the interstitial pressure on the strength of the 

material, 

To achieve those two objects cylindrical concrete specimens were 

subjected to triaxial compressive stresses with two lateral stresses 

constant and equal and the specimens brought to failure under axial com¬ 

pression. Some specimens were tested with empty voids and others, with 

a liquid under pressure in the pores. To create the first of these con¬ 

ditions a rubber tubing was used on the specimen to protect it from the 

liquid pressure. In the second case the liquid was free to penetrate 

the specimen voids. The relative difference, between the two, in the 

strength of the material gives the effect of liquid under pressure in 

the pores. 

The influence of lateral stresses on the axial strength of a 

concrete member has a direct application in reinforced concrete columns. 

Also, this influence would help us to understand the behavior of concrete 

under various stresses and be useful in formulating a theory of failure. 

The case of liquid under pressure in the voids has a direct application 

to structures that are subject to hydraulic pressure. This is called 

the effect of pore-water pressure, or uplift,and it is important to 

understand its effect on stability for the design of any hydraulic struc¬ 

ture. It is suggested by the latest theories that this effect can be 



determined only by experimental means. There is at present no definite 

idea about either the exact potential area of surface or the part of 

it on uhlch the pore pressure acta. 



PREVIOUS INVESTIGATIONS 

A material may fail in one of two ways: One way is a brittle 

failure in which first there is an elastic behavior when stresses are 

proportional to deformations. This phase is followed by fracture. The 

second way is called ductile and has another range between the elastic 

range and fracture. In this range small changes of stress are usually 

accompanied by large deformations. 

Several theories are used to explain the failure of materials. 

These may be briefly summarised as follows: 

Maximum-stress theory: failure occurs when maximum normal stress 

on any plane exceeds a limiting value for that material. 

Maximum-strain theory: Failure occurs when the strain at any point 

exceeds the failing strain of the material in a simple tensile test. 

Maximum-distortion-energy theory: There is a limit to the amount 

of distortion energy that a body can absorb and remain elastic. 

Besides these there Is another group of failure theories which are 

called planes-of-least-renistance theories. According to these failure 

occurs along a plane.where resistance to shearing stress is smallest. 

In this group is Coulomb's Internal Friction Theory, in which the limit¬ 

ing value of shearing stress, s, consists of a constant shearing strength, 

c, and a resistance of the nature of friction, f, which is proportional 

to the normal stress, , acting on the plane. Thus 

S a c + y(f) 

Also in this group is the maximum-shear theory. According to this theory 

failure is produced when the maximum shear stress reaches a limiting 
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value. This theory was proposed by Guest. 

According to Mohr’s theory normal stress plays a role in failure 

as well as shear and their interdependence is defined by: 

s *> f (y) 

This equation is determined experimentally. The value of the interme¬ 

diate principal stress plays no role in this theory. A more specific 

study of it will be given in the analysis section. 

(1) 
One of the earliest works in the field is by F. D. Adams who in 

1901 published results of triaxial tests on rock. In his case it was 

impossible to measure the confining pressure because of friction as he 

used a steel jacket to confine the specimen. 

.. (2) 
The next work was done by Karman and Boker on marble, under 

confining pressures, mainly to teat the correctness of Mohr’s theory. 

In these tests compressive stresses were applied in three different ways. 

In the first case two equal principal stresses wereehigher than the third 

principal stress, and in the second case two equal principal stresses 

were lower than the third principal stress. In the third case, test 

specimens were also subjected to tension. The first two cases indicated 

that the intermediate principal stress had some effect on the failure. 

Higher shearing stresses were present at failure in the first case than 

in the second. In the third case tensile stresses were produced and 

whenever they exceeded a limiting value failure occurred, which contra¬ 

dicts Mohr's theory. 

Probably-the most comprehensive study was done at the University 

(2) 
of Illinois and was published in Bulletin 185. In these tests three 

different series of tests were done. In the first group concrete spec¬ 

imens were subjected to two-dimensional compression. In the second and 
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third groups specimens were subjected to triaxlal compression. In the 

second group the two lateral stresses were lower than the axial stress; 

(3) 
in the third group they were higher. Using these tests Braadtaaeg de¬ 

veloped a failure theory, which is explained in the analysis end also 

in Appendix 2. 

In the biaxial tests at the University of Illinois, specimens were 

compressed laterally with oil pressure with no stress in the third di¬ 

rection. To prevent failure due to axial tensile stress specimens were 

covered with plaster of Paris, then by a chin sheet of annealed brass 

and protected from oil pressure that way. It was concluded that the 

strength of concrete under biaxial compression is at least as great as 

under uniaxial compression and in some cases 25 to 50% greater. Failure 

occurred suddenly as a total fracture across a plane normal to the axis 

of the cylindrical specimen. It was also concluded that Saint Vacant's 

maximum-strain theory is inapplicable to concrete for the following 

reason: if we compute the strains due to combined compression from the 

equations of elasticity and stipulate that the tensile strain should not 

exceed a fixed limit, we find a strength in biaxial compression one-half 

that of uniaxial compression, which is not the case. 

Series 3a presented in Bulletin 185 is much the same as the author's 

jacketed tests and will be referred to later. In Series 38 two lateral 

stresses were higher than the axial. It was concluded from Series 3a 

and 3b that the compressive strength of concrete increases with confining 

pressure, and that the amount of the increase is 4.1 times the smallest 

principal stress. 

(4) 
In 1936 Griggs made important contributions to the design of high 

pressure equipment. His equipment is basically the same as that designed 



by Jones and used by the author in this study. 

At this point it is best to introduce some contributions on the 

effect of pore pressure, which, in regard to hydraulic structures, is 

often mentioned as uplift. Earlier theories considered the water In 

the pores of an hydraulic structure due to either imaginary or visible 

cracks, Modern views disregard these abstract views and accept the fact 

that water filters through the pores of masonry or concrete. It can be 

demonstrated that water can be made to pass through any kind of concrete 

by passing through the poren of the material, whether cracks are present 

or not, 

(6) 
Mr. Fillunger was the first person to give a scientific approach to 

tha modern views which later were revised by Professor Terzaghi. Pro¬ 

fessor Fillunger's approach is usually presented as three laws. He 

broke soma specimens in free air and soma subjected to confining pressure 

so that water under pressure was present in the material's pores. He did 

not get any appreciable difference in ultimate load between the two cases 

so he states that as long as the water in the pores remains at constant 

pressure it does not affect the resistance of tha material. For his 

(6) 
second law the author refers to Terzaghi*s example, which is a pier under 

water. See figure 1. 

Let J “ unit weight of the material of the pier 

t-7 «= weight of the shaded portion 

Then the stress at section AB will be equal to 

■W « BJ 
A 

Hater in the pores will relieve some of this pressure. The relief 

in stress at section AB will be equal to the intensity of the water pres¬ 

sure at that level, , times the porosity of the material, which we 
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shall call a. Thus the relief in stress at section AB is: 

h p YI 
where = unit weight of water. 

But we see also that the water in the pores of the material will 

cause an increase in stress at section AB which would be equal to ^ 

times the volume of water in pores above AB per unit area of section, 

viz., h n. This increase in stress is thus 

hp n 
The total stress at section AB is therefore 

HJ - hpn +■ hpn = HJ 
This analysis shows that there is no difference between the cases 

of a pier under water and a pier completely out of water, as when there 

is no water the stress at section AB would still be BJ. At this point 

Prof. Fillunger introduced his third law by differentiating between the 

average porosity of the material, n, and the porosity of mortar, n^. 

He reasoned that when failure occurs, the surface of rupture goes through 

the binding material such as mortar which binds the aggregates. 

We refer to the same example of a pier under water, figure 2, which 

this time is formed of blocks of stone bound by more porous mortar. 

Using the same coefficients otherwise, pressure in the pores of section 

AB is: h p 

Weight of water absorbed at height h is; 

So the final stress will be; 

H J * b ^ (n^ •• n) 

There is now an uplift force which is equal to: 

P - h p (nx - n) (I) 

and we define an uplift factor, Uf, as follows: 

ti£ ® xij - n (2) 
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Fillunger's conclusion, expressed as Equation 2, has undergone 

some basic changes to which we shall refer. 

Prof. K. Terzaghi^* in 1945 presented an analysis investigating 

the mechanical causes of failure of concrete with and without pore pres¬ 

sure. His analysis depends on the fact that splitting governs the fail¬ 

ure and is due to an intergranular wedge action. He explains this ac¬ 

tion as follows: 

Figure 3a is a section of a porous quasi-isotropic material which 

is acted on by a vertical force Y. This force will destroy the solid 

bonds of rounded particles by producing tension at point a. Professor 

Terzaghi concludes that if such a material fails by splitting, the 

failure in the bonds subject to tension will precede the failure in the 

others. Also, the average normal stress on that section is zero, but as 

the material is only statistically isotropic the normal stress is only 

statically equal to zero. If all the negative forces are divided by 

one-half of the section at a vertical section, negative scatter stress- 

ys, is obtained. There is a compressive force per unit area on the 

other half. If there is an average stress, y, on the section, then one- 

half of the section is acted on by y + y , and the other by y - y . 

As soon as -yg becomes equal to the tensile strength, yfc of the ma¬ 

terial, failure is produced by the scatter stress, ys, Prof. Terzaghi 

calls it splitting stress and expresses failure with equation 3 as: 

y8 - y + yt (3) 

In triaxial compression, lateral pressure Y2, is the normal stress, 

y, so that y = Y2 in equation 3. Then failure in this case occurs when 

the splitting stress equals the normal stress (confining pressure in this 
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case) plus the tensile strength, yt of the material. Also, since the 

total axial load, Yj, produces ys, splitting stress increases in pro¬ 

portion to total axial load. At Y2 = 0 the failing value of Y^ is 

equal to the compressive strength, yc, of the material and: 

Combining with equation 3, also remembering that, y = Y2 

Equation 4 represents the amount of total axial load we should 

expect in a triaxial loading. 

According to this theory, failure is always intergranular, even 

in triaxial loading. In Figure 4, plane AB is the plane of failure of 

the material under triaxial loading, but at a particular point on this 

plane the details of the intergranular connections will cause the di¬ 

rection of movement acsociated with failure to deviate from plane AS by 

an'angle 0 * The total unit shearing resistance to failure, S^, is 

the sum of two independent resistances, S and S^, where - 

S *» shearing stress required to sever the intergranular connections 

*f " £rlctiom‘1 resistance of grains per nnie area 

Thus 
S^ a S + Sj; (5) 

From a consideration of the vector diagrams in Figure 4 we see that ■ 

(4) 

S » J1  + (Y2 + Yq) tan 0 
cos 0 

Sf * <Y2 + V— 
COS (p 

and 



where: c => unit cohesive strength (assumed independent of stress) 

£ = coefficient of friction of grain on grain 

y = normal stress on AB, xvhich is actually equal to the 

confining pressure, Y^> plus the excess unidimensional 

pressure, Yq. 

Further in his theory Professor Terzaghi considers the effect of 

pore water pressure and concludes that the liquid under pressure in the 

pores equal to lateral pressure will decrease the effect of the con¬ 

fining pressure as the pressure transmitted from solid to solid will 

no longer be Y£» but instead will be Y£(l - na)> where na is the 

boundary porosity. This decrease depends on the degree of continuity 

of intergranular bond. It is the ratio of that area of the potential 

surface of failure which is in contact with the liquid in the pores and 

the total area of the surface. This factor should be introduced in 

Equations 4 and 5 when there is pore water pressure. 

Professor Terzaghi's most important contribution in the uplift 

field is his disregarding of the plane section analysis of Professor 

Fillunger to find the uplift factor, as failure might be in a zig-zag 

way. Experimental methods are necessary to determine the uplift factor 

as it is not necessarily related to physical constants. As a result, 

equation 2 for uplift factor becomes 

u„ = n - n (6) 
fa ' 

Professor Terzaghi comes out with an na of unity in his experi¬ 

ments . 

/g\ 
Mr. S. Leliavsky' ' also has made important contributions in the 

field of uplift. His specimens had a hole in the middle just like a 



small pipe with extremely thick walls, Mr. Leliavsky wanted to be sure 

that the pressure was the same along the entire face of rupture. First 

he subjected the test piece to a force, F, then he raised the outer pres¬ 

sure (the pressure outside the specimen) to a constant. Then he waited 

until the inner pressure, which he measured with a manometer, was brought 

to the same level. He repeated this procedure of raising the pressure 

by increments until failure occurred. At the moment of failure the up¬ 

lift must overcome both the force, F, and the resistance, z, of the ma¬ 

terial. The total pressure in the pores is pA times a reduction factor, 

nfl, which is called the boundary porosity by Terzaghi. Thus the final 

equation will be: 

na p A = z + F (7) 

Mr. Leliavsky tested several specimens at various forces, from 

which he determined the value of na to be 0.91. 

Mr. Leliavsky introduced another concept in uplift theory so that 

Equation 6 changes into; 

uf = na - nv (8) 

The factor replaces the volumetric porosity, n, of concrete. 

ny is a constant which takes into account the fact that there is always 

a certain amount of moisture present in concrete which reduces the 

amount of moisture concrete can absorb* Mr. Leliavsky finds that the 

water that may be added over normal moisture content is 7% of the volume 

of the materials in his tests* He got that result by exposing his speci¬ 

mens to the sun* Thus he found to be 0.07 and uf to be 0.84* 

Mr. McHenry^0) jjas done tests on 6-inch by 12-inch specimens with 

both jacketed and unjacketed specimens. His testing machine was designed 

for a pressure of up to 125,000 psi, but the lateral pressure used in 



his tests were held to a maximum of 1,800 psl. He used kerosene or 

nitrogen gas to confine his specimens. He used the Mohr-Coulomb theory 

for his analysis and he reduced the normal stresses in that equation, 

for the case of unjacketed specimens, by the amount of the pore pressure 

times the boundary porosity. His equation becomes; 

s =» c + (y - Y£ na) tan 0 

where 9 =* the angle of internal friction. 

He gets an na value of 1.02. The effect of lateral pressure Y2 

on axial load Y^ he found to be: 

Yj^ «» yc + 5.848 Y2 without pore pressure 

Yj = yc + 0.772 Y2 with pore pressure 

Besides the men mentioned, there are others who have made contribu¬ 

tions in these fields. The ideas presented here cover what the author 

considers to be the best approaches to the problems in question. 



SPECIMEN PREPARATION 

Four different types of mixture were tested in this study. Test 

specimens for each mixture were drilled from the same concrete block 

by means of a diamond drill and then were cut to a standard length with 

a diamond saw. Specimens obtained this way had a diameter varying be¬ 

tween 0.505 and 0.503 inches and a length varying between 1.007 and 

1.0085 inches. These variations are between mixtures regardless of 

mixture. As far as the individual specimens were concerned these di¬ 

mensions were consistent. Before cutting specimens to the required 

length, they were placed into an aluminum tubing with an inside di¬ 

ameter of 0.509 inches and a length of 2 inches. A slotted hole was 

cut through one side of the tube for easy entrance and for better con¬ 

tact during the cutting process as it could be better pressed in the 

vise of the saw that way. Specimens obtained that way had a very 

smooth surface and sharp edges. 

To control the moisture content, specimens were dried at 105°C. 

for a period of three days, after which they did not lose any more 

weight. Right after drying, the specimens were vacuumed for the same 

length of time. Checks of the weight showed further decrease in weight 

during that process. After this routine, no more weight checks were made. 

For each mixture, moisture control of the specimens to be tested jacketed 

and unjaclceted was done separately. Specimens tested with empty voids 

were placed into a plastic tubing after vacuumizing. Specimens to be 

tested without a jacket were saturated with oil while under vacuum. 

Oil used for this purpose was the one used in the test chamber, namely 

No. 1 motor oil. 

Drilling was the most time consuming part of the specimen 
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preparation. In order to get exact outside diameters and smooth surfaces 

various combinations of pressure and feeding had to be tried. The author 

was unsuccessful in his efforts to get mortars containing only cement and 

water, as all the specimens broke either during drilling or cutting. 

Also quite a number of specimens broke when they were removed from the 

aluminum tubes. 
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EQUIPMENT USED AMD TEST PROCEDURE 

Equipment used in this study is that designed by Jones It 

is based on the apparatus of Griggs^. Figures 32 and 33 show the 

pressure testing equipment used in this study. It is designed for a 

maximum of 20,000 psi oil pressure. Oil pressure is applied with an 

hydraulic jack, J, which is placed firmly on plate, 1,y Piston, Pg, 

has access to the test chamber through a cavity. Specimen, $, is 

placed into test chamber of the pressure vessel, V. Specimen stays on 

a stopper, R, which has a hole through it so that oil has an access from 

the cavity where the piston, p2* moves, to the cavity where the test 

specimen stays. Upper piston Pj enters the cavity through the threaded 

plug, 7. The specimen stays between the upper piston and the stopper. 

It is placed into a brass sleeve which has a conical portion that fits 

to the conical surfaces of the stopper and piston. The rest of the 

brass sleeve is cylindrical and fits to a soft steel slug, used as a 

transition medium between specimens.and piston or specimen and stopper, 

and extends 1/8 inch onto the specimen. This last 1/8 inch is slotted. 

The pressure testing equipment is placed between the platens of the 

testing machine, which applied the axial load. Axial load is transferred 

to the specimen by means of upper piston, P^, whose spherical head fits 

to a bore at the center of plate, . Plates and Lj are yoked to¬ 

gether by three equally spaced columns, Y, and as the specimen deflects 

they are free to move. Three columns, G, connect the pressure vessel 

to plate I»2> One bar equipped with a slotted hole is fitted to each one 

of the pistons. The other edges contact the plunger of a dial indicator, 

for upper piston and D£ for lower piston, which are mounted to the 

sides of the pressure vessel. 
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An 1/8 inch '^On ring is placed in the groove in the bore of the 

plug T. A 3/16 inch "0" ring is placed in a groove in the pressure 

vessel where it contacts the plug T. Lower piston lias a groove for a 

1/8 inch "0" ring. 

A specimen is placed into the test cavity with sleeves and steel 

slugs as explained. A specimen to be tested jacketed is fitted into 

plastic tubing which covers the specimen, sleeves and part of the upper 

piston (Figure 34a). After placing the specimen into the test chamber, 

oil is added to the level of the "0" ring and then nut T is threaded 

into place. There ore small grooves in the nut threads through which 

air in the test cavity escapes. When the test equipment is all assembled 

there is a small hydrostatic pressure. Then the pressure equipment is 

placed in the testing machine and an initial end load of a little more 

than 68 pounds is added. Jones found out that the part of the equip¬ 

ment which the upper piston supports is 32 pounds, but there are also 

the friction forces due to "0" rings of 100 pounds. Then the oil pres¬ 

sure is applied. As oil has access to the pressure chamber through the 

stopper R, a condition of equal hydrostatic pressure is created all over 

the specimen. The head of the testing machine is lowered to keep the 

excess pressure. The procedure is repeated until the desired oil pres¬ 

sure is reached and from then on the axial load is applied with incre¬ 

ments of 200 pounds. At higher axial loads the increment is increased. 

After a few readings it was possible to record readings without stopping 

the testing machine. 

At each increment dial indicator readings are recorded. As the 

two pistons are yoked together, the lower piston withdraws as much 



as uppar piston advances into the chamber. This helps to keep the 

hydrostatic pressure constant in the test vessel. l£ the volume of the 

specimen changes, remembering that the lower piston could move independ¬ 

ently from the upper piston, though it repeats all the movements of the 

upper piston, (See Figure 32), we get a difference between piston move¬ 

ments, Multiplying this difference by the piston area will give the 

volume change in the chamber. 

For the upper piston a 0.0001-inch dial indicator with a travel of 

0.3 inches was used, and for the lower piston a 0.001-inch dial with a 

travel of one inch was used. 

In order to get the exact volume changes and deflections we must 

correct the readings obtained during the experiment as those readings 

include deflection of upper piston steel slugs, pressure vessel and so 

on. For this purpose a steel specimen, with known modulus of elasticity 

and the same shape and dimensions as the concrete specimens, was tested 

under exactly the same conditions as concrete specimens. Axial load was 

kept below the yield stress of the steel specimen. From this data, we 

will get the apparatus deflection which is the correction to be applied 

to the piston readings. Xn these calibration teats the difference of 

piston readings did not show any significant amount, which points out a 

zero volume change and also could be taken as a proof about the correct¬ 

ness of future volume change readings of concrete specimens. 

The correction to be applied is 1 x 10**^ inches for every 100 pounds 

of excess load up to 3000 pounds, 8 x 10~~* inches from 3000 to 5000 

pounds, 6 x 10~J from 5000 up to 7500 pounds, and from then on 2 x 10 

pounds for every 100 pounds excess load. Decrease in those values is 

due to decrease in apparatus deflections. Also corrections are rounded 
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up to 10 of an Inch. There Is no definite difference for different 

oil pressures so that the above corrections are used for all oil pres¬ 

sures. Only at zero oil pressure the deflection from 0 to 100 pounds 

excess load is 7 x 10*^ and from then on goes the same as the others. 

So these are the values applied for correction. 



RESULTS OF TESTS 

In this study four different concrete mixtures were tested in 

three dimensional loading. For each mixture both jacketed and un¬ 

jacketed specimens were tested at eight different oil pressures: 

0, 2,500; 5,000; 7,500; 10,000; 12,500; 15,000 and 17,500 pounds per 

square inch. A series of 2 by 4 inch cylinders in compression and 

standard tensile briquets were tested for each mixture. Concrete 

blocks, 2 by 4 inch cylinders and tensile briquets for each mixture 

were kept in a moist closet for 26 days. All mixtures were hand mixed. 

Each mixture is separated into two groups which are differentiated 

with alphabetic letters C, O, E, F, G, H, I, J. C is for the first mix¬ 

ture unjacketed and D for its jacketed specimens; E is for the second 

mixture unjacketed and so on. Table 1 shows characteristics of the 2 

by 4 inch cylinders. 

TABLE 1 

Mixture *Group w/c **Compres sive 
strength (psi) 

Tensile 
strength(psi) 

0.75: 0.92: 0.25 C & D 0.98 4,210 420 

1:2 Mortar E & F 0.60 4,960 430 

1:3 Mortar G & H 0.88 2,910 260 

1: 1: 0.64 I & J 1.00 2,320 185 

* C, E, G, I, groups tested unjacketed 

D, F, H, J groups tested jacketed 

** Compressive strengths of % by 1 inch cylinders is higher than these. 

See tables 10 and 11. 



For all the mixtures the same kind of cement and sand were used, 

which are: AS 134 Type 1 Portland Cement with a specific gravity of 

2.63; sand which has a sieve analysis of 100% passing 40 mesh sieve 

and 100% retained on 60 mesh sieve. 

For groups C and D (mixture 0.75: 0.92: 0.25) a pozmix cement 

blend of 75-25 was used* Pozallan used in this blend is called pozmix 

A (fly ash), which is a reactive silicate that reduces the free lime in 

Portland cement and renders it more resistant to sea water's corrosion. 

Pozmix A has a specific gravity of 2.46. For groups 1 and J (mixtures 

1: 1: 0.64) an expanded clay aggregate is used. Expanded clay has a 

specific gravity of 2.63. 

Most of the data and computations are presented in Appendix II. 

Columns 1, 2, 3, and 6 show the applied oil pressure, applied excess 

load, and dial indicator readings for the lower and upper pistons respec¬ 

tively. These are the readings taken during the experiment. The other 

columns of figures are computed quantities. Column 4 is the difference 

between two successive lines of Column 3 with a correction applied. 

(The amount and need for correction is explained in the section "Equip¬ 

ment Used and Test Procedure".). Column 5 gives corrected lower piston 

deflection readings found for each load by adding Column 3 readings up 

to that point. Col'amn 7 is the amount of correction needed at each load 

increment in the upper piston readings* Column 8 gives corrected upper 

piston readings (Column 6 - Column 7) or Unit Deformation of the Speci¬ 

men in inches per inch. Column 9 (Column 8 - Column 5) times the piston 

area (both pistons have the some area, viz., 0.37 square inch) gives the 

volume change of the specimen, Column 10. 



* For unjacketed specimens and zero oil pressure we cannot get the 

volume changes with this equipment. At zero oil pressure specimens 

tested are without oil, as the only way to check that the chamber is 

full of oil is to have some hydrostatic pressure in it due to excess 

oil. We cannot do this for simple compression tests, for if we do,it 

will affect the results. And, as long as the chamber is not full, we 

cannot get volume changes. For the unjacketed specimens as the oil is 

free to move into or out of the pores wo cannot measure volume changes 

in the specimen with this apparatus. Attention is called to the data 

in Appendix II where come of the volume changes for unjacketed specimens 

are computed. These data show a variation around a straight vertical 

line which proves the above hypothesis. Jacketed specimens did not have 

any contact with the oil so that we get results directly. 

Tables 2 to 5 are for jacketed specimens and 6 to 9 are for un¬ 

jacketed specimens. All the specimens tested are presented with their 

confining pressure and their excess load over confining pressure. Also, 

when possible, permanent unit deformations are given in axial and lateral 

directions, which are a decrease and increase in dimension respectively. 

This is done only for jacketed specimens which deflect beyond the scope 

of dial indicators and they always stay solid so that it is possible to 

get permanent deformations. Lateral deformations are measured at the 

approximate center of the specimen. 

Considering the graphs, Figures 9-16, for jacketed specimens, we 

see that there is a plastic yielding even at the lowestrilateral pressure; 

In unjacketed specimens all the failures are brittle. For jacketed 

specimens all groups deflected in a similar way except group J which 

* Refer to the section ‘'Equipment Used and Test Procedure" to see the 
way volume changes are computed. 



showed larger deflections. Deviations from average strength are mostly 

independent of oil pressure. 

Volume changes for jacketed specimens are also plotted (Figs. 21*28) 

and show a decrease in volume. 

Initial slopes of load-deformation curves are presented in Tables 

2 through 9. Those lines are drawn as tangents to the straight bottom 

part of the load-deformation curves (Figures 9-20). These are the slopes 

after excess load over confining pressure is applied and often do not 

include the very first one which is usually way off with respect to the 

others, 

Tables 10 and 11 arc the summaries of Tables 2 to 5 and 6 to 9 

respectively. They contain the average of the initial slopes and max¬ 

imum axial loads at constant oil pressure. Average compressive strengths 

at aero oil pressure of all mixtures came out more than their correspond¬ 

ing 2 by 4 inch cylinder strengths, Table 1. The differences for Groups 

D, F, 1! and J are 13.5%, 12%, 8% and 6% respectively. Strengths of un¬ 

jacketed specimens are more or less similar to corresponding Jacketed 

ones, with no fixed pattern. 

Average maximum unit loads in Tables 10 and 11 are plotted in 

Figure 8 against confining oil pressure, for both jacketed and unjacketed 

specimens. In group F (jacketed) the ultimate strength of the specimen 

at lower oil pressures increases 4.8 times the applied oil pressure; at 

higher oil pressures the increase in ultimate strength is 3.8 times the 

applied oil pressure. For group D the same increase factor for low and 

high oil pressures is 3.8 and 3.3 respectively; for group H it is 4.5 

and 3.5; for group J it is 4,6 and 3.5. That is to say, for jacketed 

specimens the increase in axial load with increasing oil pressure is 



not a straight-line relationship. A smooth curve through the data 

would show a greater slope at low pressures than at high pressures. 

For jacketed specimens the average increase o£ strength is about 3.9 

times the oil pressure applied and straight lines representing that 

relation are drawn in Figure 8. For unjacketed specimens an average 

increase in strength of 1.2 time6 the oil pressure is accepted, and 

straight lines representing this relation are drawn. For them, the 

increase in axial load with increasing oil pressure first follows a 

curve of increasing strength and after low pressures a straight line. 

Actual angles of failure are measured for unjacketed specimens 

and presented in Appendix II with the compiled data. All jacketed 

specimens showed a ductile behavior. If the experiment was continued 

long enough, the jacketed specimens broke into pieces. The surface 

of failure usually made an approximate angle of about 30° with the 

longitudinal axis of the specimen* Angles that lines on the barrel- 

shaped specimens made with the longitudinal axis kept increasing as 

long as the experiment was carried on. Whenever an experiment was 

carried until the specimen shortened more than approximately 20% of 

its length, the brass sleeves were destroyed, so usually the author 

stopped the experiment before then. 

Also sometimes it was not possible to measure the angles of 

unjacketed specimens due to breaking into pieces from the brass sleeves 

or during removal from the test' chamber. For such cases the author 

only wrote that the piece was damaged. 

In general the failures for group E happened as two pieces with 

an angle of failure of around 33° with the longitudinal axis. For this 

group usually one of the two pieces was larger than the other. 



For group C failure consisted of two pieces with some longitudinal 

splitting and possibly with an average failure plane of 30°. For group 

G failure planes were around 28° with two major pieces and a few small 

pieces. For group 1 failure planes were around 23° with two major and 

several small pieces. For these last three groups the failure plane 

usually started from one corner and continued approximately diagonally 

across to the opposite corner. 

there was usually a alight increase of strength, but not always, 

with increasing lateral pressures, there was considerable variation in 

failure angle within each group. 
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COMPARISON AND ANALYSIS 
OP RESULTS 

Maximum aCress and strain theories fail to explain the behavior 

of materials under hydrostatic pressure. In the first case the high 

normal stresses which are present without failure as a result of lat¬ 

eral pressures and in the latter case the occurrence of large strains 

without failure contradicts these theories. 

If the maximum shear theory were correct the enveloping curve on 

the Mohr circles of failure should be a horizontal straight line and 

the fact that this is not so could be seen from Figures 29-31. Me can 

get such a case if the compressive and tensile stress at failure are 

equal. 

The maximum-distortion-energy theory is more applicable to elastic 

failure as the ability of materials to withstand hydrostatic stresses 

without yielding contradicts it. 

Coulomb's internal friction theory is the most applicable one so 

far. As could be seen from Figures 29-31, the relationship between maxi¬ 

mum load and lateral load is more or less a linear one. Coulomb's 

theory has all the disadvantages of Mohr's theory, which will be dis¬ 

cussed. 

In this study Mohr's theory is used for analysis. Naturally the 

causes of failure are more complex than assumed by this theory but never¬ 

theless it gives the relationships of stresses at failure quite accu¬ 

rately in a simple and pictorial way. According to it normal stress 

plays a role in failure as well as the shearing stress. This interde¬ 

pendence could be expressed by this equation 

s ® f(y) 



This relationship is determined experimentally by drawing stress 

circles for different failing stresses and drawing a common envelope 

to them called the envelope of rupture. Figures 29-31. From these 

curves the angle of the plane of sliding could be determined so that $ 

is the angle between the longitudinal axis and the direction of weakness 

of elements which first fail by sliding. All points of every stress 

circle should be below that envelope of rupture. For every circle there 

is a point on the circle which gives the stresses on the plane of failure. 

Referring below we find those stresses to be 

y =• Xa. sin*fit- cos 

5 =• sin zip 

These could be directly measured from the Mohr diagram too. 

As for the case of the specimens tested with pore pressure, there 

is no point, as McCutchen^^ suggested, in drawing Mohr circles with 

pore pressure a3 a parameter. Instead effective pressure should be used. 

That is, only 31% of the confining pressure should be included in the 

computations instead of 100%. Due to pore pressure the strength that the 

bonds get from the lateral pressure is reduced, which directly depends 

on the degree to which pore pressure is effective. This point and the 

way 0.31 is found will be explained later in the analysis. The Mohr 

diagrams In Figures 31 are drawn according to that principle and they 

definitely have the interdependence equation as mentioned. This point 

corresponds to University of Illinois experiments too. 

According to Mohr's theory materials are homogeneous and isotropic 

so that there is nothing in the material that would cause failure to 

happen in any particular direction. He assumes that there is a relation 

between the normal stress and the shearing stress in any plane which 



governs Che resistance to failure along Chat plane. 

Another assumption of this theory completely disregards the effect 

of intermediate stress on the failure of materials. It reaches this 

conclusion since for any stress there are many planes that might have 

that stress (a vertical line at that stress on the Mohr circle repre¬ 

sents all of those points) but only one plane at the some time has maxi¬ 

mum shearing stress and failure will take place on that plane if it ever 

does with that stress. The intersection of the enveloping curve on the 

negative side of the normal stress axis shows there is a limit to the 

amount of tension the material can take. In this case <p would equal 

to aero degrees. 

Failure angle <J> is equal to ® ~ 0, where 9 is the angle of 
* 2 

internal friction so that this theory predicts a shear failure at a 

stress equal to the shearing strength plus the normal stress times the 

tangent of 0, In Coulomb’s theory 0 is constant. 

To prove that intermediate stress has no influence we have to make 

tests by using small axial stress and larger lateral pressure. In this 

case we should get exactly the same limiting curves. The author has not 

done any tests of this kind. Bulletin 185 of the University of Illinois 

Engineering Experiment Station presents results of some tests of this 

kind. These teats, indicated lower failing values when axial stress was 

less than lateral pressure than occurred when axial stress was greater 

than lateral pressure. This is the opposite result of Karraan and Bolter's 

tests on marble. It was concluded in the Illinois bulletin that the tests 

were not sufficient to prove or disprove the point in question. 

The greatest advantage of Mohr's theory is that we can obtain the 



angle of sliding from it as mentioned before. By comparing it with the 

actual surfaces of failure deviation from a pure shear could be seen. 

Considering Figure 25 we see that the angle of failure changes from 42° 

in group E (richest mixture) to 37° for group I (poorest mixture). And 

there is an average of 7° difference between tests of highest lateral 

pressure and no lateral pressure. Ue can conclude by using Professor 

Teraaghi's term that failure for unjacketed specimens are pseudo-shear 

type or a failure between a splitting and a Ghear type, as actual angles 

of failure are lower than these values. 

As for the jacketed specimens the failure angle on MOhr diagrams 

changes between 33° and 29° and there is not considerable difference 

between individual mixtures. This fact is consistent with the University 

of Illinois results. He can conclude that jacketed specimens usually 

failed close to a shear type failure. 

Comparing Mr. Brandtzaeg's theory we see that he based his analysis 

on an ideal material of non-isotropic elements. Its difference from 

Mohr's theory is that instead of the material itself its elements yield 

plastically through intragranular sliding along planes of one direction 

fixed for one element but varying from one element to the other. Mr. 

Brandtzaeg introduces the well-known Coulomb equation for elements, not 

for the whole material, which defines the plastic equilibrium of the 

elements. Mr. Brandtzaeg also assumes that plastic elements deform pro¬ 

portionally to the stresses they carry plus a plastic sliding so that 

their total deformation is equal to that of elastic elements which results 

in all elements deforming alike. An element will not be free to deform 

in its own direction of weakness unless it breaks off. 



A point against this theory is that most of the constants still Jiad 

to be determined experimentally, Also, Mr. Brandtzaeg disregards the 

pores which play the dominant part with materials that have pore pressure. 

If the voids are empty still there is a compacting of the material, in 

Mr. Brandtaaeg's equations unit volumetric deformation of the material 

is the same as in individual elements. The effect of voids on failure 

is obviously seen in the author’s experiments. As different elements 

will reach plastic stages at different times this theory shows the pas¬ 

sage of the material from the elastic to the plastic stage. 

In simple compression plastic elements can carry stresses only if 

they are supported laterally by elastic elements, which produces a lat¬ 

eral tension in elastic elements. The same condition occurs in speci¬ 

mens subjected to lateral compression where this action is retarded and 

a general sliding and disorganizing occurs, Mr. Brandtzaeg concludes 

that the eventual failure still will be due to a limiting tension. His 

analysis does not apply after splitting starts. 

Professor Terzaghi^ considers failures in simple compression as 

a splitting type but he does not account for it definitely as he says 

failure by splitting is not strictly comparable to failure by pure ten¬ 

sion because the mutual displacement of the Individual constituents which 

precedes these two types of failure is somewhat different. But neverthe¬ 

less he says the material fails by splitting as soon as the negative 

scatter stress equals the tensile strength of the material. For the 

case of triaxial failure his analysis in basic principles corresponds 

to the author.'s. As seen from Fig. 3, with increasing confining pressure 

failure will depend more and more on the average stress, which is the lat¬ 

eral stress, though still the tensile strength will govern the failure 



but: with substantially more normal stress. The equation Professor 

Terzaghi derives (4) gives au increase in strength ten times the lateral 

pressure. Compared to author's 3.9 and University of Illinois' 4.1 that 

la too high. In finding stresses by Equation (5) Professor Terzaghi uses 

cohesive strength and includes the fact that most of the failures are 

intergranular though intragranulor for high lateral pressures. 

The author's way of relating the effect of pore pressure is basically 

the same as that used by Professor Terzaghi. A reduction formula is intro* 

ducedto all of the formulas (see section on Previous Work). 

Mr. McHenryapproached the problem with the Mohr-Coulomb theory, 

so that there is no disagreement with the author in that respect, but 

his results about the effect of pore pressure does not agree with the 

author's. Reference to this will be made later. Also his increase in 

strength of material is 3*8 times the lateral pressure which does not 

agree with the author's 3.9. 

Initial slope averages in tables 10 and 11 show a definite decrease 

with respect to their values in zero oil pressure. This is due to the 

effect of the oil pressure. Those are the initial slopes after oil pres¬ 

sure and some excess load was applied but before then the specimens also 

deflect due to an inelastic compacting in ail directions. This point 

and the general appearance of the curves correspond to the University of 

Illinois results. 

Volume changes for jacketed specimens show a definite decrease of 

volume due to inelastic compacting which is almost the same at the same 

lateral pressure for all groups except group J. It seems that added 

strength due to lateral pressure is the same for all groups except group 

J. This could be seen by the similarity of both load-deflection curves 
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and volume change curves. Group J shows larger decreases in volume and 

increase in deformation than all the rest. This is due to its having a 

higher porosity than the others (Pig. 5). This proves that pore6 affect 

the failure of material even when the voids are empty and should be con- 

sidered. 

In Figure 6 load deformation for group H are plotted, where deflec¬ 

tions during the application of oil pressure are also included. This 

figure will clearly show the increase in strength in axial direction 

with increasing oil pressure. This is done by applying a correction of 

5 x 1Q“4 inches per 2500 psi oil pressure (same as early stages of loading) 

to Column 6 readings of data'!? Pinal deflection, when we reach constant 

oil pressure, is added to each Column 8 reading to get deformations at 

various axial loads. 

The effect of lateral pressure on the strength of the specimen is 

represented by a polynomial of the form: 

« yc f- b Y2 * 
**c Y* 

where is the maximum axial load, Y2 is the lateral pressure, and yc 

is the standard compressive strength of the concrete. An equation of this 

type could be written for each experiment, from which coefficients b and 

c could be determined. These equations for jacketed and unjacketed speci¬ 

mens should be written separately as they are tested under different con¬ 

ditions. As we have more equations than unknowns, the author used the 

method of least squares to solve them. This method is explained on the 
•kit 

following page. The resulting equation for the jacketed specimens: 

Yx - yc + 4.5 Y2 - 0.56 x 10~
4 Y| (9) 

* See Appendix II. 

** Page 46 
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This aquation represents the effect of the lateral pressure on 

strength in the axial direction* Zt is plotted in Figure 7" Experi¬ 

mental results are also shown on the seme figure. As explained ia the 

presentation of the results* increase in axial load with increasing 

lateral pressure follows a curve whose slope decreases with increasing 

lateral pressure, this fact is consistent with University of Illinois 

results. Equation (9) follows a similar pattern. The author has also 

drawn a straight-line relation in Fig. 8 which gives the following 

approximate aquation for Jacketed specimen: 

*i - yc * 
3-9 '*2 <l0> 

The 3.9 in this aquation compares with a coefficient of ?2 °£ 4.1 

in the Illinois tests. As the author's tests were carried to higher lat¬ 

eral pressures than the Illinois tests a lower coefficient* i*e.» a 

lower average slope of the line* would be expected in the author's re¬ 

sults . The advantage of Equation 9 over 10 is that we get higher maxi¬ 

mum axial loadG at lower pressures as the effect of 0.56 x 10“^ Y| ^ 

very little at low lateral pressures. Equation 9 also represents ex¬ 

perimental results better. 

The resulting equations for the unjacketed specimens are as follows: 

The quadratic equation: 

%Ii ** yc + i«4i.*2 - o.u x io"4 T| (ii) 
The straight-line equation: 

Yi ■* yc * i*2 Y2 (12) 

As mentioned in the results the same yc is used for the Jacketed 

and unjacketed specimens of each mixture as there is no obvious diff¬ 

erence between the two. Equations 9 and 11 could be reduced into one 

equation which would represent the effect of lateral pressure at different 
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pore pressures P: 

Yx ■ yc + 1.41 P - 0.11 x 10“4 P2 + 4.5(Y2 - P) ~ 0.56 x 10~4(Y2-P2) 

(13) 

The second part of the experiments, the unjacketed tests, was done 

to find the effect of the pore-water pressure on the strength of the 

specimens. This effect will be a reduction in the lateral support of 

the material. As pore pressure will counteract the lateral stresses, 

there will be a decrease in the strength of the material in the axial 

direction depending on the effectiveness of pore pressure P. Accord¬ 

ingly Equation 9 should reduce into Equation 11 if we deduct effective 
' ' / 

pore pressure from lateral stresses. 

\ “■ yc + 4.5 (Y2 - P na) - 0.56 x 10~4(Y§ - P2 a2) (14) 

or remembering that Y2 = P 

Yx ® yc + 4.5 Y2 (1 - na) - 0.56 x 10~
4 Y§ (1 - nj) (15) 

where na is the reduction factor that will reduce equation 15 into 11. 

An na =» 0.69 will reduce 4.5 into 1.41 and an n » 0.90 will reduce 

0.56 x 10”4 into 0.11 x 10~4. This way wa get two different reduction 

factors where actually there should be one. As the author arrived at 

those two equations independently and also remembering the aiae of the 

specimens this discrepancy would seem justified. Since at low oil pres¬ 

sures the effect of the second degree term is negligible, it would be 

best to use 0.69 for n&. The author suggests Equation 14 with an nQ 

factor of 0.69 for all cases, i.e,, full pore pressure, no pore pressure, 

or various degrees of pore pressure. 

This x*ay we get the reduction factor which is part of the uplift 



factor or the effect of the pore-water pressure on the strength of the 

material. In this analysis the author got the reduction factor in a 

purely experimental way, which should be the case as concluded in all 

the latest theories, contrary to the earlier ones. It is determined 

as a purely physical problem. It is an empirical constant that we should 

know, since in design of hydraulic structures it would be foolish either 

to disregard it or to consider a 100% effect which would make the design 

uneconomical. 

When the voids are empty a lateral pressure provides an additional 

support to the bonds between particles, but when there is pore pressure 

the strength is reduced as the supporting pressure applied to the bonding 

material is reduced. Professor Tcrzaghi calls the reduction factor bound' 

ary porosity which he defines as the ratio of the part of the area of the 

potential surface of failure which is in contact with the interstitial 

liquid to the total area of this surface. This term of potential sur¬ 

face of failure is important as failure never occurs in a plane section 

contrary to Professor Fillungcr's approach. Failure usually occurs in 

the binding material but as it is not a plane section it could be best 

determined experimentally by tests of failure,as we really do not know 

either the actual shape of the pores or the shape of the potential shape 

of failure. 

In our experiments, specimens being small compared to the amount of 

hydraulic pressure applied, either the effect of additional weight due 

to water in the pores or the increase in hydraulic pressure due to its 

own weight with increasing depth is completely insignificant. But in 

hydraulic structures the weight of the water in the pores increases the 

specimen’s own weight and thus reduces the uplift factor. This is 
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related to the quantity called effective volumetric porosity, Uy , of 

the material. It could be best determined experimentally. It is the 

amount of water that the material could absorb over the permanently pre¬ 

sent water content. A value of 7% is found by Mr. Leliavsky as an average 

value of permanently present water for the specimens he exposed to the 

sun in order to determine it. Now the final formula for uplift is 

uf a na ’ *V 

By multiplying this by the area of the pressure diagram we get the amount 

of uplift. 

All the earlier theories considered the uplift factor equal to the 

average porosity of the material 

hf » n 

That would give a value of 227», talcing the average porosity from Figure 5. 

They thought of it as a result of imaginary cracks. This is the average 

porosity of the material and does not agree either with the author's 

approach or coefficient. 

Fillunger, who introduced the modern theory, made the plane section 

a basis. But we cannot do this as the material is not homogeneous and 

the failure most probably would not happen that way as explained before. 

His formula gives an uplift factor: 

uf = nx - n 

where n^ is the porosity of the mortar that binds the aggregates. 

*Professor Terzaghi's approach gives a value of 0.78. 

«= n - n fa 

As seen from the above equation his reduction factor is 1.00 which is far 

from agreement with the author's but also his experimental values of 0.83 

up to 1.20 are debatable too. Another difference is his using volumetric 

*Refer to section on Previous Work 



porosity instead of effective volumetric-porosity. Effective volumetric 

porosity better expresses the true conditions as the material has always 

some amount of water present in its pores. 

Mr. Leliavsky*3 formula for the uplift factor forms the last link 

in the modern theories which is: 

u- =* n - n 
f a v 

His values for this equation were 

up « 0.91 - 0.07 « 0.84 
f £ 

(121 
Hr. Serafim 7 obtained values for uplift factor between 0.40 and 

0.80. 

Mr. McHenry found uplift factors ranging from 0.78 to 1.18 with an 

average of 1.02. Those values seem too high. His using gas for con¬ 

fining pressure probably influenced the results as it has a lower vis¬ 

cosity than water. 

The author's reduction factor of 0.69 is less than the values 

obtained by others as explained. That might be partly due to his using 

oil as a medium for lateral pressure which has a higher, viscosity than 

water which would make it harder for its penetration into finer voids. 

Also, in the unjacketed specimens some values of ultimate load deviated 

as much as 20% from average values. In the University of Illinois tests 

the maximum deviation was 11.8%, but a greater deviation might be ex¬ 

pected in the author’s results because of the small size of specimen. 

These factors suggest that possibly the value of reduction factor should 

be higher than 0.69, but perhaps not as high as Professor Terzaghi's 

and Mr. McHenry's values. The author also got a second na of 0.90. 

This too suggests a value higher than 0.69. In all the experiments on 
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the affect of pore pressure, the author believes that Mr. Leliavsky did 

the best oua. He created the actual failure conditions that might happen 

in an hydraulic structure, viz., a constant weight producing congression, 

and a tension due to hydraulic pressure in the pores that might cause the 

failure. 



CONCLUSIONS 

Concrete may fail in one of two ways, brittle or ductile. In a 

brittle failure stresses are proportional to deformations almost up to 

fracture. In a ductile failure small changes of stress may be accompanied 

by large deformations; this happens between the elastic range and frac¬ 

ture. 

The tests of jacketed specimens definitely prove that concrete 

subject to lateral compression shows a ductile behavior under axial com¬ 

pression, and it resists high stresses and shows large amounts of de¬ 

flections, sometimes even up to 3/4th of its length. The relationships 

of stresses are given accurately by Mohr's theory. The comparison of 

angles suggests that 3hear plays a dominant part in failure. There is 

probably some splitting but mostly disorganising of material and an intra- 

granular type of failure due to sliding at an inclined direction* As 

suggested by Brandtsaeg the plastic elements are supported by elastic 

oneD and that causes a tension in them, but under triaxial loading that 

action is retarded and its effect is much less important. 

For specimens subject to pore pressure the condition of failure 

could only be expressed by Mohr circles using effective pore pressure. 

There is an inelastic reduction in volume of concrete specimens 

with empty voids. The load-deflection curves and volume change curves 

are similar for all mixtures except one which has a much higher porosity 

than the rest. This proves the influence of voids on strength of a 

material whether the voids are empty or not. Group J with a greater 

porosity than any other mixture showed a larger decrease in volume and 

greater deformation than the rest of the mixtures. 



The specimens with pore pressure la the voids failed in a brittle 

manner. Splitting due to lateral tension played some role in this as 

sliding occurred on one plane eventually. 

There is no question that uplift force may exist in hydraulic 

structures and may cause their failure in tension if enough attention is 

not given to it. This force depends on the potential surface of failure, 

which is not a plane section, and also upon the ratio of the part of that 

failure area with which the liquid under pressure is in contact to the 

total of it. Due to these reasons it may be studied best by experi¬ 

mental means, such as was dona in this study. 

The relationship between stresses in triaxial compression, with or 

without pore pressure, could be defined by the following empirical 

equation: 

*1 - yc + 4*5<Y2 - ?na> ” 0*56 x 10*4(Y2 - P2nJ) (14) 

Y^ ** axial load at failure 

Y2 « the equal and smaller stresses, i.e., the confining lateral 
pressure 

P » pore pressure 

y a standard corapreasive strength of concrete 

• When there is no pore pressure this equation reduces to: 

Y1 *.yc + 4.5% - 0.'56 x IQ"
4 Y2 (9) 

When pore pressure is equal to lateral pressure this equation re¬ 

duces to: , 

Y1 " yc 
+ 1*41^ * 0,29 x 10 *2 (16) 

The effect of pore-water pressure or boundary porosity could be 

expressed by the reduction factor, n . which has a value of 0.69. 
&L 



This might be higher, as mentioned in the analysis. As can be seen, this 

ratio will reduce Equation 14 into 16. In hydraulic structures the effect 

of pore-water pressure is called uplift, where represents only part of 

the pore pressure effect. The uplift factor is equal to: 

u _ « n - n 
f a v (17) 

Where n is the effective volumetric porosity of the material 
v 

Equation 17 is the factor that needs to be multiplied by the area of the 

pressure diagram in order to find the uplift force in hydraulic struc¬ 

tures. Hy is the effective volumetric porosity which again needs to 

be found experimentally. It takes the permanently present water in the 

pores into consideration. 
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APPENDIX I 

LIST OF FIGURES IN ORDER 

Figure 9 & 10: Load Deformation Curves for group F, 1:2 Concrete, 
Tested Jacketed 

Figure 11 & 12: Load Deformation Curves for group D, 0.75: 0.92: 
0.25 Concrete, Tested Jacketed 

Figure 13 & 14: Load Deformation Curves for group H, 1:3 Concrete, 
Tested Jacketed 

Figure 15 & 16: Load Deformation Curves for group J, 1: 1: 0.64 
Tested Jacketed 

Figure 17: Load Deformation Curves for group E, 1:2 Concrete, 
Tested Unjacketed 

Figure 18: Load Deformation Curves for group C, 0.75: 0.92: 
0.25 Concrete, tested unjacketed 

‘Figure 19: Load Deformation Curvec for group 6, 1:3 Concrete, 
Tested Unjacketed 

Figure 20: Load Deformation Curves for group I, 1: 1: 0.64 
Concrete, Tested Unjacketed 

Figure 21 & 22: Volume Change Curves for group F, 1:2 Concrete, 
Tested Jacketed 

Figure 23 & 24: Volume Change Curves for group D, 0.75: 0.92: 0.25 
Concrete, Tested Jacketed . 

Figure 25 & 26: Volume Change Curves for group H, 1:3 Concrete, 
Tested Jacketed 

Figure 27 & 28: Volume Change Curves for group J, 1:4: 0.64 Concrete, 
Tested Jacketed 

Figure 29: Mohr Circle Diagrams for groups F & D 

Figure 30: Mohr Circle Diagrams for groups H & J 

Figure 31: Mohr Circle Diagrams for groups E, C, G, & I 

Figure 32: Schematic Diagram of the High Pressure Strength Test 
Apparatus 

Figure 33: Apparatus for Conducting Strength Tests on Rock under 
Hydrostatic Pressure in Place in Testing Machine 
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Figure 34at Specimen Assembly Showing Upper Piston, Lower Supports 
Braoo Sleeves, and Plastic Tubing 

Figure 34bt 1: 2 Concrete, Tested Unjacketed at 10,000 pai Con* 
fining pressure 

Figure 34c: 1: 2 Concrete, Tested Unjacketod at zero Oil Pressure 

Figure 34d, g: 1: 2 Concrete, Untested Length « 1 inch; Diameter “ 
% inch 

♦ 

Figure-,34c j 1:1:0.64 Concrete, Tested Jacketed at 5000 psi 
Confining Pressure, Length « 0.35 inches; Diameter « 
0*664 inches 

Figure 34£; 1: 2 Concrete, Tested Jacketed at 7500 psi Confining 
Pressure; Length ** 0.502 inches; Diameter « 0.762 inches 

Figure 34h: l: 3 Concrete, Tested Jacketed at 12,500 psi Con¬ 
fining Pressure; Length « .270 inches; Dimeter « 0.8*25 
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ABSSHDIX 111. 

RECORDS) DATA AMD C0S&*JTAT10H3 

la this appendix to diffrentiato various exporteants a cortain 

designation ueod,such as a G 2500 *shore G is the concrete iHisturo»2500 

is the constant confining prassuro.and 2 is tlio experiment number for 

that confining pressure .Thors are at least three experiments for each 

mixture at a cortain confinlg proseure.For further inforsaation about 

concrete mixturae refer paragraph tvso and Table 1 on page 20* 

Table of Contents 

Groups page Concrete Mixture 

' 15 88 G.73:0.92:o.25 

Jacketed S* 105 1:2 
Groups 

J 187 1:1:0.64 

H 140 1:5 

G 1S3 0.75:0.92:6.25 

£ 165 1:2 
Unjacketod 
Groups G 175 1:3 

1 il>0«64 I 184 
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Appendix 3 

FAILURE OF A MATERIAL COMPOSED OF NON-ISOTROPIC ELEMENTS 

by Anton Brandtzaeg 

Mr. Brandtzaeg's failure theory has been discussed in the analysis 

section. In this section an abstract of the theory will be given. Mr. 

Brandtaaeg considers an elastic material with a constant Poisson's ratio, 

u, and modulus of elasticity, E. All elements have different directions 

of weaknesses and until a limiting tensile stress occurs they can only 

fail with a plastic sliding at a limiting shearing stress and that ac¬ 

tion is governed by Coulomb's equation. 

- ZTo 7^-a^f & (J~) (18) 

In this theory different notations for elements and material have 

to be used to differentiate between the two. Notations for the material 

are the same as before, and for elements will be presented as they occur. 

In Equation 18 <r is the normal stress, 6"o is the shearing strength, 

0 is the angle of internal friction, and Zf//r> is the limiting shearing 

stress in the elements. 

From figure 35a the stresses on a plane in the direction of 

weakness are: 

sin
z (19) 

c-’ sin 2 & (20) 

ZGZ) (2i) 

where Oj and are the normal stresses in axial and lateral direc¬ 

tions respectively. Combining equations 19 and 21; 

C~ s cn>* cos z&J (22) 

where tan 0 « cot 2 0 and 0o ~ Introducing angle and 
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0"/ z' C~2. 

x-y P/a oe 
8 Jo&p/ast/c e/eme/?ts 
x- y P/a*e to , , 
8/o Z ax/s I *'*™* Sweats 

F/yvre 35 (6) 

V 



combining equations 18 and 20 and 22: 

/G±- G~2. \ _ ft + F(Tv  ^3) 

\ 2. him cos 2((p-Q>o)-jfF 

where Ho $'h 2.(po j F- c.os 2. <p0 

Xhi3 is the necessary condition for plastic equilibrium and a limiting 

value that the difference between the principal stresses can never ex¬ 

ceed. If it is below this limit the element is elastic and as long as 

the stress difference is equal to this limit the element deforms plasti¬ 

cally. Elements that have the lowest limiting stress difference values 

will reach the plastic stage first, for which $ will be equal to | for 

<H y <s~z. ■ 

Now consider figure 35b where plasticity spreads from point A to 

both directions. At A, <|> =» where the elements first started to 
/ 

plastic action are represented. Points between B and B, such as G, de¬ 

fined by angle j}, have been, deforming plastically for some time. Ele¬ 

ments B and B with an angle 04 are just becoming plastic. Elements be- 

/ 

tween the x-y plane and B or between the s-axis and B are elastic. 

°<: is a constant which defines the extent that loading has made the 

material plastic. 

J5: is a variable for a given Stress situation defining plastic elements 

with the same direction of weaknesses. 

i: is a variable for a given stress situation defining elements in the 

elastic range. 

Suffix f and are used for stresses in elastic and plastic ele¬ 

ments respectively. Substituting in equation 23 we get stress difference 

equations for elastic and plastic elements. Stresses in elastic elements 

are the same as in an element just passing the plastic stage. Combining 
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equations 21 and 23 with B => <Jl ~ or «. = 4> - <P„ for plastic and elastic 

elements respectively the principal stresses in an elastic element are: 

«%. -sv -■% (jr*±-<r^)= <Tv.2.J±t^^- 
in a plastic element are: 

3cos 2.0. - F 

** -r- ^-ZtosTs-r 

"t* 

(24a) 

(24b) 

(25a) 

(25b) 

Mr. Brandtzaeg assumes elements in a cubical shape with a side length 

d, so that the number of elements in a unit volume is: 

N *» 1/d^ 

A unit volume contains all geometrically possible directions of weaknesses 

of the elements. Mr. Brandtzaeg further assumes normals of unit length 

from the origin of coordinates, to the direction of the weaknesses of the 

elements. These elements could be represented as a point on a hemisphere 

(Fig. 35c), which contains all elements in a unit volume. The number of 

elements in a small area of the hemisphere: 

<^* SrdA '-kfT3 cos # Jj> Jf <26> 

In a unit volume N elements exert forces on each other. Soma of these 

balance inside the unit volume. The number of forces that should be 

balanced by the average stress in the material is H£ <=> N , so that 

equation 26 becomes: 

dtif = zlfji cos & d&dP (27) 

Substituting into equation 27 F& or $+ $<> for we find the 

elementary forces in dl?£ elements in an axial direction, exerted by 

elastic elements: 

= br (r+ $*) dr dp 



by plantic elements; 

- -h °3*.(&+&>) 49 d(P 
In a lateral direction, exerted by elastic elements; 

dfyx =~2ijf *~ri cos{f+&<>) dt 4V 

by plastic elements: 

jLfyx*-i7i<rQxC.OS($ + 4>o)ddcl<P 

The principal average stresses may now be obtained by double inte¬ 

gration with respect to (between limits 0 and 2 71 ) and ^ or j& 

(between ~ 6 and </) ■» 7T/-2. ). This covers all the hemisphere and as a 

result all the elements in a unit volume. The equations for the prin¬ 

cipal average stresses are: 

6 = <Tr +4 K+FGy) (28a) 

« <T> - 2. (ft + Ftt) (28b) 

y - ■u± + *-{•*-)= (28c) 

where 

ft- = '- *■ C05 ^ A, 1>/Z-I/6F+Sin* t^A\ 
.  3coj2'i'-T 6^^ ht^-'/6 F -Sh71 1 } 

Equation 28c shows that volume stress in the material is equal to the 

volume stress in an element. Combining equations 28a, b, and c: 

4, i ItdFft*. +X 6fo\ T± r
 *■ ' /-zFft* n~7-lFft« 

4 = A l-2-Fftt _U 6 ft* 
T IMF ft* n~ I Hi fi ftt 

4-v a err, ■= fa-4)6 ft* efaF2ftftMk v IMF A*— /- 2FF* 
By substituting volume stress from equation 29c into equations 24 

(29a) 

(29b) 

(29c) 

and 25, stresses in elements could be expressed in terms of principal 

average stresses. To find deflections,, • remembering that all elements de¬ 

form alike, deformation of material is equal to deformation of individual 

elements. The unit deformation of the material is found by coiobining 



equations 21, 29c and 30 with values of stress differences. 

For an elastic element equations of deflection are: 

<f* = -2.4* <r~2.) (30a) 

£2. = sU (JJ (30b) 


