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SYNOPSIS 

Hydraulic fracturing is a live problem these days in 

the field of geotechnical engineering. The application of the 

concept of hydraulic fracturing to geotechnical problems, and 

in particular, to the development of cracks in the core of earth 

dams due to excessive hydraulic pressure is a matter of concern 

to researchers and design engineers. Cracks which develop in 

the impervious core of earth dams and cause leakage, have been 

observed in Hyttejuvet dam (Norway), Balderhead dam (England) 

and Teton dam (USA)• Hydraulic fracturing is also known to be 

one of the major causes of loss of drilling fluid through bore-

holes in impervious cores of embankment dams. 

Hydraulic, fracturing is also important in other fields 

such as in oil exploration, determination of in-situ stresses, 

evaluation of allowable grout pressures and the pressure in 

piezometers for determination of in-situ permeability. 

The induced cracking in soil mass due to excessive hydrau-

lic pressure is called 'Hydraulic Fracturing'. Hydraulic frac-

turing would cause water to penetrate through very fine cracks 

and then would force them to open wider. 

The changes in the total stresses which occur in the 

core of embankment dams during construction, reservoir filling 

and subsequent drawdowns, test boreholes and grouting are extrem-

ely complex and affect the safety against hydraulic fracturing. 

The contradictory opinions about the parameters involved indi-

cate that a comprehensive investigation is necessary to have 
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a clear insight into the mechanism of hydraulic fracturing. 

A detailed experimental. investigation has been carried 

out here, in order to study the effect of some of the para-

meters involved in the mechanism of hydraulic fracturing under 

laboratory controlled conditions. The main factors investigat-

ed are; moisture content, confining pressures, degree of satu-

ration, type and rate of hydraulic pressure application, ten-

sile strength of the soil, types of the soil, pattern of cracks 

and anisotropy of pressure application. 

Initially saturated as well as partially saturated 

solid cylindrical soil specimens having 3.81 cm diameter and 

8.2 cm length have been tested in triaxial apparatus under 

various cell pressures. As a refinement, an improved experi•- 

mental technique has been developed which consists of testing 

hollow cylindrical soil specimens of 10.16 cm (4 in) outer dia-

meter, 1.27 cm (0.5 in) inner diameter and 11.3 cm in height 

representing a confined borehole. Experiments were conducted 

on saturated as well as partially saturated specimens in triaxi-

a1 apparatus. 

In order to corroborate the results of experimental 

investigation, theoretical, analysis has also been carried out. 

Stresses have been obtained in the hollow cylindrical specimen 

subjected to uniform pressures on the inner and outer surfaces 

considering elastic behaviour of the soil mass. Hydraulic frac-

turing pressure has been evaluated with the assumption that 

hydraulic fracturing will take place when the effective stress 

in the soil mass is tensile and equals the tensile strength of 
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the soil. Since the stresses in the soil mass are limited by 

the strength of the soil, theoretical analysis based on the 

well-known Mohr-Coulomb failure criterion has been carried out 

In order to evaluate the effective stresses, a techni- 

que based on the finite element method for evaluating pore pre-

ssure development under steady state as well as transient con-

ditions in an axisymmetric flow domain has been used. Various 

parameters affecting the transient flow are studied. These 

results can be used for prediction of pore pressure throughout 

the soil mass at different time instants. 	, 

The results indicate that hydraulic fracturing in soil 

mass occurs at hydraulic pressure greater than the confining 

pressures, with linear relationship between hydraulic fractur- 

ing pressure, of and the confining pressure, Po. The increase 

in compactive water content results in a decrease in of value. 

The increase of moisture content above OMC results in lower 

value of of which increases the potential of occurrence of hy- 

draulic fracturing. Partially saturated specimens indicate 

higher values of u f compared to those obtained for saturated 

specimens. The pattern of cracks observed is more or less ver-

tic~il for all the specimens tested. Generally with high rate 

of pressure application, higher value of of has been observed. 

Theoretical analysis shows a good comparison with experi-

mental results. Both experimental and theoretical investiga-

tions show that of decreases with increase in the ratio of 

vertical pressure to lateral pressure. Knowing the pore pressure 

development and existing state of stresses around boreholes, the 
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technique developed for prediction of of  under transient as 

well as steady state pressure can be used for field conditions. 

Assessment of the safety of an actual high earth and 

rockfill dam against hydraulic fracturing has been carried out 

based on the available stress analysis of the dam at full re-

servoir condition. The results show that an earth and.rock-

f ill dam with inclined core shows lower potential against 

hydraulic fracturing in comparison of the dam with central 

vertical core. 
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NOTATIONS 

Symbol 	2 scriLptio 

A = 	Skempton' s pore pressure parameter 

a,b = 	Inner and outer radii of hollow cylindrical 

specimen respectively 

[B] = 	Matrix of derivative of shape functions 

c,c' = 	Total and effective stress cohesion intercept 

Cb  = 	Material bulk compressibility 

CL = 	Inorganic silty clays with low plasticity 

Cr  = 	Material matrix compressibility 

Cs  = 	Compressibility of soil skeleton 

Cu  = 	Ultimate undrained strength 

Cw  = 	Compressibility of water 
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d =. 	Slope of line £2/El  Vs E2  

E = 	Modulus of elasticity 

F = 	Slope of the line of initial tangent Poisson' s 

ratio Vs log (a 	Pa) 

Fo  l = 	Matrix of nodal forcing function under steady 

state condition 

F(t)j = 	Matrix of nodal forcing function at any time, t 

[G]  = 	Matrix associated with specific storage of 

material 

H = 	Henry's constant 

[H]  = 	Matrix associated with permeability of material 

K = 	Coefficient of permeability 
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Kr,KZ 	•= Coefficients of permeability in the radial and 

vertical directions 



L =  Length of sample for split cylinder test 

LL = 	Liquid limit of soil 

m _ 	number of nodal points on which the pressure is 
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N, = 	Inorganic clayey fine sands with low plasticity 

mo =  Slope of line describing variation of of with Po 

[N] = 	Matrix of shape functions 

Nc = 	Bearing capacity factor 

n = 	Porosity of the soil 

0MC = 	Optimum moisture content 
P _ 	Applied pressure 

Pa = 	Atmospheric pressure 

pi'po = 	Internal and external applied pressures respectively 

PI =  Plasticity index 

PL = 	Plastic limit of the soil 

q = 	The number of boundary nodal points on which the 
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[R] = 	Matrix of coefficients -of permeability 
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r = 	Radial distance at which the stresses are evaluated 

r =  Critical radius 
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Sl = 	Boundary at which Oi is defined 
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S =  Specific storage 

t =  Time parameter 

u = 	Pore pressure in soil mass 
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CHAPTER - I 

INTRODUCTION 

1.1 GENERAL 

High fluid pressure may develop cracks in the impervious 

cores of high earth and rockfill dams. - Water may flow through 

these fine cracks instead of flowing as seepage through soil 

pores. It is practically impossible to observe these cracks. 

Failures or damages of earthen structures have been reported to 

have occurred due to flow of water through such unforeseen 

cracks. Development of cracks in the impervious core of ::arth 

dams and causing leakage, was observed in Hyttejuvet dam(32) 

and Balderhead dam 	• Hydraulic fracturing is recognized 

to be the main cause for the development of cracks in these 

dams. Hydraulic fracturing is also suspected to have occurred 

in case of failure of Teton dam.'75-~7)Itis also known to be 

one of the major causes of loss of drilling fluid through bore-

holes in impervious cores. Such losses have been reported for 

many cases, viz., Shek Pik dam, Graminha dam, Djatiluhur dam, 

Akosombo dam, LaVillita dam, Garrison dam(60,62) and many other 

dams. 

1.2 HYDRAULIC FRACTURING 

Hydraulic fracturing is defined as the opening up of 

tension cracks within the soil mass, due to high fluid pressure 

when the in-situ effective compressive stresses are reduced to 
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negative (tensile) value greater than the tensile strength of 

the soil. Panel on causes of failure of Teton dam(75)  defined 

hydraulic fracturing as the condition leading to the creation 

and propagation of thin physical separation in the soil or rock 

mass due to high fluid pressure'. Hydraulic fracturing may 

cause water to penetrate through very fine cracks and then 

force them to open wider. 

Lofquist 	mentioned the critical condition for hydrau- 

lie fracturing as that in which the total vertical pressure is 

lower than the reservoir water pressure. Sherard(60), quoted 

examples of loss of water in boreholcs drilled from the crest 

into clay cores of dams and suggested that the depth at which 

water loss occurs is that at which the pressure of wash borc-

hole first exceeds the minor principal stress in the soil and 

the phenomenon could be explained by the mechanism of hydraulic 

fracturing. 

Thus hydraulic fracturing is important in the study of 

cracking of the cores of dams and also in other fields, such 

as, to increase the permeability of rock around boreholes in 

oil wells in order to increase the yield of wells. Haimson
(23)  

proposed the use of this phenomenon for determination of in-

situ stresses in rocks. Morgenstern and Vaughan(49)  recommen-

ded the hydraulic fracturing pressure as an upper limit to 

allowable grouting pressure. Kennard'33)  considered hydraulic 

fracturing for limiting the pressure which may be applied in 

performing seepage tests on a borehole or hydraulic piezometer 

to determine in-situ permeability• Bhandari(4)  explained that 
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hydraulic fracturing is due to local state of zero effective 

stress generated by fluid pressure. Under such state, clean 

fine sands licuify, clays develop mud flow volcanoes as the 

pore water pressure tends to exceed the geostatic stress, and 

peat generates 'bog bursts'. Thus hydraulic fracturing mainly 

occurs in fine grained relatively impermeable soils. 

The successful correlation of the hydraulic fracturing 

pressure to the existing stag: of stress in soil mass around the 

fracture regions will be a useful technique for prediction of 

potential for hydraulic fracturing. 

1.3 CONFLICTING VIEWS AND GAPS 

Significant changes in the total stress and pore press-

ures occur in an earthen embankment during construction, ruses-- 

voir filling and any subsequent drawdown. 	The process of test 

boreholes for evaluating the quality of core and grouting which 

aru generally performed under high fluid pressures, are very 

complex as far as the assessment to the risk of hydraulic frac•-

turing is concerned. There are many contradictory opinions 

about the effect of various parameters involved in the mechanism 

of hydraulic fracturing. Some of the factors affecting hydraulic 

fracturing are, the initial state of stress, compactive moisture 

content, degree of saturation, degree of homogeneity of soil, 

types of soils and their relative properties, pattern of cracks, 

duration of hydraulic fracturing test, pore pressure develop-- 

went under steady state as well as transient conditions, type 
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and rate of hydraulic pressure application etc. Though this 

problem has been dealt with in detail in Chapter 2, neverthe-

less to Quote one example, Leonards and Narain(42)  recommend a 

wet core to produce flexibility against cracking whereas 

Kulhawy and Gurtowski(38)  are of the opinion that load trans-

fer in case of wet core will be causing more chances of hydrau-

lic fracturing. This shows that many aspects of the phenomenon 

of hydraulic fracturing are still not well understood. 

1.4 SCOPE OF RESEARCH WORK 

The present research work was taken up to investigate 

the phenomenon of hydraulic fracturing in soil mass, with a 

view to clarify the influence of some of the parameters such 

as, moisture content, confining pressures, degree of satura-

tion, type and rate of hydraulic pressure application, tensile 

strength of the soils, type of the soils and anisotropy of 

pressure application, on the hydraulic pressure at which hydrau-

lic fracturing will occur under laboratory controlled condi- 

tions. The study consists of detailed experimental investiga-

tion as well as analytical study for determination of hydraulic 

pressure at which cracks initiate in soil mass and the loca-

tion of the potential regions of hydraulic fracturing taking 

into account the effect of pore pressure development under 

steady state as well as transient conditions and the stress 

redistribution in the soil mass. 
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The investigation has been presented under the following 

subheads. 

(i) 	Review of literature. 

(ii) Experimental investigation of various parameters on the 

improved experimental technique developed for study of 

hydraulic fracturing on hollow cylindrical soil speci-

mens. 

(iii) Pore pressure deterinin_ation under steady state as well 

as transient conditions of model soil specimen using 

finite element technique. 

(iv) Analytical investigation of hydraulic fracturing of model 

soil cylinder and its stress analysis utilizing Mohr-

Coulomb failure criterion. 

(v) Comparison of theoretical results with laboratory results 

and the effect of various parameters on hydraulic frac-

turing. 

(vi) Assessment of the potential of hydraulic fracturing in 

a high earth and rockfill dam has also been made. 

A 'review of the literature on hydraulic fracturing in 

soils has been presented in Chapter 2. Results of tests on 

solid cylindrical specimens in triaxial apparatus under satur t-' 

ed as well as partially saturated conditions are discussed in 

Chapter 3. 

An improved experimental technique has been developed 

using hollow cylindrical soil specimens confined at both ends, 

simulating confined borehole condition in the laboratory. The 

details of the experimental set-up and the observations during 

experimentation are presented in Chapter 4. The effect of the 

various parameters have been studied in detail using this 

experimental technique. The results of these studies and 
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corresponding discussions are presented in Chapter 5. 

Pore pressure development in the model soil specimen 

under steady state as well as transient condition has been ob-

tained using finite element technique and presented in Chapter 

6. Attempt has been made' to investigate the factors affect-

ing pore pressure development under transient conditions. 

Chapter 7 presents the theoretical analysis of hydrau-

lic fracturing. Total as well as effective stresses developed 

in model soil specimen under the action of confining pressures 

and internally applied. pressure which induces cracking in soil 

mass, have been evaluated. Mohr-Coulomb failure criterion 

applicable to geotechnical problems has been utilized as a 

failure criterion. Utilizing pore pressures determined in 

Chapter 6, expressions for evaluation of hydraulic fracturing 

pressures under steady state as well as transient conditions 

are obtained. The technique, has been applied to the actual 

experimental cases and hydraulic fracturing pressure is evaluat-

ed. The experimental studies and the conclusions of the study 

have been presented in Chapter 8. 

As an illustration, assessment of the safety of an 

actual high earth and rockfill dam against hydraulic fractur-

ing has been carried out and presented in Appendix-A. This 

invostigation is based on the available stress analysis of the 

dam at construction stage and full reservoir condition. Two 

positions of the core, that is a central vertical core and an 

inclined core have been considered. The results indicate that 
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the dam with an inclined core has lower potential against 

hydraulic fracturing in comparison to dam with a central ver- 

tical core. 



CHAPTER - 2 

REVIEW OF LITERATURE 

2.1 GENERAL 

The concept of hydraulic fracturing has been used in 

petroleum engineering and grouting of rocks, but its impor-

tance in geotechnical engineering has been realised recently. 

In the last few years, some attention has been paid to the 

mechanism of hydraulic fracturing in the field of geotechnical 

engineering. Some important theories and their relevant field 

as well as laboratory measurement studies are discussed in this 

chapter. Since the field measurement of hydraulic fracturing 

is generally done in connection with studies of field permeabi-

lity testing and evaluation of in-situ stresses, a brief summary 

of existing literature on this aspect is also presented. 

2.2 HYDRAULIC FRACTURING DI FIELD 
PERMEABILITY TESTS AND BOREHOLES 

It is well established that water loss from boreholes 

may occur even in well-constructed dams where no open cracks 

were observed before the boring was made. Sherard(60)  indica- 

ted that loss of water from borings flowed .through cracks 

opened by fluid pressure. This may be either due to opening 

of existing but closed cracks or due to formation of new cracks 

by fluid pressure. The cases of loss of drilling fluid, for 

Garrison dam (USA) L;ovewell Dam (USA) , Djatiluhur dam (Indonesia)9 

Akosombo dam (Ghana) , LaVillita dam( Mexico) and El--Isiro dam 

(Venezuela) have been reported by him. 
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While drilling borehole at Livingston dam (USA) to ins-

tall piezometers in foundation, heavy loss of drilling fluid 

occurred in clay core just above the foundation. It was inferr-

ed that the fluid pressure in a borehole during drilling can 

be very much higher than the weight of a static column of water, 

and higher pressure can be caused by partial obstruction of the 

return flow of the drilling fluid and can then cause hydraulic 

fracturing. The rate of drilling is another important factor. 

Dry cracks on transverse slopes between two sections of 

Ilha-Solteira darn (Brazil) , constructed at different times, 

were extended upto a depth of 2m, and resulted in deep erosion 

gullies from rain runoff. Water was also lost at a boring 

drilled for piezometer installation at a depth where boring 

passed through transverse junction. It was concluded that water 

lost might be due to localized zone of low stress in the embank-

ment. 

The outflow in-situ permeability test (where a positive 

excess head is applied) , is often preferred to the inflow test, 

because it may be carried very quickly. In situations of low 

permeability the tendency is to use high pressure in order to 

give adequate flow readings within a reasonable time. This may 

lead to incorr€ ct results due to occurrence of hydraulic frac-

turing around piezometers and may record high permeability as 

compared to the actual field value. 

Bjerrum at al(9)  carried out permeability tests in 

impervious core of a dyke in Israel. The core consisted of 

natural clay dumped into slurry trench. To evaluate the quality 

of the core, permeability tests were performed by pushing a 
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porous bronze piezometer into the core and then measuring the 

rate of water loss from it by applying an excess head less 

than the effective weight of the column of soil above the piezo-

meter indicating the core permeability of the order of 10-4  cm/sec. 

Further tests were performed at very low head and the pormeabi-

lity of unfractured clay at these low heads was of the order 

of 2x10-7  cm/sec. , but this increased rapidly when the testing 

pressure exceeded by about 50% of the effective, overburden nre-

ssure, at piezometer tip. A number of inflow tests (where 

head was reduced below the static ground water level) confirmed 

that the true permeability was much smaller than 10-4  cm/sec. 

It was concluded that the increase in permeability was the 

result of hydraulic fracturing around the piezometer, which 

occurred at excess head as low as 20/ of effective overburden 

pressure. The reason for occurrence of hydraulic fracturing 

at such low pressure was that the effective vertical stress 

in the core was probably smaller than the weight of overburden 

due to arching of the core. Additional tests at Fornebu (Oslo) 

indicated that hydraulic fracturing occurred at an excess head 

of 67/ to 86/ of effective overburden pressure. 

Vaughan(69)  reported the observations of water losses 

from holes drilled into the core of Balderhead dam after crack-

ing of the core of the dam. Results of water loss tests and 

the settlement observations indicated that cracking had taken 

place at a number of areas in the dam, but water loss was also 

observed in boreholes in areas where evidence suggested that 

cracking had not taken place. It was indicated that these 

water losses probably occurred as a result of hydraulic 
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fracturing of the soil around boreholes. Consequently tests 

were conducted to determine pressure to cause fracture as well 

as the close-up pressure. The scatter for fracturing pressure 

was high whereas close-up pressures were more consistent and 

were nearer to minor principal stress (a3) determined for the 

dam. Studies of close-up pressures indicated that once frac-

tures were created, they could be re-opened at lower pressures 

than the required pressures to open them initially. 

Tests on small embedded piezometers were performed at 

Cow-AGreen darn, when dam was completed to its two-third height. 

The results showed that the fracture test did not increase the 

permeability of the clay around the piezometers and fracture 

pressures were generally equal to nominal overburden pressures. 

As there was no damage to the core of Cow-Green dam, 

by fracture tests, the same were also done at Balderhead dam. 

Pressure equal to nominal overburden was applied and delayed 

fracture was observed after five minutes. It was found that 

the fracture pressure was approximately equal to the overburden 

pressure. It was also mentioned that the fracture pressure 

showed great variation but in short term tests, they were much 

higher than those observed in the water flush tests• 

Based on the principle of hydraulic fracturing, i.e. 

when a crack first appears, the water pressure; at which it 

closes again, may be more reliable as an evaluation of lateral. 

stresses in the ground, Bjerrum and Andersen(8)  performed in- 

situ permeability 	tests in which water was first forced 

into the soil to form crack and then water pressure was decreas-

ed while observing the flow of water into the clay as well as 
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the decrease of pressure. An abrupt reduction in the flow of 

water into the clay was observed when the crack closed. The 

reason for this was attributed to the fact that contact area 

between water and clay was drastically reduced. The pressure 

at which the crack closes is measured, and if the total stress-

es across the crack are unchanged, this closure pressure is 

believed to be a close approximation of the total stress across 

the crack. 

It is indicated that due to higher permeability of 

coarse grained soils, the method is limited to clays. It is also 

expressed that for K (ratio of minor principal stress to 
0 

major principal stress) values greater than one, a horizontal 

crack will open and the method will just measure the weight 

of overburden and therefore, the method can not be used in over 

consolidated clays -,where K0  is greater than one. The results 

indicate that Ko  is approximately constant with depth, and it 

may increase with time. 

Penman and Charles(55)  have, reported detailed field 

investigations of the clay corgi: of 80 years old and 20m high 

Cwmwerndori dam (&.gland). Vertical boreholes were made by 

hand augering from dam crest and Cassagrande type stand pipe 

piezometers were installed at various depths on the centre 

line of the core near the major section of the dam. tests were 

carried out by raising the water level in the stand-pipes to 

cause hydraulic fracturing in the surrounding clay and then 

decreasing the pressure. The critical pressure was defined as 

the pressure at which the excess flow rate decreases to a 

value compatible with the permeability of clay. The study has 
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shown that critical pressure can be regarded as a conservative 

estimate of the pressure required to cause hydraulic fractur-

ing across the core of the dam. 

Lefebvre et al(41)  carried out hydraulic fracturing 

tests in the field in two geologically different sensitive 

clay deposits in order to study the fracture pattern formed 

around inserted piezometers. The result of these tests indi-

cated that fracture mode is not unique i.e. the hypothesis 

that only vertical fractures develop in normally consolidated 

clay, (Bjerrum and Andersen(8)) was not verified. But vorti-

cal fractures radiated out from piezometer tips as well as 

cracks inclined from 20oto 350  from the horizontal, formed an 

inverted cone-shaped fractures with its apex at the top of 

piezometer wore observed. It is also mentioned that, as hydrau-

lic fracturing test would be sensitive to fluid pressure, it 

would load to an overestimate of Ko. 

Various researchers have performed in•-situ hydraulic 

fracturing tests by increasing the water pressure in either 

open boreholes or piezometers. A review of all these tests 

shows. clearly that hydraulic fracturing can easily be induced 

in boreholes. The pressure required to cause-  hydraulic frac-

turing is highly variable, and depends on many parameters 

such as the in--situ stresses, rate at which the water pressure 

is increased, the deformation and strength characteristics of 

the soil, the shape of the borehole or piezometer and the 

method used to create the borehole or place for the piezometer 

in the ground. Unfortunately, the separate effects of each 
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of these factors can not be effectively evaluated from the 

results of in-situ tests. 

2.3 LABORATORY STUDIES OF HYDRAULIC FRACTURING 

The literature review of in-situ hydraulic fracturing 

investigations presented in the preceeding section, has clear-

ly indicated the importance of hydraulic fracturing in geotech-

nical engineering. The effect of various parameters involved 

in the mechanism of hydraulic fracturing indicates the necess-

ity of laboratory controlled investigations. In this section 

some of the case studies of hydraulic fracturing tests perform-

ed in the laboratory, are reviewed. 

Haimson(23)  performed hydraulic fracturing tests on 

rock samples of 12.7 cm cubical as well as 12.7 cm diameter and 

15.2 cm high cylindrical specimens. A vertical borehole was 

made in the centre of the specimen. The tests were conducted 

by pressurizing the fluid in the borehole while the external 

loads were kept constant. The test results indicated that 

hydraulic .fractures were tensile failure and no shear failures 

were observed. 

Bjerrum et al(9)  conducted laboratory tests in soil 

deposit by inserting 6 mm diameter piezometers in soil filled 

in a tank (Fig. 2.1) . The tank had porous stones at both 

sides which were connected to reservoirs. By varying the reser-

voir level from one side of the tank relative to the other 

and waiting until the inflow equalled the outflow, a measure 

of the overall permeability was obtained. When the monitoring 
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piezometer showed the ground water level to have returned to 

the ground surface, an excess head was applied to the second 

piezometer and maintained for a time interval during which read-
ings of inflow against time were taken. The applied head was 

increased in increments of 10 cm of water and maintained for a 

similar period of time while readings of flow rate were taken, 

until the measured flow rate showed a fundamental change. This 

was indicated by a sudden rapid rise in the rate of flow of 

water into the soil. It was concluded that hydraulic fractur-

ing may occur in the flow permeability tests at smaller press-

ure than overburden pressures. 

In the experimental set-up, the specimen is open to 

atmospheric pressure at the top and there is no arrangement for 

side pressures as well, the set-up. can not be classified as a 

true representative of actual site conditions. 

Bjerrum and Andersen(8)  simulated the field test in =a 

triaxial apparatus, where a piezometer 2.7 mm in diameter and 

40 mm long was pushed in from the bottom in soil specimen 

7.98 cm in diameter and 13 cm long. The specimen was enclosed 

in a rubber membrane and consolidated under a1  = 203  as shown 

in Fig. 2.2. The pressure in piezometer was increased to a 

certain critical value, remained constant for a short time and 

then started to decrease. In a short time rubber membrane 

bulged out and the pore pressure increased in the top of speci-

men, indicating that a crack had be..n formed. The pressure in 

piezometer was then decreased and the flow rate was recorded. 

The results indicated that the closure pressure was 

equal to cell pressure, and vertical crack formed extending 
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from the tip of the piezometer. 

Pushing of 2.7 mm diameter piezometer up to the centre 

of the specimen, is a difficult task unless otherwise the speci-

men belongs to soft clay category. In the case of soft clay, 

any insertion would increase the density around the piezometer 

tip resulting in increased value of the hydraulic fracturing 

pressures over the actual value. In case of hard clays, per-

haps a drill hole would be required to insert the piezometer 

and the water may come out along the periphery of the piezo-

meter rather than finding its way into the specimen for causing 

hydraulic fracturing. Moreover drilling of hole in a small soil 

specimen will result in stress redistribution around the hole. 

Nobari et al(50)  carried out, triaxial tests on sandy 

clay samples of 3.6 cm diameter and 8.9 cm height to investi-

gate hydraulic fracturing. A hole of 0.65 cm diameter was 

drilled along the axis and filled with sand, to which internal 

pressure was applied to cause hydraulic fracturing. A thin 

sand layer enclosed in a membrane surrounding the soil was used 

to apply an external water pressure independent of internal 

pressure. Cell pressure and deviator stress was also controll-

ed independent of these water pressures (Fig. 2.3) . Hydraulic 

fracturing was caused by the following combination of applied 

fluid pressure. 

(1) 	Reducing axial stress, but in the first set internal 

water pressure was kept greater than external, whereas 

in the second set external water pressure was more 

than internal pressure. In both sets hydraulic frac-

turing was observed to occur gradually along a hori-

zontal plane. In third set both external and internal 
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pressures were kept constant and a sudden failure along 

horizontal plane was observed. 

(2) 	Increasing internal water pressure but keeping external 

pressure, chamber pressure and deviator stress as.cons-

tant. The axial stress was greater than chamber press-

ure, and the failure was along vertical plane. 

It was concluded that the mechanism of hydraulic fractur- 

ing is 	tension fracture developing on the plane of maximum 

tensile stress. Shear failure or plastic flow was not observed. 

This is in agreement with the findings of Haimson(23). 

Nobrri' s work gives a good indication of the mechanism of 

fracture initiation as well as its orientation in the soil mass. 

However, it is worth mentioning that test length of the soil 

sample subjected to pressure, is a small fraction of the sample 

length, thus nonuniformity of stress distribution exists in the 

soil specimen, specially at the junction of length surrounded by 

sand and the portion covered by solid lucite material. Further, 

drilling of 0.65 cm hole in a sample of 3.6 cm diameter may 

itself create very weak region and stress redistribution and 

uneven borehole surface which may affect the hydraulic fractur-

ing pressure. The test arrangement indicates that in case if 

external pressure through sand pocket is higher than the chamber 

pressure, the bulging of rubber membrane may take place thus 

reducing the effective external pressure. Moreover, there will 

not be any significant effect of chamber pressure. , In case the 

chamber pressure is greater than the external pressure as in 

that case, the external pressure. on the specimen would be con-

trolled by chamber pressure and there is no significant use of 
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external pressure. Thus a need is indicated for further impro-

vement on the testing procedure and experimental set-up. 

Jaworski, Duncan and Seed 31~ studied borehole fracture 

tests in the laboratory.• In this study cubical soil samples 

were placed in a 20.3 cm cubical stress apparatus where three 

independent stresses were applied to the faces as shown in 

Fig. 2.4. A 0.48 cm diameter uncased borehole, 6.1 cm long was 

drilled in the centre of the sample and was sealed at the top 

with an epoxy plug. Water pressure was then applied to the 

walls of the borehole through a steel tube cemented with epoxy. 

The material used in the experimental study was obtained from 

the remainder of core of Teton dam after its failure. This 

material consisted primarily of ML a.eolian silt with small parti-

cles of caliche. The samples were trimmed or compacted to form 

19 cm cubes and placed in the 20.3 cm cubical apparatus, and the 

remaini_lg gap around the sample was filled with compacted soil 

of the same origin. The applied a1 was equal to 2a3 and the 

intermediate stress a2, was equal to a3. 	Remoulded samples 

were compacted at 2/ dry of optimum, and at 3/ wet of optimum, 

to about the same dry density as the undisturbed block samples. 

The test results indicated that hydraulic fracturing pre-

ssure was highly variable, because of differences in composi-

tion, the densities, the water content, or any combination of 

these for undisturbed samples. However, for all the tests, 

hydraulic fracturing pressures uf, were higher than the total 

horizontal confining stresses aH. Following were the conclu-

sions for these test results. 
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(1) Variation in soil composition had more pronounced 

effect on hydraulic fracturing pressure than the varia-

tion in density or water content. 

(2) For the same composition and density, measured values 

of uf  were usually higher for samples having lower 

water content. 

(3) The measured value of tensile strength of soil, at, 

using Brazilian tests as compared to the difference of 

of  and aH  indicated that uf  - aH  were considerably 

greater than at. Thus the difference between of  and 

aH  can not be explained by at.. 

(4) uf  was higher for long duration tests. The effect 

was explained to be due to difference in the extent of 

the zone of seepage which developed over a longer period 

of time. 

(5) The measured value of u f  increased as aH  increased. 

(6) Higher the compactive effort (and higher dry density) , 

higher is uf, though the scatter is large. Inconsistent 
effect of u f  was observed for small variation in den-

sities with same compactive efforts. 

It is apprehended that, hydraulic fracturing pressure 

recorded by Jaworski et al(31), might not be true representa-

tive because .of the following reasons. 

(i) Compacting soil in the gap of soil sample and cubical 

apparatus with steel bar may not result in uniform com-

paction. At corners it is practically impossible to 
attain uniform compaction. 

(ii) Drilling of the hole in soil specimen would create 

unevenness at borehole surface as well as stress redis-
tribution in soil mass. 

(iii) Hydraulic fracturing pressure is applied only in 5.1 cm 

test length of specimen against its total length of 
19 cm. 

■ 
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(iv) water used for hydraulic fracturing tests is not free 

of air bubbles as the apparatus consists of air-water 

interface chamber. The air bubbles may penetrate in 

soil pores and may create negative pressure conditions 

thus increasing the effective stress of soil which 

would naturally require higher of  value. 

(v) There is no mention about the degree of saturation of 

the specimens tested. The value of strength parameters 

indicate that the specimens are not tested under full 

saturation condition. Thus the exis'tunce of negative 

capillary pressure may have contributed to increase the 

effective stresses which obviously affect the fractur- 

ing pressure. 

Decker and Clemence(12)  have also reported laboratory 

tests to study hydraulic fracture 	initiation in soils. The 

experimental set-up is shown in Fig. 2.5. The needle was 

placed in the soil sample (classified as CL and compacted 

at standard Proctor's compaction) such that the holes were 

located on the central axis of the cylindrical sample. Sample 

was fractured by injecting excess water pressure through the 

needle after consolidation as well as back pressure saturation 

of the specimen in triaxial cell. The fluid pressure for frac-

turing was increased at uniform rate which was monitored by pore 

pressure transducer. Abrupt increase of flow of water through the 

flow meter resulted in sudden drop of pressure in the trans-

ducer indicating the occurrence of fracture in sample• The 

, , following were their findings -- 

(i) 	A linear relationship was found to exist between the 

pore pressure required to fracture the sample and the 

confining pressure. 
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(ii) The pore pressure to cause fracture at zero confining 

pressure is a measure of the tensile strength of soil. 

(iii) The measured tensile strength was found to be in close 

agreement with the value that may be predicted from a 

Mohr-Coulomb analysis. 

It is felt that insertion of needle horizontally into 

the specimen, may create a weak zone by itself, thus increasing 

the potential of hydraulic fracturing even at low pressures. 

Further, silicon grease used for sealing between needle and soil 

specimen might not withstand the high pressures applied through 

the needle. 	lso the air-water interface in fluid reservoir, 

may cause negative pressures in soil sample due to injection of 

air bubbles as was apprehended in the experimental set-up of 

Jaworski at 
 

The review presented in the preceeding paragraphs, high-

lights the various approaches of different experimental set-up 

used for evaluation of hydraulic fracturing in the laboratory. 

with a view to minimize the un certainities about some of the 

parameters involved in the mechanism of hydraulic fracturing, 

an experimental technique has been developed independently. 

The details of experimental set-up and the results of parameters 

investigated, are presented elsewhere in this thesis. 

2.4 THEORETICAL BACKGROUND OF HYDRAULIC FRACTURING 

The review of the research work done by various research-

ers has shown that the water pressure required to cause hydrau-

lie fracturing is highly variable and depends upon many complex 

parameters. If the mechanism of hydraulic fracturing can be 
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related successfully to stresses in soils around the fracture 

regions, it may be a useful method for prediction of crack 

occurrence• With this end in view, the conditions and criteria 

for the occurrence of hydraulic fracturing proposed by various 

authors are presented in the subsequent paragraphs. 

Gibson and Anderson(21) analysed the case of radial 

stresses under plane strain condition for an ideal elastoplas-

tic material using modulus of elasticity E, Poisson' s ratio v , 

and ultimate undrained strength Cu. For initiation of plasti-

city the hydraulic fracturing pressure required would be given 

by, 

upf = Ko az ;- ui -~- Cu 

whereas,indeffinite expansion of the cylindrical cavity would 

occur at a pressure given by ; 

uex = Ko c' + u + Cu (1 + fn 2 E1+ ) 	•• (2.2) 

where, 

cst = initial vertical effective stress z 
K0 = ratio of initial horizontal effective stress to 

the initial vertical effective stress 

u = initial pore pressure 

Ladanyi(39) has shown that the pressure required to 

expand a spherical cavity at depth is comparable to the ulti-

mate bearing capacity of a pile point and can be given as 

u = K a' + N C eX 	o z 	c u .. (2.3) 

where, Nc is the bearing capacity factor, Nc may be of the 

order of 9.0 for a spherical cavity and of the order of 7.0 
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for a cylindrical cavity. 

To minimize the time required for grouting operation in 

a borehole by increasing grout pressure but without causing 

hydraulic fracture, Morgenstern and Vaughan(49)  , presented a 

theoretical analysis for isotropic media. They used the Mohr-

Coulomb failure criteria with the assumptions, that (i) the 

presence of borehole does not disturb the stresses in the 

formation, (ii) the change in total stress around the borehole 

resulting from increasing the water pressure in the borehole 

was insignificant compared to the changes in the effective 

stress which results from an increase in pore pressure, (iii) the 

distance over which the crack propagates, is small and thus 

changes in stress in the formation due to cracks are neglected. 

Based on these assumptions, they gave the following equation 

for hydraulic fracturing pressure, uf. 

al + a3 0l 
-a3  

of - 	2 	- 2 s n0' + c cos'  

where, 

.(2.4) 

of  end a3  are the major and minor principal total stre-

sses, c' is the effective stress cohesion and 0' is the effec-

tive angle of internal friction. 

The sensitivity of equation 2.4 for changes in c' , A' and al/'3 

was studied by drawing of  vs a3, by varying one of these para-

meters and keeping others constant. The results showed that the 

occurrence of tensile failure increases with increasing streng-

th and increasing principal stress ratio. 

Haimson(23)  carried out theoretical analysis of forma-

tion of hydraulic fracturing around a borehole in rock assuming 
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that the rock behaves as a brittle, elastic, homogeneous, iso-

tropic, porous material and flow follows Darcy's law. He uti-

lized an analogy between thermoelasticity and porous elasti-

city to determine the stress changes resulting from the flow 

of fluid through the pores. He also assumed that tectonic 

stresses in the ground redistribute themselves around a cylin -L 

drical borehole according to the Kirsch(34) solution for a 

circular inclusion in an elastic stress field. According to 

him the application of Fluid pressure in a borehole possibly 

results in two additional stress changes. One is due to the 

fluid pressure at the borehole wall ub , and can be viewed as 

an internal pressure acting on an infinitely thick hollow 

cylinder. The other stress change occurs if the fluid is able 

to penetrate the rock and flow through the pores. 

With increase of pore fluid pressure, the tangential 

stresses 6 in the material around the borehole would decrease 

and eventually become tensile. At the time of hydraulic frac-

turing u f , is equal to the borehole fluid pressure (ub) and the 

effective tangential stress (ag) become tensile equal in magni-

tude to at. For the case of an equal P11-•round horizontal effec-

tive stress (6 = 6,'~ = 63) , the following equation for evalua-

tion of u f is given : 

f u 2-ao(1- vim) 	1 

	 •.(2.5) 

where ao is the porous elastic parameter, given by 

ao = 1 -- (Cr/Cb) 	 ..(2.6) 



where Cr  = material matrix compressibility 

Cb  = material bulk compressibility. 

For soil the value of ao  would usually be between 0.9 and 1.0. 

This theory indicates that the hydraulic fracturing 

pressure is dependent on the initial effective horizontal stre-

ss, tensile strength of material, the compressibility of 

material, Poison's ratio and initial pore pressure. The of  

value will always be greater, than the initial horizontal stre-

sses. 

Kennard(33)  was concerned with predicting a lower bound 

pressure below which a constant head permeability test could be 

performed safely, and gave the following expressions using 

Gibson' s(21)  approach. 

(i) Drained Condition : Full build-up of seepage pressure 

around borehole 

2K 	 rr 6u l+y or 1 	(whichever is least) 	•.(2.7) 
z 

where au is increase in fluid pressure in borehole 

above initial pore pressure. 

(ii) Undrained Condition : Non penetrating fluid 
Au 	K 
at  - Ko  + 20 or 1 	(whichever is least) 	..(2.8)  

z 

where A is the Skempton's(64)  pore pressure coefficient. 

Vaughan(69)  proposed a mechanism for hydraulic fractur-

ing in an embankment due to reservoir filling in terms of total 

and effective stresses on Mohr-Coulomb diagram (Fig. 2.6). 

From this figure it could be seen that cracking would occur 

when a - 0, U±'  - 03, and at  is ignored. If at  is to be 
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taken into account, the crack will be formed when the effective 

stress across a plane becomes tensile by an amount greater than 

ot. The reservoir filling would result in an increase in the 

stresses in the core due to the water load on the upstream face 

of the dam, and the changes in effective stress would result in 

some stress redistribution. If the pore pressure is sufficient 

enough to induce shear failure, major stress redistribution 

will take place. It has been shown in Fig. 2.6, that if pore 

pressure is increased further during steady seepage condition, 

the stress redistribution would result in an increase in a3  and 

a decrease in csl. Thus fracture could be expected to occur 

when o3 becomes less than the tensile strength of the soil. 

It was mentioned that a lower bound fracture pressure: 

would be obtained if the soil was assumed to behave elasti-

cally, and hydraulic fracturing is assumed to occur, when the 

effective: stress becomes tensile by an amount greater than the 

tensile strength of the soil. If plasticity is allowed for, 

an upper bound solution may be obtained by analyzing the pre-

ssure required to expand a cavity. The pressure required for 

cavity expansion would be much greater than the fracture pro-

ssure predicted by elastic theory. This suggests that plastic 

deformation may inhibit hydraulic fracturing. Sherard' s(60, 61) 

views are similar to those of Vaughan(69). 

Bjerrum et al(9)  developed a theory for avoiding hydrau-

lic fracturing. in permeability tests. They assumed that the 

soil is isotropic, homogeneous, fully saturated, elastic and 

semi-infinite in mass. The piezometer through which excess 

hydraulic pressure was injected, cylindrical in shape, having 

diameter much less than its length and of high permeability as 
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compared to soil, was assumed to be rigid. Plastic strains 

developed in soil around piezometer during its driving into the 

soil, were accounted for. The theory takes into account the 

initial state of stresses,water pressure in the ground, changes 

in these stresses due to piezometer installation and any other 

disturbance, magnitude of pressure head and its variation with 

time as well as deformation characteristics. They have mention- 

ed that as hydraulic excess head is gradually applied, the soil 

skeleton will experience an outward d rs g force in radial direc-

tion leading to radial movement. At a certain value of excess 

head, the effective radial stress (or,) in soil next to piezo-

meter will have reduced to zero. Any further increase of head 

will cause movement of the soil skeleton away from the tip and 

create o water filled cavity around the tip. The critical head 

at which such 'blow off' occurs is equal to 6r next to piezomo-

ter. 

It was concluded tl'iat for conditions analyzed, the 

ratio of ©u (where AU is the excess pore pressure to cause 

hydraulic fracturing and a' , the effective vertical stress) 

varied between 0.5 and 1.0 and the values of excess head at 

which it is safe to carry out the field permeability tests are 

therefore very low. It is also mentioned that in situations 

where arching takes place and a' may be less than the nominal 

overburden pressure, fracturing occurs merely by filling the 

borehole casing with water during drillings. The cases of 

sudden loss of borehole fluid may be due to this cause. 

The theory developed by Massarsch(46)  for hydraulic 

fracturing in borehole is based on the assumptions, that 
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(i) the length of the cylindrical cavity is infinite, (ii) the 

soil behaves as an ideal elasto-plastic, isotropic material, 

(iii) expansion of cavity is unaffected by the magnitude of the 

critical water pressure in the clay, (iv) the soil is saturated 

and undrained, (v) the effect of arching around the borehole 

or pre-existing fissures or cracks in the soil is neglected. 

The pressure required to cause cavity expansion is 

given by the following equation, 

1.36 L 
uex - Cu fn  ..(2.9) 

where E and v are elastic parameters and Cu  is the undrained 

shear strength. 

Changes in total stress within plastic zone are found 

to be a function of the radial distance from the borehole, and 

the changes in pore pressure Au, within the soil mass due to 

the applied pressure in the borehole can be determined using 

Skempton' s(64)  pore pressure parameter, A. The resultant 

effective tangential stress ( cue) would be given as 

A CA - -0.428 - 1.7 33A 	 ••(2.10) 
Cu 

For a fracture to occur as a result of cavity, expansion, 

the changes in tangential stress must equal or exceed the 

horizontal effective stress (a'), neglecting at  of the soil, 

i.e. a + AGg < 0, the condition required for hydraulic frac-

turing to occur in a plastic zone around the borehole is expre- 

ssed as, 

of =c  (1-.73A + 0.43) 	
..(2.11) 

H u 
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For the values of ar greater than that given by equation (2.11), 

hydraulic fracturing is possible and the fracturing pressure 

is given that by equation (2.9) , for smaller values, hydraulic 

fracturing is not possible. 

Jaworski, Duncan and Seed(30) also used Kirsch(34) 

solution for investigating hydraulic fracturing theoretically 

around a circular hole in soil mass. They assumed that the 

soil mass is impermeable, linearly elastic and, stress deforma-

tion is taking place under plane strain condition. Using super-

position, the tangential stress distribution was found by add-

ing the changes in stress resulting from an increase in bore-- 

hole water pressure ub, 	 (68) water 	 ~ 	(Timoshenko and Goodier 	) and the 

initial stress distribution bccausu of all-round pressure 

(Kirsch(34) ) . 

For hydraulic fracturing to occur around a borehole, 

the maximum tangential effective stress must be tensile by an 

amount equal to 6t, and ub will be equal to uf• Thus, 

of = aH + 
at 
	 ..(2.12) 

This equation indicates that hydraulic fracturing is affected 

by state of existing stress and tensile strength of material. 

To study the importance of actual stress-strain behavi-

our of soils, Jaworski et al(30) performed an axisymmetric 

finite element analysis considering non-linear, stress-strain 

behaviour of the soil. Material properties were those reported 

by Independent Panel(75) for the Teton dam core material. The 

results indicated that hydraulic fracturing pressure is always 

greater than aH and the difference increases with increase of 
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aH 0 The range of hydraulic fracturing pressure calculated using. 

different values of y,E,c and 8 was quite small. The effect of 

varying each of them showed that none of these has a significant 

effect on the value of u f. 

It was also indicated that the non-linear behaviour of 

soil has only a small effect on uf  . The elastic analysis indi-

cated that of  value was independent of soil properties, with 

the exception of at• The finite element analysis leads to the 

same conclusions, indicating that the value of U1  was quite 

insensitive to the properties of the soil. 

Using core material properties of Teton dam, a compara- 

tive study of the theories presented by Morgenstern and Vaughan(49)  , 

Haimson(23)  , Vaughan(69)  , Massarsch(46) and Jaworski at al(30)  

for evaluation of hydraulic fracturing is reproduced in Fig. 2.7 

(Jaworski at al(30))• It is seen that an upper bound solution 

is obtained using Massarsch's(46)  criterion, while Morgenstern 

and Vaughan's (49)  criterion predict that u f  occurs at a bore- 

hole water pressure even lower than horizontal stress, 

Morgenstern's theory was later amended by Vaughan(69)  stating 

that the of  values must at least be equal to 

In this comparison, the effect of at  and the initial 

pore pressures were neglected, while each of the criterion 

indicates that hydraulic fracturing will take place when the 

effective stress in the soil becomes tensile. The higher value 

of Massarsch' s criteria is due to the assumption that pressure 

required to expand a cavity plastically is the highest pressure 

which a borehole can support, while the lower bound solution 
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assumes linear behaviour and stress distributions are not 

accounted for. 

It is seen that different approaches have been used 

for stress analysis and evaluation of uf  by different research-

ers. The difference involved in the exact evaluation of some 

of the parameters, such as compressibility of soil, elastic 

parameters (E and v) , Skempton's pore pressure coefficient, 

etc. and their approximate prediction may involve considerable 

errors. In order to minimize the uncertainities and corrobora-

te experimental results, a theoretical analysis has been carried 

out for prediction of u f  under steady state as well as tran-

sient pore pressure conditions. The details of pore pressure 

determination, stress analysis and evaluation of uf  for experi-

mental model specimen are presented in Chapters 6 and 7. 
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CHAPTER - 3 

EXPERIMENTAL INVESTIGATION USING SOLID 
CYLINDRICAL. SP.ECIMFNS 

3.1 GENERAL 

So far, limited experimental work has been done to eve-

luate the mechanism of hydraulic fracturing in soil mass. It is 

felt that more detailed investigations are needed to have a 

clear insight into the mechanism of hydraulic fracturing. 

At the initial stage of experimental studies, solid 

cylindrical soil specimens having 3.81 cm diameter and 8.2 cm 

height were tested in triaxial apparatus to investigate the 

induced hydraulic fracturing pressure at various confining pre-

ssures under controlled laboratory test conditions. This test 

set-up is shown in Fig. 3.1, but the experimental technique and 

test sct-up were subsequently changed and an improved set-up 

has been used for further investigations. 

3.2 EXPERIM.a1TAL SET-UP 

Fig. 3.1 shows a diagrammatic layout of experimental set-

up, composed of various units. The lateral pressure assembly 

is used for the application of chamber pressure in triaxial cell 

through a water-air interface. The air pressure supplied from 

compressor will push water into the triaxial cell. The gauge 

mounted on top of the assembly will indicate the confining pre-

ssure. The triaxial cell consists of a perspex chamber to 
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accommodate the soil specimen and confining fluids. The soil 

specimen is enclosed in a rubber membrane and placed in the 

triaxial cell. Hydraulic pressure is applied through the needle 

inserted axially through the specimen by means of the Bishop' s 

pore pressure apparatus. 

3.3 EXPERIMENTAL SOIL AND SPECIMEN PREPARATION 

The soil used for testing is classified as CL according 

to unified soil classification system. This soil is called soil 

'A' throughout the present discussion and subsequent chapters. 

The index properties of the soil are given in Table 3.1 

TABLE 3.1 CHARACTERISTICS OF SOIL 'A' 

Liquid limit 

Plastic limit 	= 

Plasticity index 	= 
Optimum .moisture content(Proctor's) _ 

Dry density at OMC 	= 

Angle of internal friction 	= 
(drained test) 

Cohesion 	 = 
Permeability (Saturated condition = 
and compacted at OMC) 

Porosity (compacted at OMC) 	_ 

Void ratio (compacted at OMC) 	_ 

Specific gravity  

Sand 	 = 

Silt 	 = 

Clay 	 = 

For preparing specimen, 2.0 Kg soil was oven dried for 

a minimum of 24 hours, and then cooled in desicator to avoid 

the absorption of air moisture. The soil was broken with a 



wooden mallet and screened through No. 40 sieve. The calculat-

ed amount of water was added to bring it up to OMC. After pro-

per mixing of soil it was collected in plastic bags and kept 

for seasoning in a humid chamber for 24 hours. The correct 

moisture content of the soil was ascertained before compaction 

at standard Proctor compactive effort. Cylinders of 8.2 cm 

height and 3.81 cm diameter were prepared by driving sampling 

tubes into the Proctor mould and extracted 'by the sample extrac-

tor. Thereafter, soil cylinders were cut to size very care-

fully. 

3.4 EXPERI U TAL TECHNIQUE AND TESTING PROCEDURE 

Two bronze collars, 3.5 cm in length and 3.81 cm in 

diameter were fabricated(24). One of these collars had an in-

jection needle of 1.0 mm diameter. at the centre. The needle has 

circular holes at the periphery and the length is equal to half 

that of the soil specimen. 

i thin layer of adhesive was applied on the upper 

collar and the soil specimen surface in order to have a water-

tight interface between the collar and the soil specimen. The 

specimen was enclosed in a rubber membrane and subjected to 

saturation through the bottom. The soil specimen achieved near 

full saturation in a minimum time of 10 days under a head of 

water of 30 ems from the base of the specimen. Saturation was 

ensured by observing flow of water through the needle inserted 

axially in the specimen. 
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Experiments were conducted by placing the specimen in 

a triaxial apparatus (Fig• 3.1). Tests were conducted at vari- 

ous cell pressures. Hydraulic fracturing was induced by increas-

ing water pressure linearly through the inserted needle. The 

failure was detected by sudden drop of mercury level in the 

manometer as well as pressure gauge depending on the range of 

pressure. The reduction in pressure indicates the initiation of 

cracks in the soil mass. The failure pressure was recorded as 

the hydraulic fracturing pressure under corresponding confining 

pressure• In order to get consistent values, three to five 

specimens were tested for each range of confining pressure. The 

applied confining pressure range is from zero to 2.2 Kg/cm2. 

Partially saturated specimens of the same size and 

prepared under similar conditions as above, have also been test-

ed. These tests were conducted immediately after compaction at 

OMC, allowing a nominal time for the adhesive to set, while 

necessary precautions were taken to prevent the specimen from 

drying. 

The results of both series of tests i.e. saturated and 

partially saturated specimens are presented in Table 3.2. 

3.5 EVALUATION OF TS1SILE STRENGTH OF SOIL 

Cracking in an earth structure develops in regions of 

tensile strain resulting from the application of various loads 

on the structure as well as geometery of the construction site 

and types and properties of embankment materials. Tensile 

strength of the soil plays an important role in order to 
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TABLE 3.2 RESULTS OF SOLID CYLINDRICAL SPECIMENS 

	

S1. Confining Hydraulic frac- 	Si. Confining Hydraulic Irac-j 

	

o• pressure turing pressure 	No• pressure turing pressure; 

(Kg/cm2) 	(Yg/ cm2) 	 (Kg/cm2) 	(Kg/cm2)  

SATURATED SPECIMENS 
1 0.00 0.132 15 0.80 0.817 

2 0.140 16 1.004 

3 0.098 17 0.985 

4 0.151. 18 1.023 

5 0.129 19 0.994 

6 0.143 20 1.012 

7 0.40 0.639 21 0.982 

8 0.647 22 0.967 

9 0.529 23 1.023 

10 0.486 24 1.60 1.933 

11 0.60 0.800 25 1.933 

12 0.874 26 2.20 2.531 

13 0.874 27 2.611 

14 0.774 28 2.496 

PARTIALLY SATURATED 

1 0.00 0.800 12 0.80 1.825 

2 0.963 13 1.820 

3 0.942 14 1.44 2.450 

4 0.858 15 2.750 

5 0.23 1.300 16 2.650 

6 1.214 17 2.400 

7 0.956 18 2.250 

8 0.953 19 2.450 

9 0.66 1.675 20 2.350 

110 1.750 21 1.98 3.100 

X11 1.450 22 3.400 
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decrease the potential of cracking, specially.in the mechanism 

of hydraulic fractures. In this study Brazilian testing tech-

nique(1) has been adopted to determine the tensile strength of 

the soil under investigation. 

When cylindrical specimen is compressed diametrically, 

uniform tensile stress would develop normal to the loaded dia-

meter causing the cylinder to fracture along the diametral plane. 

It has been mathematically shown by Timoshenko and Goodier 
(68) 

that a compressive load applied perpendicularly along the axis 

of the cylinder, will r:sult in tensile stress, acting normal 

to the loaded diameter in a diametral plane. The magnitude of 

tensile strength Qt, could be obtained as, 

_ 2P 
6t - ~n D L 

where P is the applied load,D is the diameter and L is the length 
of the soil cylinder. The same has. also been observed by 

Frocht(18) in the photo-elastic studies on a circular disc. 

Soil samples compacted at OMC according to standard 

Proctor's compaction have been tested both under partially 
saturated as well as under fully saturated conditions for eva-, 

luation of tensile strength. The test set-up and failure mode 

of specimens are shown in Photos 3.1 and 3.2, respectively. 

The details of the results are presented in Table 3.3. From 

this table it will be seen that under saturated condition, the 

tensile strength of the soil varies from 0.100 to0.114 Kg/cm2 

with an average value of 0.105 Kg/cm2, whereas at OMC the same 

varies from 0.211 to 0.286 Kg/cm2 with an average value of 

0.249 Kg/ cm2. 



PHOTO: 3.1 - TENSILE STRENGTH TEST SET-UP 
(SPLIT CYLINDER TEST ) 

PHOTO: 3.2 - FAILED SPECIMENS OF SPLIT 

CYLINDER TESTS 
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TABLE 3.3 TENSILE STRENGTH OF SOIL 'A' 

Si. 	Tensile Strength K cm2  
N o. 	Partially saturated Saturated Condition 

- - 	— --- (at OMC) 	j --- ~. 
1 0.238 0.100 
2 0.286 0.114 
3 0.211 0.101 
4 0.226 
5 0.286 - 

Average 0.249 0.105 

The average tensile strength at -1/ OMC for partially 

saturated specimens has been evaluated as 0.460 Kg/cm2. 

3.6 ANALYSIS AND DISCUSSIONS 

To evaluate the effect of confining pressures on frac-

ture initiation in soil under various confining pressures, the 

average experimental tests results are plotted in Fig. 3.2. 

Curve I shows the plot between observed hydraulic fracturing 

pressure (uf) and confining pressure (Po) for saturated speci-

mens and curve II. for partially saturated samples (at OMC). 

The plots show that of is a linear function of Po . The 
linear relationship between of and Po has been also reported by 

other researchers(12,31). At full saturation when confining 

pressure is equal to zero the only resisting strength can be the 

tensile strength of the soil. In case this is valid, the 

linear relationship may be written as 

uf =mo Po +yo 	 ..(3.2) 
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TABLE 3.3 TENSILE STRENGTH OF SOIL 'A' 

si. 	Tensile Strength (Kg/cm2) 	I 
NO. 

	

	Partially saturated Saturated Conditions 
(at OMC) 

1 	0.238 	0.100 

2 	0.286 	0.114 

3 	0.211 	0.101 

4 	0.226 	 - 

5 	0.286 	- 

Average 	0.249 
	

0.105 

The average tensile strength at -1/ OMC for partially 

saturated specimens has been evaluated as 0.460 Kg/cm2• 

3.6 ANALYSIS AND DISCUSSIONS 

To evaluate the effect of confining pressures on frac-

ture initiation in soil under various confining pressures, the 

average experimental tests results are plotted in Fig. 3.2. 

Curve I shows the plot between observed hydraulic fracturing 

pressure (uf) and confining pressure (Po) for saturated speci-

mens and curve II. for partially saturated samples (at OMC). 

The plots show that of  is a linear function of Po. The 

linear relationship between of  and P has been also reported by 

other researchers(12,31). At full saturation when confining 

pressure is equal to zero the only resisting strength can be the 

tensile strength of the soil. In case this is valid, the 

linear relationship may be written as 

uf =mo Po +yo 	 •.(3•Z" 
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where mo  is the slope of the line and yo  is the vertical inter-

cept of the line at zero confining pressure. The prediction of 

slope end vertical intercept are a complex phenomenon and may 

depend upon strength of the soil and the way of redistribution 

of effective stresses take place in the soil which change as 

a result of increase in pore pressure. 

Oxrve I indicates that when confining pressure is equal 

to zero, the value of hydraulic fracturing pressure is equal to 

0.130 Kg/cm2  which is in close agreement with the saturated 

tensile strength of the soil. It is seen from Curve II that 

when confining pressure is equal to zero, the value of hydraulic 

fracturing pressure is about 0.85 Kg/cm2, whereas average value 

of tensile strength of the partially saturated samples at ONC 

was of the order of 0.25 Kg/cm2• It is thus seen that the 

value of u f  at zero confining pressure is higher than the ten•,- 

sile strength of the soil. The higher value of u f  for partially 

saturated condition might be due to the following reasons, 

(i) In performing hydraulic fracturing tests, hydraulic pree-

ssure was applied at a point through the inserted needle 

inside the specimen. In such a case, the pressure dis-

tribution is not uniform throughout the length of the 

specimen. In contrast, tensile strength tests were 

conducted under uniform load distribution through the 

. horizontal strips over the full length of the specimen. 

(ii) As injection needle for application of hydraulic frac-

turing pressure is inserted up to the mid-height of the 

specimen, therefore s  penetration of water in lower half 
will be less as compared to the upper half. Thus the 

effect of time needed for water pressure to act on the 



full surface of the specimen may have caused an increas-

ed value of u f  • 

(iii) 	Since water pressure is applied as a point load through 

the needle, therefore, water may spread in spherical 

direction causing three dimensional effect instead of 

two dimensional effect as expected in a cylindrical soil 

specimen subjected to all-round uniform pressures. Thus 

three dimensional effect of water penetration could 

cause higher values of u f. 



CHAPTER - 4 

IMPROVED EXPERIIV1 TAL TECHNIQUE FOR INVESTIGATION 
OF HYDRAULIC FRACTURING USING HOLLOW CYLINDERS 

4.1 GENERAL 

The experimental set up and the results obtained from 

hydraulic fracturing tests performed on solid cylindrical speci-

mens have been discussed in Chapter 3. With a view to better 

representation of stress conditions in a borehole, an improved 

technique based on testing of hollow cylindrical soil specimens 

which is nearer to actual borehole conditions, has been develop•° 

ed. The experimental technique adopted and described is an 

improvement over the experimental techniques used by previous 

researchers reviewed in Chapter 2. 

The technique developed can be used with the help of a 

triaxial apparatus. The experimental technique is based on the 

measurement of induced hydraulic fracturing pressure inside a 

hollow cylindrical soil mass subjected to all--round, confining pre-

ssures, representing confined borehole conditions.. 

The main factors investigated in this study affecting 

hydraulic fracturing are; compactive moisture content, degree 

of saturation, confining pressures, type and rate of hydraulic 

pressure application, tensile strength of the soil, types of 

soil, pattern of cracks and anisotropy of pressure application. 
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4.2 EXPERIMENTAL TECHNIQUE 

4.2.1 Experimental Set-Up 

Fig. 4.1 shows a diagrammatic layout of the experimental 

set-up consisting of four units. Unit I consists of soil speci-

men enclosed in a rubber membrane and placed in the triaxial 

cell. In order to assess the measurement of the volume changes 

which may take place in the specimen during testing, a single 

burette volume change apparatus (Unit II) is used. The constant 

pressure self compensating mercury control system (Unit III) is 

used for application of confining pressures. This apparatus 

maintains constant confining pressures in the triaxial cell 

throughout the test period, regardless of the volume change 

occurring in the cell due to expansion of the cell chamber under 

high pressures, minor leakage, entry of loading plunger into 

the cell, distortion and consolidation of the soil specimen. 

Bishop's pore pressure apparatus(7)  consisting of hand operated 

screw type hydraulic pump, pressure gauge,manometer but without 

null indicator as shown in Unit IV, was used for application of 

hydraulic fracturing pressure. 

4.2.2 Soil Specimen Preparation 

The soil specimen as shown in Photo 4.1 was used for 

hydraulic fracture testing. It was prepared in Proctor's 

compaction mould. A steel rod 1.27 cm (0.5 in) in diameter was 

placed centrally in the compaction mould with the help of a 

0.4 cm thick plate having a hole of 1.28 cm in the centre to 

accommodate the steel rod. The outer diameter of the plate is 

czit LIC3MY 000 U 
ncOII]3DD 
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equal to the inner diameter of the compaction mould. Photo 4.2 

shows the steel rod and circular plate placed in position on the 

base plate of Proctor's mould. 

Since a rod is placed in between the Proctor's compaction 

mould,the conventional blows by Proctor's compaction hammer 

directly over the soil would not be able to compact the soil 

uniformly to the required density. Therefore, a rigid frame 

assembly as shown in Fig. 4.2 was fabricated. The rigid frame is 

20.3 cm high having three 1.2 cm thick plates at top, bottom and 

middle supported by four welded steel rods. The diameter of the 

three plates of this frame is just under size to 10.16 cm (4 in) 

i.e. internal diameter of Proctor's mould. The middle and bottom 

plates have 1.3 cm hole at the centre to accommodate the steel- 

The soil mixed with distilled water, was put in the 

annular space in three layers in between cylindrical walls of 

Proctor's mould and the steel rod. After placing the soil the 

rigid frame was placed over it and soil layer was compacted by 

giving blows of standard Proctor's hammer over the top plate of 

the frame. Photo 4.3.shows the set-up of compaction of specimen. 

The number of blows required were calibrated to obtain the den-

sity equivalent to that of standard Proctor's compaction. After 

compaction excess soil around the steel rod was trimmed off so 

as to flush the compacted soil with the top of the compaction 

mould. Base plate was opened and the soil specimen along with 

the steel rod was taken out from the mould with the help of 

sample extracting frame. Thereafter, central rod was slowly 

pulled out of the specimen by hand without disturbing the soil 
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specimen. Soil specimens were prepared at OMC, and + l/ 0MC 

for the soil 'At described in para 3.3. 

4.2.3 Testing Technique 

Two aluminium collars to be put on the top and bottom of 

the specimen 10.16 cm (4 in) in diameter and 3.81 cm (1.5 in) 

in thickness as shown in Fig. 4.3 were fabricated(25). To 

faciliate the placing of the collars centrally on the soil speci-

men, each collar had a 1.0 cm long protrusion of 1.2 cm dia-

meter so as to fit in the hollow of the cylinder. Holes were 

made through the upper collar probe for air vent and through 

bottom collar probe for saturation of specimen. The hole in 

bottom collar probe was also used for application of hydraulic 

fracturing pressure 'to the specimen. An injection needle was 

attached to the upper collar so as to be inserted in the middle 

thickness of the soil cylinder up to the mid height. The dia-

meter of the needle was 1.0 mm having circular holes at the 

periphery. Firstly the needle was used to detect whether the 

sample was saturated and later to determine the pore pressure• 

at the middle of the specimen as direct flow through the needle 

was possible. 

Filter paper was placed at inner surface of the soil 

cylinder in order to prevent direct exposure of the soil to 

water. A thin layer of an adhesive cement, was applied on the 

surface of collars and on the surfaces of soil specimen in order 

to have a water tight interface between the collars and the 

soil specimen. The soil specimen so prepared represents a 

borehole confined at both ends (Photo 4.4) . After setting of 
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quickfix, the specimen was then enclosed in a rubber membrane, 

and '0 rings together with two to four rubber bands each having 

two folds were stretched on the collars to make the sample 

completely water tight. 

Saturation of the specimen was achieved by exposing the 

soil specimen to water from inside the hollow soil cylinder 

under a nominal water head of 20 cm for a minimum of 15 days. 

On completion of saturation, the soil specimen was placed in the 

triaxial cell and subjected to external confining pressure, by 

means of a constant pressure self compensating mercury control 

system. The internal pressure was applied using hand pump simi-

lar. to that used in Bishop's pore pressure apparatus (Unit Iv), 

and increased linearly to induce hydraulic fracturing. 

Hydraulic fracturing in the soil sample was detected by 

sudden drop of pressure. read either by manometer or pressure 

gauge. The drop in pressure indicates the formation of cracks. 

after the completion of test, both external and internal pre-

ssures were slowly decreased to zero and specimen was carefully 

examined for the orientation of the cracks. (Photo 4.5) . 

Experiments were conducted at various confining pressures 

ranging from zero to 2.2 Kg/cm2. Three to five specimens were - 

tested at each range of confining pressure in order to have re-

presentative results. Distilled water was used as experimental 

fluid in all the tests performed. 

4.2.4 Testing Conditions 

Broadly speaking, the testing can be divided into two 

series viz. 



(A) Moisture condition and 

;B) Rate of application of internal pressure. 

Under series (A) the soil samples were tested for 

(a) saturated condition and (b) partially saturated condition. 

In addition, the effect of initial degree of saturation was 

also studied by compacting •the specimens at OMC, + l/ OMC and 

-1/ OMC. For testing under partially saturated condition, after 

preparing the specimen at the desired degree of initial satura-

tion and allowing nominal time for quickfix to set, the hollow 

of the cylinder was subjected to internal pressure causing frac-

ture at the desired rate of pressure application. For testing' 

under saturated condition, after setting of quickfix, the speci-

men was exposed to water for saturation. After saturation the 

sample was tested in the same way as for partially saturated 

case. 

Under series (B), the internal pressure applied into the 

hollow of the cylindrical soil specimen causing hydraulic frac-

turing was applied at three different rates viz• 

(i) Instantaneous 

(ii) Short term 

(iii) Long term 

Under instantaneous application of pressure the water 

pressure was increased through the hand pump in a very short 

period of half to one minute till fracture occurred. Under 

short term tests, the water pressure causing fracture was 

increased linearly in a period of about 12 minutes. In long 

term tests, the internal pressure was increased in incremental 

steps over a total period varying from 3 hours to 24 hours 
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depending upon the range of external confining pressures. Strain 

controlled tests for longer duration could not be performed 

because of lack of availability of such apparatus. 

4.3 EXPERIP9ENTAL OBSERVATIONS 

Hollow cylindrical soil samples compacted at OMC, +1/ 0MG 

and -1/ 0MC as'described in-para 4.2.2, were tested under satura-

ted condition for all the rates of pressure application. The 

test results of specimens tested under different testing condi-

tion and under various confining pressures are presented in 

Table 4.1. 

In all 50 specimens were tested under saturated condi-

tion. The testing for one rate of pressure application under 

saturated condition alone took about 5 months. Total time 

spent in these tests under saturated condition was about 23 

months. 

The test results of partially saturated specimens tested 

at'OMC and - l/ 0MC under various confining pressures are given 

in Table 4.2. Partially saturated specimens were tested under 

short term test conditions only. 

4.4 IMPROVEMII~1 T UPON EXPERIMENTAL TECHNIQUE 

Fine grained soils have lower undrained shear strength 

when tested under saturated condition compared to that under 

partial saturation• In the experimental set-up defined in para 

4.2.1, the conventional method of saturation i.e. saturating 



TABLE 4.1 TEST RESULTS OF HOLLOW CYLINDRICAL 

SATURATED SPECIMENS 

S1. Confining Hydraulic 	Si. Confining Hydraulic 
No. Pressure Fracturing 	No. Pressure 	Fracturing 

Pressure 	 Pressure 

• P0 (Kg/cm2) uf(Kg/cm2) 	P0(Kg/cm2) uf(Kg/cm2)  I 

IN S TAN TAN EOUS 
(Initial Compaction at OMC) 

1 0.00 0.248 6 1.60 1.925 

2 0.00 0.253 7 1.98 2.260 

3 0.40 0.607 8 2.20 2.500 

4 0.40 0.658 9 2.20 2.400 

5 0.80 1.100 10 2.20 2.510 

SHORT TERM 
(Initial Compaction at OMC) 

1 0.00 0.268 5 1.20 1.395 

2 0.00 0.277 6 1.60 1.863 

3 0.40 0.564 7 2.20 2.350 

4 0.70 0.850 
(Initial Compaction at +1/ OMC) 

1 0.00 0.071 6 1.00 1.750 

2 0.00 0.041 7 2.20 2.140 

3 0.40 0.547 8 2.20 2.090 

4 0.40 0.495 9 2.20 2.075 

5 1.60 1.700 
(Initial Compaction at -1/. OMC) 

1 0.00 0.166 6 1.60 1.910 

2 0.40 0.547 7 2.20 2.390 

3 0.80 1.064 8 2.2t' 2.375 

4 1.60 1.960 9 2.20 2.490 

5 1.60 1.864 10 2.20 2.475 

LONG TERM 
(Initial Compaction at OMC) 

1 0.00 0.090 7 0.80 0.892 

2 0.00 0.087 8 1.20 1.305 

3 0.29 0.392 9 1.60 1.615 

4 0.40 0.564 10 1.60 1.617 

5 0.60 0.651 11 2.20 2.320 

6 0.80 0.879 12 2.2 2.390 
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TABLE 4.2 TEST RESULTS OF HOLLOW CYLINDRICAL 

PARTIALLY SATURATED SPECIMENS 

Si. Confining Hydraulic 	Si. Confining Hydraulic 
No. Pressure Fracturing 	No. Pressure Fracturing 

Pressure 

P0(Kg/cm2) uf(Kg/cm2)  P0(Kg/cm2) uf(Kg/cm2) 

SHORT TERM 

(Initial Compaction at OMC) 
0.00 0.276 6 1.43 1.730 
0.29 0.688 7 1.53 1.790 
0.29 0.620 8 1.53 1.900 
0.29 0.715 9 2.14 2.540 
0.80 1.028 10 2.92 3.190 

(Initial Compaction at +1/ OMC) 

0.00 0.442 5 0.84 1.180 
0.29 0.592 6 1.74 1.920 
0.29 0.579 7 1.74 1.900 
0.84 1.205 

(Initial Compaction at -1/ OMC) 

0.00 0.415 6 2.38 2.540 
0.00 0.484 7 2.38 2.755 
0.29 0.688 •8 2.38 2.970 
0.84 1.096 9 2.97 3.295 
1.74 2.485 

1 
2 
3 
4 
5 

1 
2 
3 
4 

2 
3 
4 
5 



62 

hollow cylindrical specimen under a head of 20 cm of water was 

used. .:a doubt arises as to whether the specimen is actually 

fully saturated under such low heads. In case specimen is not 

fully saturated, negative capillary pressure may develop contri-

buting to additional resistance. Consequently it was thought 

that the specimen be saturated by back pressure saturation tech-

nique, after making necessary changes in the experimental set-

up. In the previous experimental set-up, Bishop's pore pressure 

.Lpparatus without null indica-brwas used for application of. hydraulic 

fracturing pressure, and thus, pore pressure could not be measur-

ed. Generally triaxial experimental results should be supported 

by pore pressure measurement. Consequently one more complete 

Bishop's pore pressure measuring apparatus (including null in-

dicator) , was added to the existing experimental set-up to 

measure pore p ressures(28). This is called Unit V and the 

improved experimental set-up is shown in Fig. 4.4. A pictorial 

view is presented in Photograph 4.6. Unit IV was used for 

application of back pressure for saturation of sample and 

later on for applying hydraulic fracture pressure. 

Under actual conditions of loading, anisotropic loading 

condition prevails as compared to isotropic loading condition. 

In the earlier testing, hydraulic fracturing tests were conducted 

under erual all-round confining pressures. Under improved 

testing programme, anisotropy of loading in vertical and lateral 

directions was also taken into account. 
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4.4.1 Testing Procedure After Saturation by Back 

Pressure Technique 

The prepared hollow cylindrical soil specimen (para 4.2.3) 

was placed in the triaxial pressure cell. The hollow of the 

cylindr was 	connected to unit IV for applying back pressure 

for saturation. Then simultaneous equal pressures were applied 

externally around the specimen through unit III and internally 

through unit IV in incremental steps. Saturation under each 

incremental pressure was allowed for 24 hours. 

Hydraulic fracturing tests were planned to be performed 

at confining pressures ranging from zero to 6.90 Kg/cm2. Sped-

means were saturated at increments of 0.20 Kg/cm2  'up to confin--

ing pressure of 1.40 Kg/cm2, while from confining pressure of 

1.40 Kg/cm2  to 6.9 Kg/cm2  the increment of back pressure was 

about 0.5 Kg/cm2. The degree of saturation was determined for 

these pressures using theoretical expression given by Lowe and 

Johnson(45)• After achievement of desired degree of saturation 

at which hydraulic fracturing test was supposed to be performed, 

the confining pressure was kept constant and internal pressure 

was linearly increased in a short duration (instantaneous tests) 
to cause failure of the soil specimen. The duration of hydraulic 

fracturing tests varied from 1.0 to 3.0 minutes depending upon 

the range of confining pressure. Test results are presented 

in Table 4.3 
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TABLE 4.3 TEST RESULTS OF BACK PRESSURE 

SATURATED SPEC D1IEN 

Si. 
	-- ----- Po 	---- 	

U4,  -~ 
No. 

(Kg/cm2) 	(Kg/cm2) 

1 0.410 0.751 
2 0.410 0.860 
3 1.000 1.284 
4 2.425 2.675 
5 2.425 2.775 
6 3.025 3.220 
7 3.025 3.270 
8 3.575 3.800 
9 3.575 3.840 

10 6.900 7.025 

During experimental observations data were also recorded 

for pore pressures as well as water intake by the soil specimen. 

4.5 AN ISOTROPIC PRESSURE APPLICATION 

In this series of tests, back pressure saturated sped-

mans were subjected to axial pressures, 25/ and 50/ greater than 

the confining pressures. Axial pressure was applied under un-

drained conditions at a constant strain rate of 0.005 cm/minute 

(0.02 in/minute). On completion of specific axial pressure, 

specimen was subjected to hydraulic fracturing tests by applying 

excess hydraulic pressure through the hollow of the cylinder by 

unit IV (para 4.4.1) . It was found that in higher, range of con-

fining pressures, the soil under investigation could not resist 



67 

axial load of 1.5 P0. The specimen failed by bulging in the 

process of application of deviator stress, indicating that the 

saturated specimen could not bear vertical loads of 1.5 Po. A 

few tests were conducted at lower range of confining pressures. 

The results of .these tests are presented in Table 4.4• 

TABLE 4.4 TEST RESULTS OF AN ISOTROPIC 

PRESSURE APPLICATION 

S1. 
No• Pv/Po  Po 

(Kg/cm2) 

u  
f  

(Kg/cm2) 

1 1.25 0.410 0.574 
2 1.000 1.186 
3 1.400 1.675 
4 1.400 1.530 
5 2.425 2.515 
6 2.425 2.590 
7 3.025 3.220  
8 4.975 5.125 

9 1.50 0.410 0.578 

10 1.000 1.176 

11 1.400 1.580 

4.6 TYPES OF SOIL 

In order to investigate the effect of type of soil on 

hydraulic fracturing pressure, attempt has been made to study 

various types of soil under similar testing conditions. The 

following types of soil were tested. 



The description of soil 'A' is already given in Chapter 

3. This soil is classified. as CL soil according to unified 

soil classification. The detail of strength parameters and its 

index properties are presented in Table 3.1. 

TYPE 'M' SOIL 

This soil is a mixture of 50/ of type 'A' soil and 50/ 

of a highly plastic clayay soil obtained from a nearby village 

at Dhanauri which has vary fine grains (LL = 75, PL = 33, 

PI = 42) . The index properties of soil 'M' were obtained as 

follows 

LL = 41 
	

Clay = 29 

PL = 22 / 
	Silt = 39 

PI=19/ 	Sand= 40/ 

Yd(0MC) = 1.689 g/cm3  (at) sat. 0.08 Kg/cm2  

OMC = 20.5 / 	G = 2.63 

Angle of internal friction = 22°  

Hydraulic fracturing tests were performed on back prc-

ssure saturated specimens under various uniform confining pre-

ssure. The results of these tests are presented in Table 4.5 

TABLE 4.5 EXPERIMENTAL OBSERVATION OF BACK PRESSURE 
SATURATED TYPE 'N' SOIL 

Sl. P 
(Kg/cm2) 

1 0.40 

2 0.40 

3 0.80 

4 1.00 

5 2.45 

6 2.45 

of  

(Kg/ cm2) 

0.510 
0.537 

1.013 

1.176 

2.570 

2.590 



Efforts were also made to conduct tests on Dhanauri 

clay, but under saturated condition, the soil could not sustain 

any measurable load and hence the efforts had to be abandoned. 

4.7 FURTHER I ROVEMEN T IN THE EXPERII NTAL SET-UP 

In the experimentation work discussed so far, the 

internal pressure was applied through a hand operated screw type 

hydraulic pump (Unit IV) throughout saturation process, and also 

during sample fracturing. Upon advancement of saturation, water 

would be seeping into the soil specimen which might result in 

decreasing of internally applied pressure. Though in the proce-

ss of back pressure saturation every effort was made to keel) the 

internal pressure constant by having careful watch on manual 

control of internal pressure and adjusting the pressure periodi- 

cally through the hand pump, nevertheless, during night and 

other odd hours, pressure might have reduced because of flow of 

water into the specimen. It is also true that the chance of any 

effect on degree of saturation due to anticipated back pressure 

reduction would not have been appreciable as the water intake 

was reducing with time, (for example if the saturation was 

started at 9 A.M. under certain pressure, the water intake at 

4 P.M. was about 8 / of the morning intake) . However, it was 

decided to have further improvement in the experimental set-up 

in order to apply constant internal pressure. For this purpose 

unit IV comprising hand operated pump, pressure gauge and mer-

cury manometer, was replaced by one additional unit of constant 

pressure self compensating mercury control system similar to 



70 

unit III. This unit is called unit IVa. The constant internal 

pressure was then applied through the hollow of the specimen 

round the clock. 

•In the experiments performed so far, water intake could 

be measured only in the manometer range. In order to measure 

water intake of the soil specimen under higher pressures, a twin 

burette volume change apparatus was also added. This is called 

unit VI. Pore pressure measurements were taken through unit V 

as before. The complete improved experimental set-up is shown 

in Fig• 4.5. 

4.8 ADVANTAGES OF TESTING OF HOLLOW CYLINDERS 

Hollow cylindrical soil specimen testing is hoped to 

result in a clearer insight into the mechanism of hydraulic 

fracturing. The adoptation of hollow cylindrical specimen test-

ing technique for the investigation, permits preparation of soil 

specimen free from all sort of disturbances which are generally 

encountered in the earlier investigations• These are tested 

scientifically with the help of apparatus fabricated and the 

triaxial machine under constant and controlled stress conditions. 

This type of test has a number of advantages in comparison to 

other type of tests performed so far for investigation of hydrau-

lic fracturing. In this test stress distribution is uniform 

throughout the length of the specimen, as the internal watar 

pressure is applied uniformly and symmetrically along the inner 

surface of the hollow cylinder. Effect of piezometer installa-

tion and corresponding change of stresses, geometery of 
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piezometer tip and unevenness of borehole surface which results 

from drilling of borehole are avoided. Pressure is uniform at 

the inner surface of hollow cylinder, as compared to the push-

ing of piezometer or needle in solid body of the soil mass, 

where pressure concentration is at a smaller area. Pore pre-

ssure will develop uniformly throughout the cylindrical soil 

mass compared to pore pressure development in soil through 

piezometer tip. The sample variability and the state of applied 

stresses could be controlled properly. Placement of an annular 

filter paper will avoid direct exposure of soil mass to the 

water which may avoid erosion of the soil particles into sus-

pension of water. 

On the basis of foregoing reasoning it is felt that 

hollow cylindrical soil specimen tests with corresponding ex-

pe rimen tal technique can be considered as a better method of 

investigation of the mechanism of hydraulic fracturing. 
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CHAPTER - 5 

ANALYSIS OF EXPERIMENTAL DATA AND DISCUSSIONS 

5.1 GENERAL 

In this chapter the experimental data described in 

Chapter 4 on hollow cylindrical specimens, is analysed• Firstly 

hydraulic fracturing pressure has been studied as a function of 

confining pressures, under the following subheads. 

(1) Effect of compactive moisture content on saturated 

samples. 

(ii)  Effect of compactive moisture content on partially 

saturated samples. 

(iii)  Effect of saturation by back pressure technique. 

(iv)  Effect of rate of application of pressure causing 

hydraulic fracturing. 

(v)  Effect of non-isotropic loading condition. 

(vi)  Influence of change in soil characteristics. 

(vii) Effect of application of constant internal pressure 

through self compensating mercury control apparatus. 

Further, the effect of degree of saturation on hydraulic 

fracturing pressure, has been studied as function of 

(i) Confining pressure, and 

(ii) Pore pressure. 

5.2 HYDRAULIC FRACTURING PRESSURE AS A FUNCTION OF 

CONFINING PRESSURE 

5.2.1 Approach for Determining Degree of Saturation 

Degree of saturation may vary depending upon the techni-

que used for saturating the sample. For example, for back 
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pressure saturated specimens, the degree of saturation would 

depend upon the pressure applied whereas under constant head 

saturation, it will depend upon water intake over a period of 

time. Theoretically, degree of saturation S, under back pre-

ssure P, can be determined by the following formula given by 

Lowe and Johnson(45)• 

(S-S0)(1-H) 

where 

H = 11 nry' s constant which at normal room temperature 

is approximately equal to 0.02 CC of air per CC 

of water 

Pa  = the initial absolute pressure (atmospheric pre•--

ssure) 

So  = initial degree of saturation at pressure Pa• 

Experimentally, in the manometer range of pressure (1.20 Kg/cm2) , 

the degree of saturation has been worked out by measuring the 

amount of water intake by soil specimen and the volume changes 

recorded at each stage of experimentation. In'the initial experi-

mental set-up, the degree of. saturation could be found out only 

upto manometer pressure range as beyond this pressure range, the 

water intake could not be measured. However, theoretical degree 

of saturation for back pressure saturated specimens could be 

assessed using equation 5•1. Subsequently, modifications were 

also made in the experimental set-up to measure water intake 

which is described in para 4.7. 

5.2.2 Saturated Specimens 

To evaluate the effect of confining pressure (Po) on the 

hydraulic fracturing pressure (u f) causing crack initiation in 
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soil mass, a plot between of  and Po  is shown in Fig. 5.1. In 

this plot, the results for conventionally saturated specimens 

compacted at -OMC, -l/ OMC and +l/ OMC and tested for short 

duration are shown. The plots show that uf  is a linear func-

tion of Po  as has been indicated by earlier researchers (Decker 

and Clemence(12)  and Jaworski et al(31)) • Further for the 

conditions investigated, the hydraulic fracturing occurred at 

pressure greater than the confining pressure. The linear rela.-

tionship disucs.sed in Chapter 3, is of the form 

of =m0 P0 +yo  

where, 

mo  is the slope of the line, and Yo is the vertical inter-

cept at zero confining pressure. 

Fig. 5.1 indicates that the increase in compactive 

moisture content resulted in some decrease in hydraulic frac-

turing pressure. From the figure it zs also seen that the slope 

mo  , for specimens compacted at OMC, is 1.00 and the vertical 

intercept yo  is 0.18 Kg/cm2. The tensile strength of the satu-

rated specimen compacted at ONC was found to be 0.10 Kg/cm2  

(para 3.5) by Brazilian testing technique. For samples compact-

ed at -1/ OMC and +l/ OMC, the corresponding values of mo  and 

yo  are 1.01, 0.99 and 0.25, 0.10 Kg/cm2  respectively. It will 

be seen that m value is practically the same in all the three 

cases. The broad observations, are that hydraulic fracturing 

pressure is 

(i) 	Slightly more than the confining pressure in all the 

three cases. 
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A 

(ii) Slope of line is independent of initial degree of satu-

ration and is close to unity, and 

(iii) Vertical intercept decreases with increasing initial 

moisture content and in the worst case, it is equal to 

tensile strength of the soil, otherwise it is more than 

that. The reason may be attributed to the effect of 

initial moisture content on degree of saturation. For 

example equation 5.1 indicates that for a constant 

applied pressure degree of saturation increases with 

increase of initial moisture content. Thus,at higher 

compactive moisture content, higher degree of satura-

tion would be obtained which obviously needed lower 

hydraulic pressure to cause fracturing of the specimen 

compared to that of low degree of saturation. 

5.2.3 Partially Saturated Specimens 

The results of hydraulic fracturing pressure u f, against 

confining pressure Po, on partially saturated specimens are pre-

sented in Fig. 5.2. From this figure it is again inferred that 

the relationship between of  and Po  is linear as was for saturated 

specimens. Further it is seen that as compactive moisture con-

tent increases, the hydraulic fracturing pressure required for 

initiation of cracks, decreases. 

The slope m0, of lines connecting of  and Po  is 1.01, 

0.99 and 0.98 for compaction at -l/ OMC, ONC, and +l/ OMC res-

pectively which is again close to unity as in the case of setu- 

rated samples. The vertical intercepts are 0.41, 0.31 and 

0.29 Kg/cm2  for -1/ ONC, OMC and +1/ OMC against measured ten-

sile strength of 0.25 Kg/cm2  for the samples compacted at OMC 

and 0.46 Kg/cm2  for samples compacted at -li: OMC. . This shows 

that as the initial compactive moisture increases, the vertical 
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intercept decreases. For specimen compacted at OMC, the vertical 

intercept is 0.31 Kg/cm2  against average tensile strength of 

0.25 Kg/cm2. The tensile strength of soil was found to be 

varying from 0.211 to 0.286 Kg/cm2. From this, it could be 

inferred that the vertical intercept is nearly equal to tensile 

strength of soil. At -1/ OMC, the tensile strength of soil is 

higher (0.46 Kg/cm2) , compared to of  at OMC (0.25 Kg/cm2) , and 

so higher vertical intercept of 0.41 Kg/cm2  is justified. At 

+14 OMC, lower vertical intercept is anticipated, but it is 

practically the same as that for the specimen tested at ODIC 

(0.29 Kg/cm2  at +l/ OMC, and 0.31 Kg/cm2  at OMC). 

For comparison of hydraulic fracturing pressures of par-

tially saturated soil with saturated soil, the hydraulic frac-

ture tbst results of saturated specimens compacted at ODIC are 

also plotted on the same figure. From this it could be seen 

that hydraulic fracturing pressures for partially 'saturated soil 

compacted at -1/ OMC, at OMC and +l/ OMC are always higher than 

those for the saturated case. The slope of the line in all the 

cases, is close to unity, but the vertical intercept varies 

Higher values of vertical intercept for partially saturated 

soil can be attributed to the presence of negative capillary 

pressure, which in turn would result in an increased effective 

stress of the soil. The increased effective stress would have 

resulted in higher of  values. 

5.2.4 Rate of Application of Internal Pressure 

The results of tests performed at different rates of 

internal pressure application viz., instantaneous, short term 



and long term tests are plotted in Fig. 5.3. From this, it 

could ,De seen that the slope of line of instantaneous, short 

term and long term tests are 1.03, 1.00 and 1.01 respectively, 

whereas corresponding vertical intercepts are 0.26, 0.18 and 

0.10 Kg/cm2. This shows that the slope of line is practically 

the same but vertical intercept varies and is higher for ins-

tantaneous pressure application in comparison to short and long 

duration pressure application, indicating that as the rate of 

pressure application decreases, the hydraulic fracturing pre-

ssure required for crack initiation also decreases provided 

other conditions remain unchanged. This is in agreement with 

the findings of Vaughan(°g~ , whereas it is in contradiction 

with the results obtained by Jaworski at a1(31~. The reason 

for higher value of hydraulic fracturing pressure for the tests 

performed in shorter period of time may be attributed to the 
rate of pressure application and the presence of air voids left 

in the specimen. The longer duration tests will result in 

greater saturation simultaneously with' incremental application 

of pressures. In short duration tests slight development of 

negative capillary pressure may take place due to existence of 

the air voids, which obviously increase effective stress and 

finally result in higher value of u f • 

5.2.5 Back Pressure Saturation 

The results of experimental observ,-tiors of hydraulic 

fracturing tests performed on back pressure saturated test 

specimens compacted at 0TM'MC, are presented in Fig. 5.4 as a plot 

of hydraulic fracturing pressure uf , aga^inst total confining 
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pressure, Po• Tests were conducted by applying internal pre-

ssure causing fracture for a period up to three minutes depend- 

' ing upon the testing range of confining pressure, for the indi-

vidual specimen. In order to cover a large range of Po  and 

obtain higher degree of saturation, these tests were performed 

at various confining pressures ranging up to 6.9 Kg/cm2. From 

Fig. 5.4, it could be seen that the test results of back pre-

ssure saturated specimens are quite consistent throughout the 

experimental range and following straight line relationship 

with hydraulic fracturing pressure of  being greater than con-

fining pressure Po• 

For comparison, the results of back pressure saturated 

tests and the tests performed on conventionally saturated speci-

mens for instantaneous and short terni tests, are plotted in 

Fig. 5.5 up to confining pressure of 2.2 Yg/cm2. The slope and 

vertical intercept for back pressure saturation are 0.97 and 

0.30 gag/cm2, whereas, the same for instantaneously tested, but 

conventionally saturated specimen are 1.03 and 0.26 Kg/cm2  

respectively. From, this it could be inferred that for back 

pressure saturated specimen, the vertical intercept is slightly 

greater than that of conventionally saturated whereas, slope of 

line is lower for back pressure saturated specimen. The higher 

vertical intercept for back pressure saturated specimens may be 

attributed to the fact that at low confining pressures, the 

sample was under saturation for lesser period of time, compared 

-to conventionally saturated specimens. For example at confin-

ing pressure of 0.4 v'g/cm2  and 1.4 Kg/cm2, the total duration 

for saturation was 2 and 7 days respectively against 15 days 
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in all the cases for conventional method of saturation. The fact 

that the volume of a single bubble of air statically suspended 

in a large body of water decreases as function of time was shown 

by Lee and Black(40) . Shuurman~ 57) suggested that for degree 

of saturation greater than 85/, the pore air is present as 

individual bubbles rather than as a continuous phase. Barden 

and Sides(293) found that a. very long time was required for air 

to diffuse through a partially saturated sample of clay. 'Thus 

the longer duration of saturation process may have resulted in 

compression of air bubbles and increased degree of saturation. 

Using equation 5.1, degree of saturation for confining 
pressures of- 0.4 Kg/cm2 and 1.4 ICg/cm2 was found to be 89/ End 
94.3/ respectively for back pressure saturated specimen compact-

ed at OP'NC, which is much lower than the accepted limit of about 

98/ saturation for treating the sample as fully saturated. 

Thus,. the sample which is being said as saturated is in fact 

partially saturated at low confining pressures. To achieve 98/ 

saturation, the sample is required to be saturated at confining 

pressure of the order of 3.65 Kg/cm2. 

Moreover, the vertical intercept is measured at zero con-

fining pressure, that means at zero back pressure. Thus,the 

vertical intercept should be equal to that of partially saturat-

ed specimens compacted at ODIC. It is seen that vertical inter-
cept is 0.30 Kg/cm2. and 0.31 Kg/cm2, for back pressure saturated 

case and partially saturated specimens at OMC respectively, 

which are practically the same. 

Hydraulic fracturing pressure for back pressure saturat-

ed case is slightly higher than that of instantaneously tested 
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case upto 1.0 Kg/cm2  confining pressure, and thereafter, the 

values are lower. 

As expected the hydraulic fracturing pressure for back 

pressure saturated samples which were stressed to failure with-

in about three minutes, are higher than those for short term 

tests conducted within about 12 minutes time, on conventionally 

saturated samples. Hence, it is inferred that the results of 

back pressure saturated specimens are nearly in agreement with 

those of instantaneous test results. Evidently there is no 

significant difference in test results obtained for the sample 

saturated under low heads or by back pressure saturation tech-

nioue. 

5.2.6 Anisotropic Pressure Application 

The test results of anisotropic loading condition are 

presented in Fig. 5.6 as a plot of hydraulic fracturing press-

ure against total confining pressure. Two cases of anisotropic 

loading were examined with the ratio of vertical axial pressure 

to the lateral confining pressure as 1.25 and 1.50. 

For comparison, the results of back pressure saturated 

specimens tested under uniform confining pressures Are also 

reproduced in the same figure. The results for the two cases 

of anisotropic loading are close to each other. From the figure, 

it is seen that the slope of line mo  and vertical intercept for 

anisotropic loading is 0.98 and 0.20 Kg/cm2  in comparison to the 

values of 0.97 and 0.30 Kg/cm2  for uniform confining' pressures. 

From this it could be seen that the slope of line remains 
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unchanged, but the vertical intercept reduces for the anisotro-

pic case in comparison to the case of uniform confining press-

ures. 

In general it can be said that hydraulic fracturing pre-

ssure decreases with increase of the ratio of vertical axial 

pressure to the lateral confining pressure. This is also in 

agreement with the results based on theoretical analysis pre-

sented in Chapter 7. It was also seen during experimentation 

that in higher range of confining pressure, the soil under in-

vestigation could not resist axial load of 1.5 Po. The speci-

men failed in bulging in the process of application of deviator 

stress, indicating that for the soil tested, the saturated speci-

men can not bear vertical loads of magnitude 1.5 Po  in the 

higher range of confining pressures. 

5.2.7 Effect of Soil Characteristics 

The analysis presented in the preceeding paragraphs, per-

tains to only one type of soil 'A'. The test results on type 

'M' soil, are presented in Fig. 5.7, for of  against Po  along 

with results for type 'A' soil as well. These results for •both 

type of soils were obtained using back pressure saturation 

technique. 

It is seen that the hydraulic fracturing pressure obtain-

ed for 'M' soil is slightly lower than soil 'A'. The values 

of slope and intercept for the two cases are listed in Table 

5.1. 
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TABLE 5.1 COMPARISON OF u f VALUES FOR DIFFERENT 
TYPE OF SOILS 

(Soil Characteristics I 	Slope 

m 

I Vertical inter- 
cept  /cm2) PI  o(Kg 

Tensile strenH 
n th(Kg~ cm._ ) LL 

A 	32.5 	10.5 { 0.97 0.30 0.10 

M 	41.0 	19.0 0.97 0.21 0.08 

From the table, it could be seen that the slope of line for 

both type of soils is the same and is close to unity. The ver-

tical intercept for 'ISM' type soil is lower than that of 'A' type 

soil. The tensile strength of 'TT' type soil is also slightly 

less than that of 'A' type soil. However, the present investi-

gation has not fully explored the effect of various soil proper-

ties in sufficient detail to come to a definite conclusion of 

their effect. 

5.2.8 Constant Internal Pressure Application 

The experimental observations obtained for hydraulic 

fracturing tests performed on back pressure saturated spoczrnens 

using constant internal pressure application techniques are 

presented in Fig. 5.8. These plots are prepared for hydraulic 

fracturing pressure Vs confining pressures for both soil 'A' 

and soil ' N' . It is seen from the figure that the value of of 

is higher for soil 'A' compared to - those obtained for soil ' N' , 

as was observed previously (pare. 5.2.7). 

The results of these tests are compared with those per-

formed on back pressure saturated specimens under manually con- 

trolled condition in Fig. 5.8. It is seen from these plots that 
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for both type of soils, the results of manually controlled in-

ternal pressure application tests are in close agreement with 

the results of tests performed under constant internal pressure 

applications. This indicates that since saturation under back 

pressure was allowed for 24 hours at one particular pressure, 

sufficient water was absorbed by the specimen in earlier period 

of say 4--6 hours and very little pressure change took place 

during odd hours when manual control of pressure, could not be 

regulated• Hence, it can be concluded that so far as the 

prediction of of  is concerned, it is insignificant whether 

unit IV with manual control of pressure is used or unit IVa 

with constant pressure self compensating mercury control system 

is used• 

5.3 EFFECT OF DEGREE OF SATURATION 

5.3.1 Evaluation of Degree of Saturation as a 

Function of Confining Pressure 

For computing degree of saturation under various ranges 

of applied pressure, using equation 5.1, it is essential to 

know initial degree of saturation. Knowing specific gravity 

of the soil, initial void ratio and compactive moisture con--

tent; initial degree of saturation at -1% OMC, OMC and +1/ ONC 

were calculated as 79, 84 and 89/ respectively. In equation 

5.1, the pressure P, is the same as confining pressure Po, since 

internal pressure was also kept equal to Po  in the model testing 

utilizing back pressure saturation technique. Consequently, 

using the initial degree of saturation for specimens compacted 
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at OMC, the degree of saturation S, under various confining 

pressures, were computed and the results are plotted in 

Fig. 5.9, for P against S. 

To measure the degree of saturation from experimental 

data, the measurement of water intake by the soil specimen 

during the process of saturation, and the minor volume changes 

recorded throughout the advancement of experiments, were uti-

lized. Knowing the initial volumes of solid soil, water and 

air, the volume of water in soil specimen and volume of voids 

at any instant of time during the process of saturation under 

each increment of applied back pressure was calculated. Hence, 

the degree of saturation at any instant of time during experi-

mentation could be expressed as; 

S= initial volume of water + water intake by soil specimen 

initial volume of voids - Net volume change of soil 
specimen 	.. (5.3) 

Degree of saturation at the end of each increment of 

applied pressure is computed from experimental observation 

using equation 5.3. These results are also plotted in 

Fig. 5.9 in order to compare with those computed theoretically 

using equation 5.1. 

From Fig. 5.9, it is seen that upto an applied pre-

ssure of 0.5 Kg/cm2, the degree of saturation obtained experi-

mentally is greater than that predicted theoretically using 

equation 5.1 for thc: same increment of applied back pressure. 

In the range of back pressure of 0.5 to 1.25 Kg/cm2, the 

experimental results are in close agreement with those pre-

dicted theoretically. But beyond 1.25 Kg/cm2, the degree of. 
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saturation obtained experimentally is lower than that obtained 

theoretically at the same increment of applied back pressure• 

Lowe and Johnson(45)  have reported that under low 

rate of back pressure application, equation 5.1 gives, the 

minimum pressure required for saturation, under no volume chan-

ge condition. Black and Lee(10)  also consistently found that 

equation 5.1 indicates the minimum amount of back pressure re-

quired to achieve full saturation• Thus the observation that 

above 1.25 Kg/cm2, higher back pressures are required to attain 

a certain degree, of saturation as compared to the values given 

by equation 5.1, is also supported by the work of earlier re-

searchers. Regarding getting higher degree of saturation at 

low pressure, it may be due to experimental limitations as 

slight difference in estimating initial degree of saturation 

will affect the result because, the range of change of degree 

of saturation is very narrow• It is 84% at start and theore-

tically, it is 90/ at 0.5 Kg/cm2• 

5.3.2 Hydraulic Fracturing Pressure Vs Degree of Saturation 

To investigate the effect of degree of saturation on 

hydraulic fracturing pressure, the ratio of hydraulic fractur-

ing pressure to total confining pressure against degree of 

saturation is plotted in Fig. 5.10, for conventionally saturat-

ed specimens tested at various rates of pressure application, 

as well as for back pressure saturated specimens. These test 

specimens were prepared at OPTIC with an initial degree of satura-

tion a.t 84/. The values of hydraulic fracturing pressures are 

taken from the plot of of  Vs Po  (Figs. 5.3 and 5.4) , whereas 
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the value of degree of saturation is taken for corresponding 

confining pressures from theoretical curve of Po  Vs S as shown 

in Fig. 5.9. 

These curves show that as the degree of saturation in-- 

creases, the ratio of hydraulic fracturing pressure to total con -- 
fining pressure decreases. It is also seen that in case of instan-

taneous, short term and long term tests, for the same degree 

of saturation the values of u f/Po  increases as the duration of 

test decreases. The reason may be attributed to the effect of 

rate of pressure application as discussed in para 5.2.4. The 

slightly higher value of u f/Po  at lower degree of. saturation in 

case of back pressure saturated test specimen is due to lower 

range of back pressure end lesser duration of specimens subject-

ed to water which inturn could not achieve full saturations ius 

presence of negative capillary pressures resulted in higher 

value of hydraulic fracturing pressure. The basic effect in 

increasing of/Po  at low degree of saturation is primprily due to 

larger vertical intercept in straight line relationship of u f  

and Po• T-D demonstrate this, these results arc reproduced in 

Fig. 5.11 as a plot between uPP and S. 
o 

From these curves, it could be seen that at degree of 

saturation nearer or greater than 98/., of  is approximately equal 

to Po  as the contribution of vertical intercept is minimised. 

These curves may be useful as design curves to estimate of  for 

the I nown degree of saturation. 
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5.3.3 Pore Pressure as a Function of Degree of Saturation 

The pore pressure measurement during back pressure satu-

ration has been plotted on semi log graph paper in Fig• 5.12 as 

a function of degree of saturation computed from water intake 

data recorded during experimentation of the specimen. It is 

seen that a logarithmic linear relationship exists between pore 

pressure (log•u) and S. The relationship found for the case 

studied is ; 

Log u = 0.149 (S-84)-l.347 
	••(5.4) 

The empirical equation (5.4) is obtained from experimen-

tal data of saturated specimen, compacted at an initial degree 

of saturation of 84/. 

5.4 REFRla CTURING TESTS 

In an earthen structure the possible reason for crack 

development during construction may be drying and shrinkage, 

improper compaction, 'differential settlement, earthquake, etc. 

The interesting point is that most of these cracks, remain as 

unseen pre-•existing fine cracks in the dam body. Some of them 

may heal up due to wetting upon reservoir impounding, provided 

reservoir filling is done gradually and at a low rate. In heal-

ing of the cracks, the important aspect is that the soil should 

be prone to self 'healing behaviour. The unhealed cracks would 

be -Ado opened by water penetrating through them due to water 

pressure of reservoir level* and cause concentrated leaks. There-

fore, the effect of pre-existing cracks are of considerable 

importance in investigation of hydraulic fracturing. 
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To investigate the effect of pre-existing cracks on hy-

draulic fracturing pressure, refracturing tests were performed 

on back pressure saturated hollow cylindrical soil specimens, of 

type 'A' soil at confining pressure of 0.8 Kg/cm2. On comple-

tion of saturation, intern.al.pressure -through the hollow of 

cylindrical soil specimen was increased linearly until fracture 

occurred and the fracturing pressure (uf  = 1.0 Kg/cm2)- and its 

subsequent reduction was recorded for some time. The soil sample 

remained under applied pressures overnight. It was observed 

that at the end of test, internal pressure was approximately 

equal to confining pressure. Next day, internal pressure was 

again linearly increased and the first refracturing pressure was 

recorded as 0.904 Kg/cm2. Leaving the sample again overnight 

under the same confining pressure, following day, internal pre-

ssure was linearly increased until failure occurred. The 

second refracturing pressure was 0..891. Kg/cm2. Thereafter, the 

internal pressure was reduced to half that of confining pressure, 

and the sample remained under pressures overnight. Next day, 

internal pressure was again linearly increased and third refrac-

turing pressure was recorded as 0.959 Kg/cm2. The technique of 

refracturing test was believed to roughly simulate a crack 

formed during construction (Jaworski et al(30)  and Vaughan(69)) . 

The results of two refracturing tests are presented in 

Fig. 5.13 as Test I and II. From this figure, it is seen that 

initially 	sample (I) fractured at u f  = 1.0 Kg/cm2. The 

following day, under same confining pressure of 0.8 Kg/cm2, the 

specimen failed at 0.904 Kg/cm2, indicating thereby that 

(i) healing to some extent had taken place and (ii) refracturing 
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occurred at lower pressure than the initial one• After 48 hours 

of initial fracture, the refracturing pressure was reduced to 

0.891 Kg/cm2, which is again of the same order as was for test 

conducted after 24 hours of initial fracture. Maintaining the 

soil specimen with constant internal pressure of 0.4 Kg/cm2  and 

confining pressure of 0.8 Kg/cm2  for 24 hours the refracturing 

pressure recorded was 0.959 leg/cm2. This indicates that the third 

refracturing pressure(0.959 Kg!cin2) is 	higher than the first 

refracturing of the specimen (0.904 Kg/cm2), though lower than 

the initial fracturing pressure. 

The reason may be attributed to the fact that in first 

and second rofracturing tests, sample was under equal Po  and Pi  

for 48 hours, and slight healing of specimen occurred due to 

self-healing property of soil, while in last refracturing test, 

specimen remained under applied pressure of Po  = 2Pi , thus 

specimen got consolidated under high confining pressure and 

resulted in further healing of existing cracks which obviously 

require higher hydraulic pressure for refracturing. This shows 

that pry-existing cracks will heal after some time under high 

confining stresses, even for the low plasticity soil. 

The results of refracturing tests and other tests per-

formed for evaluation of hydraulic fracturing_ on hollow cylin-

drical soil specimens indicate that the pressure at which an 

existing crack fully closes over a period of time, is equal to 

confining pressure. 
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5.5 PATTERN OF CRACKS 

To investigate the orientation of cracks, fractured 

specimens were taken out from triaxial cell in such a way that 

both external and internal pressures were slowly decreased to 

zero. On examining the fractured hollow cylindrical specimens, 

it was observed that many cracks were developed all-round the 

outer surface of the specimen. The direction of cracks was 

more or less vertical extending through full length of the 

specimen. The observed cracking pattern can be seen in Photo 

4.5. The occurrence of vertical cracks is also supported by 

the theoretical analysis. 

5.6 CONCLUSIONS 

To determine hydraulic fracturing pressure in the labo-

ratory on hollow cylindrical soil mass simulating confined bore-

hole conditions, an experimental technique has been developed 

and improved upon continuously over a period of three years 

making provision for constant pressure application (both for 

external and internal), pore pressure measurement, volume 

change measurement, water intake measurement and back pressure 

saturation through the hollow of cylinder. 

The test results confirm the findings of earlier re-

searchers that a linear relationship exists between hydraulic 

fracturing pressure and confining pressure even for hollow 

cylindrical specimens. Further findings are as below : 

(i) 	The hydraulic fracturing pressure for partially satu- 

rated soil is greater than that for saturated soils. 
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(ii) In case of saturated samples, hydraulic fracturing pre- 

ssure reduces with increasing initial degree of satura- 

tion. 

(iii) With increase in time of applications of pressure, the 

value of hydraulic fracturing pressure' decreases. 

(iv) At lower range of confining pressure, back pressure 

saturation technique results in lower degree of satura-

tion coy: pared to conventionally saturated specimen at 

low head under long duration. As for this reason at 

low confining .pressure, u f  value for back pressure satu- 

rated specimen is higher. 

(v) For the cases studied under anisotropic loading condi-

tion, the hydraulic fracturing pressure decreases with 

anisotropy upto ratio of 1.25, whereas thereafter the 

difference is negligible. 

(vi) The higher the tensile strength of soil, higher will be 

hydraulic fracturing pressure. 

(vii) In higher range of degree of saturation higher back 

pressures are required to attain a certain degre-e of 

saturation as compared to the theoretical values comput- 

ed by Lowe and Johnson's approach. 

(viii) Generally vertical cracks were observed for all the 

hollow cylindrical specimens tested? This indicates 

that at borehole tests in the core of embankment dams 

with high fluid pressure, vertical crocks will develop 
all-round the boreholes. 
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CHAPTER - 6 

ANALYSIS OF PORE PRESSURES 

6.1 GENERAL 

The hydraulic fracturing pressures have also been eva-

luated theoretically. For this purpose, it is necessary to 

carry out the stress analysis of the experimental model. In 

order to evaluate the effective stresses, the pore pressures 

which develop under steady state as well as transient conditions 

within the soil mass need to be analyzed. In this chapter, 

analysis of pore pressure has been carried out for evaluating 

the hydraulic fracturing pressure. 

6.2 ANALYSIS OF SEEPAGE 

Seepage through soil mass is an important aspect in 

many phases of engineering. Design of large hydraulic struc-

tures under complex field conditions where pore pressures play 

a significant role, is an important problem in the engineering 

field. High hydraulic pressures are generally encountered in 

problems related to dams and foundations, boreholes, grouting 

process etc. In these cases the determination of transient 

pore pressure assumes great significance. Failure or damage to 

the structure may occur in cases where the hydraulic pressure 

exceeds the existing stresses in the soil mass. 

Generally numerical approaches are adopted for the 

determination of pore pressures under transient condition. Among 

the various numerical techniques, the finite difference and 
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finite element methods have played an important role in the 

analysis of flow problems. For the analysis of flow through 

permeable media, the finite difference approach has been used 

extensively. However, solution for irregular boundary presents 

some difficulties in the finite difference method. Finite ele-

ment technique is more general and is commonly used, being more 

suitable for use with digital computers. 

In the present investigation finite element technique 

has,been used for the evaluation of pore pressures under steady 

state as well as transient conditions. The flow domain is the 

experimental model consisting of a hollow cylindrical soil mass 

subjected to external and internal pressures. Fig. 6.1 shows 

the experimental model used for pore pressure analysis. The 

flow domain represents a confined axisymmetric cylindrical per-

meable media to be analyzed for flow under steady state as well 

as transient conditions. 

For the solution of transient flow problem, the govern-

ing partial differential equation in. polar coordinates can be 

written as(35,71), 

l  •• 	 ) Kr ar2 + r ar + Kz 8z2 = Ss. at 	
(6.1 

where Kr  and K  are the coefficients of permeability in radial 

and vertical directions, 0 the total potential head and t the 
time parameter. Morrie and Vries(51)  reported that Ss  is the 

effective porosity in case of free surface problems and it is 

the specific storage in case of confined problems. Since in 

the present investigation the flow domain is a confined flow 

problem, thus Ss  is considered as specific storage of the flow 

problem. 



The general assumptions encountered in the application of 

flow equation are enumerated below : 

(i) Flow is laminar and follows Darcy's law• 

(ii) Equation of continuity is applicable. 

(iii) Soil mass is isotropic and homogeneous. 

(iv) The soil particles are incompressible. 

(v) Effect of capillarity and surface tensions are 

neglected. 

(vi) Soil mass is fully saturated. 

The boundary and initial conditions associated with 

equation (6.1) are : 

0 = O( t) 	on S1 	 ..(6.2) 

0 = 00 	on S2  

= p 	on S3  

where S1  is part of the boundary on which Oi  is prescribed, 

S2  is part of boundary on which 00  is prescribed and S3  is the 

impervious boundary 'where flow normal to it is zero as shown 

in Fig. 6.1. 

The basic differential equation governing seepage prob-

lem represented by equation 6.1 involves time as one of the 

parameters and is referred to as the transient or time depen-

dent problem. If the time dependent term on the right hand side 

vanishes, the remaining part represents steady state seepage 

problem. 
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6.3 FINITE ELEMENT FORMULATION 

The finite element method is well known and is describ-

ed in the texts(14-16,52,72) and only some salient points are 

summarized here. The finite element technique consists of 

subdividing a given system into a discrete number of small 

regions of finite dimensions. Each small region is characteri-

zed as 'Finite Element' whose behaviour is easily understood. 

The original system is then rebuilt from such small elements 

to study the integrated behaviour. The differential equation 

describing the flow together with appropriate boundary condi-

tions is recast into integral relations, whereas integrals are 

expressed as sum of the component integrals over individual 

elements. Using element interpolation functions, the integral 

relations are then approximated by'a system of equations con-

taining nodal values of flow variables as unknowns. 

Following the steps of finite element technique (13,17, 

53,73,74) equation 6.1 can be discretized using finite elements 

to give a matrix equation for each element as 

[G] 	øn] +  H]°[ø 	=[o 	 ..(6.3) 

whore [G]°  is the element characteristic (associated with 

specific storage) matrix, [H]e  is the element characteristic 

(associated with permeability) matrix, r O I is the nodal poten-

tial vector and dot defines differentiation with respect to 

time. For a'finite element located in an axisymmetric flow 

domain as shown in Fig. 6.1, the elemental matrices can be 

written(26)  as 

[H]e  = 27 A  [B]T  [R] [B] ( o+r) drdz 	..(6.4) 
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where 

[G]e = 2n Ss f [N] T [N] (Ro+r) drdz 
A 

.. (6.5) 

aN 
or 

[B] _ 

O i 
az 

ON- 6N k 6N 
Or Or Or 

dN aNk LM 
Oz Oz Oz 

.. (6.6) 

k [ R] _ 	r 
L. o 

7 

k z 
.(6.7) 

and 	[N] is the matrix of shape functions, R. is the centeroid- 
al radial distance, r and z are the local coordinates in radial 
and axial directions respectively. 

Consider a typical four noded rectangular element lo-~ 

cated in an axisymmetric flow domain as shown in Fig. 6.2. The 

distribution of potential head within the element can be expre- 

ssed in terms of nodal point heads as, 

4 

Ni z 
.. _ 1=1 	 0i 

_ [Ni , N i 9 Nk9 N1] J0 	 (6.8) 

= [N ] On e 
	1 0k 1  

of 

where ( 0e are the nodal' potential heads of the element and 

Ni , N~ p N k and NK are the shape functions. 

The shape functions for the element can be written as: 

Ni = 4 (1 -- a) (1 - b) 

N~ = 4 (1 + a) (1 - b) 	 .•(6.9) 

N k =1 (1 + a) (l +b) 

Nf = 	(1 - a) (l + b) 
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Element matrices associated with permeability and speci-

fic storage of material giv.n by equations (6.4) and (6.5) can 

be obtained as follows, after performing exact integration. 

2b2R0kr, + (2a2Ro-a3) kz  

-2b2R0kr  + a2Rokz  
[H]e-- It 

 3ab _b2Rokr  - a2R0kz  

b2Rokr  + (-2a2Ro+a 3) kz  

-b2Rokr  - a2Rokz  

b2Rokr  + (-2a2Ro-a3) kz  

2b2Rokr+(2a2Ro+a3) kz  

-2b2Rokr  + a2R0kz  

and 

-2b2Rokr  + s2Rokz  

2Rokr  + (2a2Ro+o.3  2b 	) r:z 

b2Rokr  + (-2a2R0-a3) kz  

-b2Rokr  - a2ROkz  

b2Rokr  - a2Rokz  

-b2Rokr  - a2Rokz  

-2b2Rokr  + c2Rokz  

2b2Rokr+(2a2Ro-a3) k̀   

•(6.10) 

4R0-2a 	2R0 	Ro 	2R0-a 

2itabSs  2Ro 	4Ro+2a 	2Ro+a 	Ro  
• • (6.11) 

I  

9  Ro 	2R0+a 	4Ro+2a 2R0  
1 

2Ro-a 	Ro 	2R0 	4R0-2a 

Where 2a and 2b specify the size of element. 

With the evaluated matrices [H]e  and [G]e  for each 

finite element, the matrix equations for the complete system 

are obtained by systematic superposition as : 

[G] {Ø} + [H] to 1 _ 	01 	..(6.12) 

At the boundary nodal points, the pressure is defined 

and known. The equations given by equation (6.12) can be 
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rearranged corresponding to active and boundary nodal points 

as 

F Gll , G12 ̀  O1 Hll 	U12 01 
C  

(mxm) , (mxq) (mxl) (mxm)' (mxq) - - - 	-  - (mxl) - I,(mxl) _- ,= - - ...(6.13) 

G21, G22 

-- - + 
H21' 2 C  

(qxm), (qxq) I (qxl) (qxm)' (gxq)J (xl) (qxl) 

where q is the number of boundary nodal points on which the 

pressure is known and m is the number of points on which the 

pressure is to be computed. 

Applying the boundary conditions equation (6.13) could 

be written as 

[GllJ ZO11+ [Hila tØ= --[G12] ' O2' 	[H12] 

••(6.14) 

For simplicity the. matrix equation corresponding to the active 

nodal points given by equation (6.14) could be written as e 

[] ` 0i + [H] 10s= I F(t) I 	••(6.15) 

where iF(t)I is the vector of nodal forcing functions obtained 

after application of the boundary conditions and depends -on 

transient condition where internal pressure is dependent on 

time. 

6.4 SOLUTION SCHEME 

6.4.1 Steady State Condition 

When the time dependent term of equation (6.12) is zero, 

it gives the steady state condition of flow. For the steady 
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state condition the finite element equation for the system can 

be expressed as; 

[H] 101 = 	col 	 • • ( 6.16) 

Applying the boundary conditions equation (6.16) can be 

expressed as ; 

[H11]  lol l  = -[H121 s021 
	•(6.17) 

and the corresponding assembled matrix equations for the active 

nodal points can be written as ; 

[H] Iyj = I Fo  1 	 ••(6.18) 

where 1Fv} is the matrix of nodal forcing function which depends 

on steady state condition in which the applied pressure is in-

dependent of time. 

Equation (6.18) represents the system of linear algebraic 

equations to be solved for determination of pore pressure under 

steady state condition. Gaussian elimination technique has boon 

adopted for the solution of these algebraic equations. 

The steady state pore pressure distribution around axi-

symmetric hollow cylindrical soil media due to application of 

(i) external pressure with no internal pressure and (ii) inter-

nal pressure with no external pressure has been obtained and 

plotted in Fig. 6.4. The curves are prepared in dimensionless 

form for the ratio of pore pressure to peak applied pressure 

Vs ratio of radial distance to inner radius of the cylindrical 

soil mass. 
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6.4.2 Transient Condition 
Equation (6.15) can be integrated with respect to time. 

For the solution of this time dependent problem, Crank-Nickolson 

recurrence method(h11229) is adopted. This scheme is an imp-

licit method which is unconditionally stable
(6). Crank-Nickolson 

recurrence approach reduces the time dependent equations into a 

system of linear algebraic equations with unknown potentials 

at later time intervals. To apply the solution scheme, time is 

divided into a series of time increments At, assuming that the 

initial conditions of the problems are known. Hence the follow-

ing approximation can be used(11,54,56). 

0Lt-0o_ 
• 0At/2 = 	of 

~At----0o 	 ..(6.19) 
• dot/2 - 2 

and 
Fot - Fo 

In equation (6.19) , ¢ot and Oot/2 are unknowns. Substituting 

values of 0ot/2, 0ot/2 and Ft/2 from equation (6.19) into 

equation (6.15), at time of/2, the following equation is 

obtained, 

([H] + a [G]) ~~6 t3 = (~Fot 1 + 1 ,.J 	--  
..(6.20) 

Equation (6.20) represents the system of linear algebraic 

equations to be solved at various time intervals. Gaussian 

elimination technique has been adopted for the solution of 

these algebraic equations. 
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6.5 INVESTIGATION OF PARAMETERS AFFECTING THE 

TRANSIENT FLOW 

The main parameters involved in the study of transient 

flow problems are permeability, specific storage of the flow 

domain, type and rate of pressure application and the time stop 

of integration. The effect of these parameters in the analysis 

of non-steady axisymmetric flow through permeable media has been 

studied as follows ; 

6.5.1 Coefficient of Permeability and Specific 

Storage of Flow Media 

The correct evaluation of coefficient of permeability K, 

and specific storage S is quite difficult in case of fine 

grained soils from conventional laboratory experimentation. The 

coefficient of permeability in the range of 10-6  cm/sec or less 

has been reported for cohesive soils(5,66).  However, experimen-

ts were conducted in the laboratory for the fine grained soil 

used in this investigation in order to evaluate its permeability, 

r nd the average value of K in the range of 4x10-7  cm/sec has 

been obtained. Experiments for determination of specific storage 

are rather more difficult and limited information is available 

even in case of ' cohosionless soils. To the knowledge of the 

author, no information has been reported so far for the measure-

ment of specific storage of cohesive soils. The evaluation of 

specific storage involves many parameters and can be expressed 

as(47,71) 0  

Ss  = Yw  (Cs  + n Cw) 
	

•.(6.21) 

where Yw  is the unit weight of water, Cs  is the compressibility 
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of the soil skeleton (i.e. the reciprocal of bulk modulus of the 

soil) a~ d Cw is the compresibility of water (i.e. the reciprocal 

of bulk modulus of water) and n is the porosity of the soil. 

The average value of porosity for the soil tested has 

been determined as 33.5 percent. The compressibility of water 

and soil depend on their bulk modulus. The bulk modulus of water 

is generally accepted as 20x103 Kg/cm2 (43), while evaluation of 

bulk modulus of soil depends on many parameters, such as exist-

ing state of stresses to which soil mass is subjected, type and 

properties of soil mass and nature of load deformation charec-

toristics of soil. A value of bulk modulus of 500 Kg/cm2 has 

been adopted( 22936959) for the core material of many existing 

dams, using more or less the same type of soil as used for the 

experimental work, presented in this thesis. Assuming bulk mo-

dulus of soil skeleton as 500 Kg/cm2, porosity 33.5 percent «nd 

bulk modulus of water as 20x103 Kg/cm2 , the specific storage hr~.s 

ben found to be about 2x10-6 1/cm. Gambolati(20) showed that the 

use of Ss - .S a constant for saturated media is justified as long 

as vertical strain is less than 5/. A normalized factor t1, 

defined as the ratio of coefficient of permeability to the spe-

cific storage of the soil medium is calculated as 12 cm2/minute 

which has been adopted for analyzing the seepage flow behaviour 

of the soil under investigation. 

In order to study the effect of the coefficient of per-

meability and specific storage on pore pressure development with-

in the soil mass, the value of '0 has also been varied between 

1 and 120 for the same applied pressure. 
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6.5.2 Effect of Rate of Application of Hydraulic Pressure 

I.7 order to investigate the effect of rate of pressure 

application analytically, the hydraulic pressure has been linear-

ly increased on the inner surface of the hollow cylindrical soil 

mass in time duration ti from initial value of zero as shown in 

Fig. 6.3. The value of ti has been varied between 0.1 and 2.5 

minutes for the same applied pressure. The slope of the curve 

in Fig. 6.3, indicates the rate of pressure application. 

6.5.3 Time Step of Integration 

Effect of time step of integration (At) has been studied 

by varying ti/At from 10 to 100. The percentage of pore pressure 

development at middle thickness of hollow cylindrical soil mass 

for each integration time step is presented in Table (6.1) at 

various time instants for ti equal to one minute. The results 

indicate that the pore pressure distribution for ¶/At.equal to 

20 gives quite accurate results at all the time instants and has 

hen adopted for the present investigation. 

TABLE 6.1 PERCENTAGE OF PORE PRESSURE DEVELOPMENT AT 
MIDDLE THICKNESS OF HOLLOW CYLINDRICAL SOIL 
MASS 

t 0.2 0.5 1.0 1.5 2.0 2.5 3.0 

100 1.38 8.00 21.50 27.33 27.69 27.71 27.71 

{'! 20 1.38 7.99 21.49 27.34 27.69 27.71 27.71 

10 1.30 7.97 21.50 27.36 27.69 27.71 27.71 
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6.6 ANALYSIS AND DISCUSSIONS 

In this section the results of various parameters affect-

ing transient flow as computed theoretically are presented. The 

solution for transient condition has• been obtained.; considering 

zero internal pressure at time, t = 0. For the conditions where 

pore pressures are not zero at the initial time, the steady 

state pore pressures would be added to the transient pore pre-

ssures to get total pore pressure at any time under considera-

tion. 

To study the effect of variation of T?, curves of pore 

pressure development to the peak applied pressure vs time due to 

applied interial pressure are plotted at a. radial distance of 

5 percent from inner surface and at the middle thickness of 

hollow. cylindrical soil mass in Figs. 6.5 and 6.6 respectively.. 

These. curves .show that as the value of 'n increases, the time 
required to achieve steady state condition decreases. This in-

dicates that as material becomes more porous, the time required 
for the achievement of steady state condition is less and pr e-

ssure stabilizes at a faster rate. 

Figs. 6.7 and 6.8 show the effect of rate of internal 

pressure application on the pore pressure development at a radial 
distance of 5 percent from the inner surface of the soil cylind-

er and its.middle thickness respectively. It is noted from the 

figures that as rate of application of. pressure increases, the 

time required to achieve steady state pressure decreases. The 

pore pressure is developed at a faster rate at the points, clo-

ser to the inner surface, as expected, compared to the middle 

thickness of the hollow cylindrical, soil mass. It is also soon 
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from the figures that the steady state pore pressure developed 

at 5 / radial distance from the inner surface of hollow cylin-

der is of the order of 86 y. of the applied internal pressure, 

while it is about 28 % at its middle thickness. 

Fig. 6.9 shows the variation of pore pressure vs time 

at various points along the radial distance of hollow cylindri-

cal soil mass. These curves further clarify the nature of pore 

pressure development at various points. The time required for 

achievement of steady state pore pressure increases with in-

crease of radial distance. At radial distance of 5 / from the 

inner surface,the steady state pore pressure is 86 % of the 

applied internal pressure and is obtained an 1.4 minutes, while 

at a distance of 75 % from the inner surface, 12 / pore pressure 

is obtained, at :a time of 3.5 minutes,whereas internal pressure 

was applied at a time period of,-r= 1.0 minutes. Thus the 

higher pore pressure at points closer to inner surface of hollow 

cylindrical soil mass is more critical for the crack develop-

ment or failure within the soil mass. 

Variation of pore pressure development along radial 

distance from the inner surface of hollow cylindrical soil mass 
due to applied internal pressure is presented in Fig. 6.10 for 

= 1.0 minutes and I = 12. Curves are drawn in dimensionless 

form for the ratio of pore pressure to peak applied pressure 

vs ratio of radial distance to the inner radius of the model 

hollow cylindrical soil specimen used for experimental investi-

gations, at various time instants. It is seen that beyond the 

time interval equal to -r,  the rate of pore pressure development 

along radial distance decreases with increase of time. It is 
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obvious that during pressure application, transient pore pre-

ssure develops faster and afterwards the rate of pore pressure 

development decreases, until steady state condition is achieved. 

The plots show that as a radial distance increases from the 

inner surface of hollow cylindrical soil mass, the value of 

pore pressure development decreases at decreasing rate. 

For the model investigated, pore pressure development 

could be predicted from such curves at any point and instant 

of time along the radial distance knowing rate of internal pre-

ssure application. Similar curves are presented in Figs. 6.11 

to 6.16 for ti values of 0.5, 0.75, 2.0, 3.0, 7.0 and 12.0 

minutes, taking r) = 12. These curves are used in Chapter 7, 

for prediction of pore pressure development under transient 

condition, in order to evaluate hydraulic fracturing pressure 

for actual experimental series presented in Chapter 4. 

Since curves of Figs• 6.10 to 6.16 are prepared for 

dimensionless parameters, curves of this type could be prepared 

for various rates of application of hydraulic pressure and 

different r) values to cover various types of material and 

rates of pressure application for actual field conditions. Such 

curves can be used as design curves for determination of pore 

pressure: development at various locations and instant of times 

in the soil mass. 
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6.7 CONCLUSION 

A technique for evaluating pore pressures in an axisy-

mmetric flow domain under transient and steady state conditions 

has been presented. Design curves for the prediction of pore 

pressure under transient condition for the model confined bore-

hole condition are presented. Similar curves can be prepared 

to cover different rates of hydraulic pressure application and 

various types of soil for actual field conditions. 

r 
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CHAPTER - 7 

THEORETICAL INVESTIGATION OF HYDRAULIC 
FRACTURING 

7.1 GENERAL 

In order to corroborate the experimental results of hydrau-- 

li.c fracturing, theoretical analysis for the experimental model 

has been carried out. From the theoretical approach, stresses 

have been obtained in the hollow cylindrical soil mass subjected 

to uniform pressures on the inner and outer surfaces of the 

hollow cylinder, and critical condition of the stresses worked 

out to evaluate the hydraulic fracturing pressure. 

It is assumed that hydraulic fracturing will take place 

when the effective stress in the soil mass is tensile and ecu=ils 

the tensile strength of the soil. Potential occurrence of hydrau-

lic fracturing has been examined considering the following cases: 

(a) Investigation of hydraulic fracturing around the model 

soil specimen under uniform confining pressures. 

(b) Expression based on Mohr--Coulomb Failure criterion has 

been derived for hydraulic pressure required to induce 

fracture around boreholes under uniform confining pre-

ssures as well under anisotropic condition of the pre-

ssure application. 

(c) Employing Mohr-Coulomb failure criterion, the concept 

of critical radius has been utilized to investigate 

the potential occurrence of hydraulic fracturing under; 

(i) steady state pore pressure development and 

(ii) transient condition of pore pressure development. 
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Expressions have been obtained for evaluating hydraulic 

pressure which cause fracture in the soil mass under transient 

pore pressure development for the following cases; 

(a) Specimens saturated without application of back pressure 

and tested for hydraulic fracturing under various rates 

of pressure application. 

(b) Specimens saturated utilizing the back pressure satura-

tion technique and then tested for evaluation of hydrau-

lic fracturing. 

7.2 STRESS ANALYSIS 

Theoretical analysis of stresses in the model is based 

on the thick cylinder theory. The finite element analysis 

carried out(30)  using linear as well as nonlinear behaviour of 

the soil for investigation of hydraulic fracturing around bore 

holes indicated that the nonlinear behaviour of soil has only 

a small effect on the hydraulic fracturing pressure and the 

values of u f  are quite insensitive to the properties of the 

soil with the exception of tensile strength of the soil. Thus 

stresses have been obtained in hollow cylindrical soil mass used 

in experimental investigations considering the elastic behaviour 

of the soil. Fig. 7.1 shows plan view of the model hollow 

cylindrical soil specimen under applied internal and external 

pressures. These applied pressures will cause stresses in 

radial as well as tangential directions. Considering compressive 

stresses as positive, the radial and tangential (hoop) stresses 

could be obtained(68)  as follows 
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2b 

FIG.7.1- STRESS CONDITION AROUND A HOLLOW 
CYLINDRICAL CAVITY SUBJECTED. TO UNIFORM 
INTERNAL AND EXTERNAL PRESSURES. 
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P b2  - P a.2   o_ 1 	o i  Q = _.._ 	_ __ 	 .,(7.1) 
r 	(b2-a2) 	r2(b2-a2) 

Pob2  - Pia2 	(Po-Pi)a2b2  

o®  (b2-a2) 	+ r2(b2-a2) 

where ar  is the radial stress, a8  the tangential stress, Po  and 

Pi  are the external and internal applied pressures respectively, 

a and b are the inner and outer radii of the cylinder and r is 

the radial distance at which stresses are evaluated. 

To study the variation of stresses in the model soil 

sample under the action of applied internal and external pre-

ssures separately, equations (7.1) and (7.2) under the action 

of applied external pressure could be written as ; 

P b2 	2 
..(7.3) 

P b2 	2 
aQ - 	 2 2 (1+ P2) 	 ..(7.4) 

The variation of these stresses is shown in Fig. 7.2, wherein 

curves are prepared for ar  and ae  Vs ratio of radial distance 

to inner radius of the cylindrical soil mass. These curves 

indicate that external pressure always results in compressive 

stresses in the radial as well as tangential directions of the 

soil cylinder. 

In order to study the effect of internal pressure on the 

variation of radial and tangential stresses, the expressions for 

ar  and a0  under the action of internal pressure could be expre-

ssed as follows; 
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2 
ar 	1) 	 •.(7.5) 

2 

_ 	(2 + 1)  

The variation of ar  and oe  based on equations (7.5) 

and (7.6) are plotted in Fig. 7.3 for ar  and cr®  Vs ratio of 

radial distance to inner radius of the soil cylinder. These 

curves indicate that or  is compressive stress and ae  a tensile 

stress. The tangential stress is maximum at the inner surface 

of the soil cylinder. 

To study the combined effect of application of external 

pressure and internal pressures on Cr  and a®• The total radial 

and tangential stresses are computed using equations (7.1) and 

(7.2) a`nd plotted in Figs. 7.4 and 7.5. These plots are pre-

pared for radial and tangential stresses Vs ratio of radial 

distance to inner radius of the soil cylinder. These curves 

are obtained by superimposing the values of Cr  and a®  obtained 

for various values of internal pressure on the values obtained 

due to application of constant external pressure. The plots 

show that Cr  is compressive stress increasing with increase of 

Pi  while o0  is compressive at beginning and decreasing with 

increase of internal pressure. 

7.3 ANALYSIS OF HYDRAULIC FRACTURING 

To evaluate the potential occurrence of hydraulic frac-

turing in soil mass, it is essential to evaluate effective 
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stresses in the soil mass.. For the conventionally saturated 

specimens, i.e. for the case where external pressure Po, was 

zero before performing hydraulic fracturing test, thereafter, 

confining pressure was increased linearly and maintained for 

sufficient time in order to achieve steady state pore pressure 

and afterwards ,internal pressure was linearly increased to cause 

fracturing of the soil specimen. The pore pressure evaluated 

analytically and presented in Fig. 6.4 have been utilized to 

find out the effective stresses. In order to examine the varia-

tion of effective stresses for various values of Pi  while Po  

is constant, total tangential and radial stresses were calcu-

lated from equations (7.1) and (7.2) respectively, along the 

radial distance and the pore pressure at corresponding loco-

tions were obtained from Fig. 6.4. 

The curves for effective radial and tangential stresses 

Vs radial distance are plotted in Figs. 7.6 and 7.7 respective-

ly. These curves are prepared for Po  = 1.0 Kg/cm2  but P va:ry-

ing from 0.5 to 1.5 Kg/cm2. From these curves it could be seen 

that the maximum tensile stress for radial stress is 0.2 Kg/cm2, 

for Pi  = 1.5 Kg/cm2, whereas for tangential stress, tensile 

stress increases to 1.0 Kg/cm2  for corresponding value of Pi. 

This shows that the most critical condition for the occurrence 

of hydraulic fracturing is due to tangential stress. 

Considering combined effect of external pressure as well 

as internal pressure at critical condition at the inner surface 

of the hollow cylinder (r=a), equation (7.2) for tangential 

stress can be rewritten as ; 
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2 P b2 Pi(a2+b2) = 	_ G (b2-a2) (b2 .. -a2) ~. 	 ..(7.•7) 

The effective stresses' at the inner surface will be 

equal to the difference between the total stress and the in-

ternally applied water pressure, 

•(7.8) 

Hence, substituting equation (7.7) into equation (7.8), the 

expression for effective tangential stress at the inner surface 

can be expressed as; 

2P0 b2 Pi(a2+b2) cs0 	(b2-a2) 	(b -a2)Pi 	• • (7.9) 

Assuming that for the occurrence of hydraulic fracturing, effec-

tive stress of the soil becomes tensile and equals to tensile 

strength of the soil at, then 

a0 = - 6t 
	 .•(7.10) 

At the initiation of hydraulic fracturing at inner sur-

face of the hollow cylindrical soil mass, the internal pressure 

Pi,.is equal to the hydraulic fracturing pressure, uf• Substitut-

ing for og from equation (7.10) into equation (7.8) and replac-

ing .Pi by u f , the expression for evaluation of hydraulic frac-

turing pressure can be obtained as ; 

of =P + 2t (b?2a ) 	..(7.11) 
b 

Equation (7.11) shows that the hydraulic pressure depends 

upon th.2 initial state of stresses, dimensions of the soil mass 

and the tensile strength of the soil. Hydraulic fracturing 
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pressure computed theoretically based on equation (7.11) has 

been plotted in Fig. 7.8 for the experimentally tested soil 

specimens of type 'A' soil having, at  = 0.1 Kg/cm2, b = 5.03 cm 

and, a = 0.635 cm, but with various values of Po. From the 

figure it is seen that hydraulic fracturing is a linear func-

tion of confining pressure and occurs at a pressure greater 

than confining pressure, as was the case of experimental inves-

tigation. 

7.4 USE OF MOHR--COULOMB FAILURE CRITERIA FOR EVALUATION 

OF HYDRAULIC IC FRACTURING 

The stresses which develop in the soil mass are limit-

ed by the strength of the soil. The well known failure criteri-

on applied for problems of geotechnical engineering is Mohr- 

Coulomb failure criterion. Mohr stress circle is independent 

of the nature of the medium, but depends only on the . statt2 of 

stresses at a point while Mohr-strength envelope depends on the 

property of the soil being tested. 

In this analysis the failure stresses are those obtain-

ed from Mohr-Coulomb failure criterion for brittle material 

and it is assumed that Mohr-Coulomb strength envelope follows 

the straight line path in compression as well as in tension. 

To evaluate the conditions of stresses in relation 

to strength of the soil, considering a soil mass subjected 

to plane stress condition, Mohr stress circles and Mohr-Coulomb 

failure envelope are drawn in Fig. 7.9. In this figure OM 

represents the uniaxial ultimate strength of material in 
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CONFINING PRESSURE , Po  (kg/cm 2), 

FIG. 7.8_ RESULTS OF THEORETICAL ANALYSIS AND EXPERIMENTAL 
INVESTIGATION OF HYDRAULIC FRACTURING 
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tension at, and OG represents the uniaxial ultimate strength of 

material in compression Gc, then for any value of major and 

minor principal stresses 61 and G3 respectively - 	, Iai.iure 

stresses could be obtained by drawing a circle with diameter 

KH and tangent to the strength envelope Na31• The following 

geometrical expression can be derived using the similarity of 

triangles LJE and LIF. 

a' - a' - at 
n.._   _._2. ~...._-  

CT 

2 

Gl+ a'3+ Gt 
2 
c-t Gt 

2 

..(7.12) 

where Gl and G3 are algebraic civantities. This equation could 

be further simplified as follows; 

CT' 	c' 
1 3 = 
CC 6t 

.. (7.13) 

In order that the stresses induced in the soil mass 

are consistent with the strength of the soil as obtained from 

the Mohr--Coulomb criteria, the above expression must be satis-- 

Pied. 

From Mohr-Coulomb failure criterion shoves. in Fig. 7.9, 

the following expression can be obtained; 

G C 
sin 9' _ ..~_ r-_a 2 . ~__.~• 	~... 	 ..(7.14) 

c' cote' + Gc/2 

or 
2 c' cos9' 

c 	1-sin®' 

where c' is the cohesion and 9' the effective angle of internal 

friction of the soil. 
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At the inner surface of hollow cylinder, the pore 

water pressure is equal. to the applied internal pressure. Thus, 

the expression for effective principal stresses could be written 

as; 

ci = of - Pi 	 ..(7.16) 

c3 = O'3 - Pi 	 ..(7.17) 

~.,s discussed earlier the condition of stresses are 
critical at inner surface of the hollow cylindrical specimen 

and the crack would initiate at inner surface of the cylinder. 

Thus the internal pressure Pi at the time of crack initiation 

is equal to the hydraulic fracturing pressure, uf • Substituting 

values of of and as from equations (7.16) and (7.17) and value 

of 6c from equation (7.15) into equation (7.13) and simplifying 

for uf , 

(a•3+ot) 2c' cosG' -- cl6t(l-sin@') u 	
..(7i8) 

f 	2c co s8' - cst(1-sinA' )  

Equation (7.18) thus gives a general expression to 

obtain the hydraulic pressure required to initiate the crack at 

inner surface of hollow cylinder. It shows that hydraulic 

fracturing pressure is a function of soil strength parameters 

and the maximum and minimum principal stresses acting on the 

soil mass. 

Under experimental conditions simulated in the labora-

tory, cylindrical specimen is subjected to all-round confining 

pressure and uniform internal pressure through the hollow of 

the specimen. Thus in cylindrical specimen, all radial planes 

are planes of symmetry and shear stresses acting on these 

planes will be equal to zero. Since the shear stresses acting 



COMM 5!!OM 

153 

a. 

FIG. 7.9.- MOHR STRESS CIRCLES AND MOHR - COULOMB 
STRENGTH ENVELOPE. 
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on two mutually perpendicular planes are always equal due to 

complementary nature of the shear stress, the shear stresses 

on any circumferential plane will also be equal to zero, the 

latter being perpendicular to the radial planes. Thus the 

radial stress, circumferential stress and the vertical stress 

could be the three principal stresses acting on the hollow 

cylindrical specimen, subjected to internal pressure and all-

round confining pressure. 

The application of equation (7.18) , to actual experi-

mental cases has been investigated in the following paragraphs. 

7.4.1 Uniform Confining Pressures 

If a hollow cylindrical soil mass is subjected to uni 

form x:11-round confining pressure as well as internal pressure 

in .a triaxial test it has been shown(24) that the most critical 

condition at the stage of occurrence of hydraulic fracturing, 

where Pi > Po , is due to tangential stress. Maximum stress 

acting at inner surface of the hollow cylinder is the radial 

stress while the minimum stress acting at inner surface is the 

tangential stress° 

From equations (7.1) and (7.2) if r = a and Pi = u f s 

then; 

or =Uf 
	 ••(7.19) 

and 

2P b2 	(a2 + b2) 

	

ag - (b2- 2j - of (-2-~_,a2j 	 .. (7.20) 

Substituting equations (7.19) and (7.20) into equation (7.18) 

for a1 = ar and a3 = o and simplifying for uf, 



156 

o f  = Po  + 2t  (b2-22) 	 .. 
b 

Equation (7.21) is same as equation (7.11) and the same 

conclusions can be drawn. 

7.4.2 Anisotropic Application of Pressure 

The vertical stress az, acting at a point in a soil mass 

is generally greater than the horizontal stress. In order to 

consider this condition, it is assumed that the hollow cylin- 

drical soil specimen is subjected to inner pressure Pi, all•-- 

round confining pressure" Po, and the vertical stress aZ, where 
6z  = XP0. For h=1, the governing major and minor principal 

stresses are Qr  and o respectively, as shown in previous sec- 

tion.For X sufficiently greater then unity, a will be greater 
than 0r'  so the major principal stress would be oz  instead of 
ar 

 

and the minor principal stress a. Equation (7.18) can be 

written as; 

2 
(Po   2b  2 ° + at) 2c' •cos8' - A Poat(l-sine' ) 

u f  =  
2c cos@p (b-a2) _...) _  

.• (7.22) 

Equation (7.22) is general expression for evaluation of 

hydraulic c  fracturing at inner surface of the ho1lo cylindrical 

soil mass subjected to non-isotropic pressure application. Equa- 

tion (7.22) is plotted for of  against Po  in Fig. 7.10 for various 

values of X. These plots show that for the model cylindricral 

soil specimen used in this investigation, of  value decreases 
with increase of N. 
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7.5 THE CONCEPT OF CRITICAL RADIUS 

7.5.1 Stress Analysis 

Generally the stresses developed in soil mass are limited 

by the strength of the soil, using concept of Mohr-Coulomb fail

ure criterion for the stress development around an axisymmetric 

cylindrical soil mass, the Mohr-Coulomb failure crtierion in 

terms of polar coordinates can be written as; 

60 - ar~ _ (o'® + csr) sing + 2c cos g 	..(7.23) 

Jaworski et al(30) have indicated that the above rela-

tion indicates the largest value of (a - 6r) consistent with 

the strength of the soil. They have discussed the concept 

of critical radius r0, of which the stresses in soil are equal 

to those given by P ohr--Coulomb failure criterion. Critical 

radius can be defined by substituting equations (7.3) and (7.4) 

into equation (7.23) and simplifying for r. This gives the 

critical radius rc as; 

22 

r c = [ .._e__. ~_, 2 po._ _a.~_. b 2 2 ,~ r ~__~ ._~ . ] 1/ 2 	..(7.24) 
P b sing + (b -a ) c cost 

The maximum tangential stress will develop at the cri-- 

tical radius and can be obtained by substituting equation (7.24) 

into equation (7.4). 

Po b 2 (l sing) 
max 	 (b2-a2)_~~ + c cos@ 	

• • (7.25) 

The tangential stress at a radius greater than the cri-

tical radius can be obtained from equation (7.4) and the tan-

gential stresses less than the critical radius may be obtained 
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by substituting equation (7.3) into equation (7.23) as follows; 

P b2 	2 

2 2 (1 -- -')(1 + sine) + 2c cosA 
o = (ba, 	~?"_ _~~~_ ____,_ ~. 	.. (7.26) 
8 (1 - sin9) 

The variation of oA along the radial distance of soil cylinder 

for the typical confining pressures of 1.0 Kg/cm2 is shown in 

Fig. 7.11. 

To determine the variation of tangential stress resulting 

from an increase in the water pressure inside the hollow cylin-

drical soil specimen, tangential stress due to application of 

internal pressure has been computed using equation (7.6). Using 

superposition the tangential stress distribution can be deter-

mined by adding the stress resulting from an application of long 

term applied external pressure to the stress distribution result-

ing from increase of water pressure inside the hollow cylind:r 

as shown in Fig. 7.11. It is seen that due to application of 

Pi the stress picture in soil mass changes. Tangential stress 

are maximum at a radial distance governed by Mohr-Coulomb failure 

criterion, called the critical radius. These curves show that 

`as P increases the value of UrA decreases and it even becomes 

tensile at inner surface of the hollow cylinder. These plots 

indicate that due to negative nature of stress at inner surface 

of the soil cylinder redistribution of stresses may take place, 

but the failure of soil mass would occur only if the applied 

internal pressure increases the effective tangential stresses at 

critical radius beyond the tensile strength of the soil. 

The effective tangential stress a4, at critical radius 

may be expressed as; 
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a' - a 	(due to Po®  
) + a(due to P.) - Pore pressure developed 

go 	 1 	in soil mass 
..(7.27) 

The confining pressure Po, is constant at time of 

conducting tests of hydraulic fracturing. Thus the tangential 

stress at critical radius due to Po  is constant for a specific 

value of Po  and given soil. Assuming that Pi  is applied in a 

short period of time then its effect on evaluation of critical 

radius rc, will be negligible and same rc  values can be adopted 

as found out for Po  using equation (7.24) . The tangential 

stress at critical radius, may however vary slightly due to 

the application of P and equation (7.27) can be rewritten as; 

..(7.28) 

and 
_ 2 	2 

a = 	2a 	(1 + b2) 	 ..(7.29) 
rc  

where 	o is the tangential stress due to Po, a is the factor 
0 

which depends on critical radius and dimensions of the soil 

cylinder and determines the stress due to P and u is the pore 

pressure. 

The effective stresses as obtained from equation (7.28), 

when compared with the tensile strength of the soil under study 

will enable us to assess the potential of hydraulic fracturing. 

7.5.2 Application for Evaluation of Hydraulic Fracturing 

The pore pressure distribution along radial distance of 

hollow cylindrical soil moss as found analytically in Chapter 6 

for steady state as well as transient conditions, has been 
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utilized for stress analysis of experimental model specimen 

tested for hydraulic fracturing. Effective stresses under 

steady state as well as transient conditions have been evaluat-

ed for investigation of potential occurrence of hydraulic frac-

turing• 

Various series of hydraulic fracturing tests performed 

on hollow cylindrical soil specimens have been analysed for 

prediction of potential of hydraulic fracturing. 

7.5.2.1 Instantaneous Tests 

In this series of tests saturated soil specimen were 

first subjected to confining pressure and afterwards the inter-

nal pressure was applied (Para 4.2.3) and linearly increased to 

cause failure of the soil specimen. Instantaneous tests were 

carried out in which the duration of application of internal pre-

ssure for inducing hydraulic fracturing varied from half to one 

minute. Thus the total pore pressure would be the sum of the 

pore pressure due to Po  and the pore pressure developed under 

transient condition due to Pi, i.e. 

u = Pore pressure developed + Pore pressure developed 

due to Po  under steady 	due to P under transient 

state condition 	condition 	..(7.30). 

Therefore, the existing pore pressure in soil mass at 

start of the hydraulic fracturing test at any point in the soil 

mass will be equal to uo  (pore pressure developed due to Po  

under steady state condition) and the pore pressure developed 

under transient condition due to application of P which can be 

predicted from design curves (Figs. 6.10 - 6.16). Thus equation 
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(7.30) can be expressed as 

u= uo + i:; Pi 	 ..(7.31) 

where i is the fraction of pore pressure developed in the soil 

mass as a function of Pi  under transient condition at the loca-

tion and instant of time under consideration. 

In order to evaluate the hydraulic fracturing pressure 

required to induce cracking in soil mass, water pressure inside 

the hollow cylindrical soil mass was uniformly increased until 

failure occurred. Thus in equation (7.31) P at failure can be 

replaced by uf. 

The expression for effective tangential stress as given 

in equation (7.28) can be simplified by replacing P by u f  and 

introducing equation (7.31). Thus, 

c® = a - of  (P - a) - u0  
0 

••(7.32) 

It is assumed that hydraulic fracturing will take place 

when the effective stress in the soil mass reduces to negative 

equal to tensile strength of the soil. Therefore, substituting 

a® equal to ct  in equation (7.32), the expression for hydraulic 

fracturing pressure under transient condition can be simplified 

as(27); 
a9  + ut  uo  

= u  f  
p -a 

..(7.33) 

Equation (7.33) indicates that u f  is a function of ini-

tial state of stresses, tensile strength of the soil and the 

pore pressure. 

For the experiments performed, the hydraulic fracturing 

pressure at various values of confining pressure under transit 
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conditions are computed theoretically using equation (7.33), for 

an average tensile strength of the soil as 0.10 Kg/cm2, and 

results are plotted in Fig. 7.12 for hydraulic fracturing pre-

ssure uf, against confining pressure Po. 

7.5.2.2 Short Term Tests 

In this series of experiments, similar procedure was 

followed to prepare hollow cylindrical specimen for conducting 

hydraulic fracturing tests. The only difference is in duration 

of performing hydraulic fracturing tests. In these experiments 

water pressure causing fracture was increased linearly in a 

period of about 12 minutes, depending upon the range of con-

fining pressures. 

For theoretical computation of hydraulic fracturing pre-

ssure, equation (7.33) could be used as such, the only differen-

ce is that p values should be obtained from corresponding design 

curves where internal pressures are applied in time periods of 

up to 12 minutes. Using equation (7.33) , hydraulic fracturing 

pressures are calculated for actual experimental cases and 

shown in Fig. 7.13. The plots are prepared for hydraulic frac-

turing pressure uf, against confining pressure Po. 

7.5.2.3 Long Term Tests 

Long term tests were performed on saturated specimens, 

where firstly confining pressure was applied, and thereafter, 

internal pressure was increased in incremental steps over a. 

total period varying from 3 hours to 24 hours depending upon 

the range of confining pressures.. Thus due to long duration of 
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testing the pore pressure development due to internally applied 

pressure in soil specimen will stabilize and achieve steady 

state condition. Therefore the expression for evaluation of 

hydraulic fracturing pressure, i.e. equation (7.33) , could be 

used as such. In this expression the coefficient p, under 

steady state condition due to application of internal pressure 

could be obtained from Fig. 6.4. 

The values of hydraulic fracturing pressure of  computed 

theoretically for this condition are plotted in Fig. 7.14 

against confining pressure Po. 

7.5.2.4 Back Pressure Saturated Specimens 

In the series of tests performed with the use of back 

pressure saturation technique, the soil mass is saturated under 

simultaneously applied confining pressure and internal pressure 

of equal increments. At the time of conducting hydraulic frac-

turing test, the soil mass is under equal internal and external 

pressure. The pore pressure under steady state condition would 

be equal to applied pressures. Under transient condition the 

only change in pore pressure would be due to increase of Pi  

which can be predicted from design curves. Therefore,, equa-

tion (7.30) for this condition can be rewritten as; 

u=Po + s (Pi  -Po) 
	 •• (7.34) 

For the back pressure saturated specimens Fig. 7.5 

indicates that at the start of hydraulic fracturing test where 

Po  is equal to Pi, the tangential stress is equal to Po  at all 

the points in the. soil mass. The only change in stress will be 

due to increase of Pi, in order to induce hydraulic fracture. 



Therefore, equation (7.27) for this condition can be written as; 

6e =Po +a 	 . • (7.35) 

substituting equation (7.34) into equation. (7.35) and replacing 

Pi  by U1  and equating effective tangential stress equal to 

tensile strength of the soil, the expression for u f  can be 

simplified as; 

6t  
U1 

 
••(7.36) 

Hydraulic pressures required for crack initiation under 

various confining pressures are computed using equation (7.36) 

and plotted in Fig • 7.15 for u f  against Po  • 

7.5.3 Analysis and Discussions 

It is seen from the foregoing analysis that hydraulic 

fracturing pressure is a function of existing state of stress, 

geometery of the borehole and the strength parameters of the 

soil. 

Thy application of analytical studies to actual experi-

mental conditions (Figs. 7.12 to 7.15) indicate that hydraulic 

fracturing pressure is a linear function of confining stress. 

In order to compare the application of theoretical cri-

teria developed for evaluation of hydraulic fracturing pressure 

under transient condition to various actual experimental .cases$ 

theoretical plots of of  Vs Po, Figs. 7.12 to 7.15 are reproduced 

in Fig. 7.16. It is seen that the value of hydraulic fractur-

ing pressure of  increases as the duration of conducting hydrau-

lic fracturing tests decreases. This may be attributed to lower 
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transition pore pressure values in lesser time. Interestingly, 

experimental values of of  were also found to be reducing with 

increase in duration of test (para 5.2.5). 

7.6 COMPARISON OF EXPERIMENTAL AND THEORETICAL RESULTS 

With a view to compare the theoretically obtained results 

of hydraulic fracturing pressure under various test conditions, 

experimental values of u f  for the corresponding cases of tests, 

have also been plotted. 

The curves presented in Fig. 7.8 show the analytical re-

sults computed, using .equation (7.11), as well as experimental 

results obtained for long duration tests. It is seen that ana-

lytical results are slightly lower than experimental values. 

The slope of the line for both the cases, is the same only some 

minor variation in vertical intercept is there. This may be 

attributed to the fact that theoretical values are obtained, 

considering steady state condition whereas experimental values 

were obtained for a period varying from 3 hours to 24 hours 

depending upon range of confining pressure. 

The effect of anisotropic application of pressure as 

shown in the Fig. 7.10, indicates that with increase of ratio of 

vertical axial pressure to lateral pressure, the u f  value decrea-

ses. This aspect has been supported by experimental observat-

ions as shown in Fig. 5.6. 

The theoretical analysis of hydraulic fracturing carried' 

out under transient pore pressure development at various test 

duration and the experimental values of of  for corresponding 

cases of test have been plotted in Figs. 7.12 to 7.15. A study 

of these figures indicates the following; 
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1. The experimental values of hydraulic fracturing pressure are 

always higher than theoretical values, for all the four 

cases studied, though the quantum of variation differs from 

one case to another. 

2. The difference between observed and theoretical values of 

hydraulic fracturing pressure decreases with increasing 

confining pressures. 

3. The difference in experimental and theoretical values of 

hydraulic fracturing pressure is more for instantaneous 

test condition. For long duration test the difference is 

very little and for short duration, this difference is in 

between the two cases. This shows that the gap between 

experimental and theoretical values is a function of test 

duration, shorter is the test duration, greater is the gap. 

4. Under back pressure saturation the gap between experimental 

value and the theoretical value of of  again widens and 

experimental values are higher than the theoretic=al values. 

The reason for the smaller gap between the observed and 

theoretical values of uf, can be attributed to the difference 

in degree of saturation. In theoretical analysis, complete 

saturation has been assumed, whereas for experimental test spoci--

mens, complete saturation might have not been attained. In the 

case of longer duration test, it is possible that the saturation 

of the specimen might be taking place simultaneously with incre-

mental application of internal pressure, whereas in case of 

instantaneous loading, sufficient time is not available for 

saturation of the specimen under applied internal pressure. 

Thus the wider gap in case of instantaneous test and lesser gap 

for longer duration test stands explained. As regards case of 

back pressure saturated, it has been shown already in para 

5.2.4 that for 98 / degree of saturation, 3.65 Kg/cm2  pressure 

would be needed, whereas the test results presented herein are 
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limited upto 2.2 Kg/cm2. At 2.2 Kg/cm2, degree of saturation 

obtained was 96.3 /. Since the hydraulic fracturing tests for 

back pressure saturated specimens were carried out only in 

period of upto 3 minutes, it can be presumed that the results 

of this test should be nearer to those of instantaneous tests. 

It is because of lesser degree of saturation and lesser time 

duration due to which the gap between the observed and theoreti-

cal values of of  for back pressure saturated case, is on higher 

side. The point brought out here is corroborated by the fact 

that the difference between the observed and theoretical value 

of u f  narrows down as the confining pressure Po  increases 

(Fig. 7.17) . It is interesting to note that at P0  = 6.9 Kg/cm2  , 

the difference is nominal. 

7.7. CONCLUSION 

A realistic stress analysis of the experimental model 

soil cylinder has been carried out and a reasonable comparison 

of hydraulic fracturing pressure is obtained with the experi-

mental results. The procedure could also be applied to the 

particular case of earthen structures to evaluate the potential 

occurrence of hydraulic fracturing, by carrying out a detailed 

stress analysis. 
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CHAPTER - 8 

CONCLUSIONS 

To investigate the phenomenon of hydraulic fracturing, 

an experimental technique has been developed for testing hollow 

cylindrical soil specimens simulating confined borehole condi-

tions. Theoretical analysis has also been carried out and a 

reasonable comparison of hydraulic fracturing pressure is ob-•-

tamed with the experimental results. Based on this study, 

the following conclusions can be drawn; 

(1) The experimental results for solid as well as hollow 

cylindrical specimens have shown that a straight line relation-

ship exists between hydraulic fracturing pressure u1, and con--. 

fining pressure Po. Hydraulic fracturing pressure is always 

greater than confining pressure for all the cases studied. The 

slope of line of of  Vs Po  is nearer to unity irrespective of 

degree of saturation at time of testing, initial compaction 

moisture content, time duration of application of hydraulic 

fracturing pressure and `nisotropic loading condition. The 

vertical intercept at zero confining pressure decreases with 

increasing initial moisture content. Hydraulic fracturing pre-

ssure increases with increase of tensile strength of the soil. 

(2) The hydraulic fracturing pressure for partially saturat-

ed soil is greater than that for saturated soil. 

(3) The hydraulic fracturing pressure required for cracking 

the soil decreases with increasing initial degree of saturation, 

for partially saturated as well as fully saturated soils. 
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(4) With increase in duration of conducting hydraulic 

fracturing tests, the hydraulic pressure required for crack-

ing of the soil specimen decreases, provided other conditions 

remain unchanged. 

(5) Generally vertical cracks were observed for all the 

hollow cylindrical specimens tested. This indicates that at 

borehole tests with high fluid pressure, vertical cracks will 

develop all-round the boreholes. 

(6) The results of tests performed on solid cylindrical 

soil specimens. indicate higher values of u f  compared with the 

results of tests performed on hollow cylindrical specimens, 

for the same value of confining pressure. 

(7) The results of vertical intercept, obtained for hollow 

cylindrical as well as solid cylindrical specimens tested 

under saturated as well as partially saturated condition as 

compared to. at  of the soil indicate that the results of 

hollow cylindrical specimens are more dependable than the 

results of solid cylindrical specimens 

(8) Theoretical analysis shows a good, and reasonable 

comparison with experimental results. 

(9) Both experimental and theoretical investigations show 

that-uf  decreases with increase in the ratio of vertical pre-

ssure to lateral pressure. 

(10) Refracturing occurs at lower pressure than the initial 

one, provided other conditions remain unchanged. Pre-existing 
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cracks will heal after some time under high confining stresses, 

even for low plasticity soil. 

(11) The pressure at which an existing crack fully closes 

over a period of time, is equal to confining pressure. 

(12) Design curves for prediction of pore pressure under 

steady state as well as transient conditions around confined 

boreholes simulated in this study have been prepared. Similar 

curves can be prepared to cover different rates of pressure 

application, and various types of soil for actual field condi-

tions. 

(13) Knowing the pore pressure development and existing 

state of stresses around boreholes, the technique developed for 

prediction of hydraulic fracturing pressure under steady state 

as well as transient pressures can be used for actual field. 

conditions. 

(14) The potential of occurrence of hydraulic fracturing in 

an earthen structure can be investigated by carrying out a 

realistic stress analysis of the structure under the applied 

loads. 

SCOPE FOR FURTHER RESEARCH 

Based on the experience of this study the following 

suggestions have been listed out, for further work in this area 

of investigation • 

(1) 	In order to have better representative prototypes of 

actual field conditions, it is necessary to investigate larger 
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size specimens of various dimensions. 

(2) Theoretical modelling of pore pressure development under 

steady state as well as transient conditions, for partially 

saturated soil will no doubt enlighten us about the safety of 

structures against hydraulic fracturing, specially at initial 

filling of the reservoir, and the borehole tests under partial 

saturation condition. 

(3) The results of present investigation indicate that 

tensile strength of material is not the only parameter explain-

ing the difference between hydraulic fracturing pressure and 

confining pressure. Thus, there is the scope for further stud-

ies for evaluation of other factors than tensile strength of 

the soil, providing resistance against the hydraulic pressure 

required for fracturing. 
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APPENDIX - A 

VASE STUDY OF AN ACTUAL EARTH AND ROCKFILL DAM 

INTRODUCTION 

Cracks have occurred even in well designed dams. Here, 

the case study of a 260 m high Tehri dam under construction, 

is presented with a view to investigate the possibility of hydrau-

lic fracturing. Fig. A-1 shows the cross-section of the dam. 

Two positions of the core viz , a central vertical core and an 

inclined core have been considered. The upstream and downstream 

shells of dam section consist of river terrace material comp ris-

ing pervious mixture of silt, sand, gravel and boulders. The 

transition filters consist of silt to gravel size particles. The 

core of the dam will be a well graded impervious mixture of 

clayey silt blended with gravelly material up to 15 cm size. 

:tress deformation analysis for end of construction end 

full reservoir conditions was carried out for two dimensional 

plane strain condition using finite element method, considering 

isotropic conditions, rigid foundation and nonslipping embank-

ment foundation contact with sequential construction. The stress 

analysis of the dam has been 	 59~ y 	 presented by Sharma, 

Based on the available laboratory tests data and the 

studies of Kulhawy et al( 37) , the material properties was pre-

sented in Table A-1 have been used in the analysis. The material 

properties at the shell-transition and transition-core interfaces, 

as determined by direct shear tests, are reproduced in Table A-2. 



TABLE A-1 	MATERIAL PROPERTIES 

Parameters Shell Transition Core 

"Unit weight (tones/m2) 1.80 1.99 1.96 

Cohesion, 	c (tones/m ) - - 1.00 

Friction angle (degree) 38 32 27 

Modulus number (k) 2500 3000 500 

Modulus exponent, n 0.25 0.30 0.60 

Failure ratio, Rf  0.76 0.76 0.90 

Poisson' s ratio parameters 

Shear modulus 	G 0.43 0.43 0.48 

F 0.19 0.19 0.0 

L 	 d 14.80 14.80 0.0 

A check was kept on the value of the mobilization factor, 

m = (a1-o3)  /(a1-63)  f , and its value was not allowed to exceed 

unity, which is indicative of material failure. The stresses 

obtained for end of construction condition were assumed as 

initial stresses and the stresses obtained during water loading 

were additive. The upstream shell and transition were taken as 

submerged. 

TABLE A-2 MATERIAL PROPERTIES AT INTERFACES 

Parameters 	Interfaces 

,Shell-Filter Filter-Core 

Adhesion.( tones/m2) 	0.0 	1.3 

Stiffness constant, k 	4500 	6500 

Exponent, n' 	0.72 	0.30 

Failure ratio, Rf 	.0.85 	0.90 

Angle of adhesion(degree) 	39 	29 
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STRESS DISTRIBUTION 

The distribution of al  and Q3  at upstream core-filter 

interfaces as well as at downstream core-filter interfaces 

along the height of the dam, is shown in Figs. A-2 and A-3 for 

inclined and vertical cores, respectively. For reservoir full 

condition these' plots indicate that stresses are lower at the 

upstream of the core and are higher at downstream of the core. 

These stress changes may be due to bouyancy effects at upstream 

shell and transition and application of the water load on the 

core face, which presses it towards the downstream, and relieves 

the upstream shell portion. 

ANALYSIS FOR HYDRAULIC FRACTURING 

To investigate the possibility of hydraulic fracturing, 

the minimum principal stress a3  at upstream and downstream of 

the impervious core, are plotted in Fig. A-4 for vertical core 

and, in Fig. A-5 for inclined core. It is generally assumed 

that the shells as well as transition materials behave as free 

draining material, thus the pore pressure at upstream of the 

core should be equal to hydrostatic pressure. For comparison, 

hydrostatic pressure under full reservoir condition along the 

height of the dam is also plotted in these figures. Fig. A-4 

indicates that at most of the points along the height of the 

. 	dam, the hydrostatic pressure exerted due to impounding of 

reservoir is greater than the minor principal stresses along 

upstream interface, indicating thereby the possibility of 

hydraulic fracturing to occur at these points. Minor principal 

stress is higher at downstream interface as compared to upstream 
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interface and hence lesser possibility of its susceptibility 

to hydraulic fracturing. This is due to the fact that, the 

pore pressure at downstream of the core will be far lower than 

hydrostatic pressure. It is seen from Fig. A-5, that in case of 

inclined core, the minor principal stresses are just equal to 

pore pressures at upstream of thl core in the upper regions of 

the dam, but towards the base of the dam, minor principal stre-

sses are substantially lower than the pore pressures indicating 

the possibility of hydraulic fracturing. 

A comparison of Figs. A-4 and A-5 indicates that the 

minor principal stresses for the case of vertical core dam are 

lower than hydrostatic pressures at upstream of the core, in a 

significant region along the height of the dam, in comparison 

to the case of inclined core dam. Thus the, possibility of 

hydraulic fracturing is more in the case of vertical core dam 

as compared to inclined core dam. 

RLCOTI aND? TION FOR REl ,̀'IEDIAL MEASURES 

On the basis of earlier experience, the following remedial 

measures could be examined for Tehri dam in order to ensure its 
safety against hydraulic fracturing, 

1. 	Comparison of stresses reported by Sharma(59~ indicate 
transfer of stresses to the transition and shells. There-
fore, a zone of more compressible material within the 
rock.fill mass, both upstream and downstream of the imper-
vious core(45~ could help to reduce the arching of the 
core on shells. 
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2• 	Wider filters and transitions of well graded. materials 

with controlled compaction will no doubt contribute to 

reduce the cracking and concentrated leakage due to 

high pore pressures in the impervious core. 

3. Wider core would reduce the possibility of transverse 

or horizontal cracks extending through it. This is 

because of increased seepage path length and the arching 

action may not extend to its full width(6,63) . 

4. Slightly upstream curvature in the crest alignment.. 

increases compressive stresses to some extent and reduce 

the tendency for formation of transverse cracks. 
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