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Hydraulic fracturing tests in simulated earth dams 

Essais de fracture hydraulique dans des barrages en terre simulés

A.K.PARKIN, Department of Civil Engineering, Monash University, Melbourne, Australia 

C.L.YU, Department of Civil Engineering, Monash University, Melbourne, Australia

SYNOPSIS Some aspects of hydraulic fracturing have been investigated in a series of borehole 
tests in road embankments, as simulated earth dams. Augered holes were sealed with a plaster/dry 
bentonite/cement plug, injected to fracture with various fluids and finally re-fractured with 
cement grout for visualisation on excavation.

Initial fracturing pressures vary with the viscosity of the injected fluid and the clay content 
of the fill (as affecting tensile strength). It was also observed that the character of the 
pressure-flowrate curve varies appreciably with the nature of the injected fluid.

INTRODUCTION

The phenomenon of hydraulic fracturing, wherein 
an injected fluid pressure may cause fracturing 
of soil materials if it should exceed any 
component (or function) of total stress, is 
known to be a serious potential hazard to 
embankment dams. In some instances, it is 
believed to have been the cause of severe 
leakage problems (eg. Kjaernsli and Torblaa, 
1968: Vaughan et al . , 1976), and it is widely 
considered to have been responsible for the 
Teton failure in 1976 (eg. Seed and Duncan,
1981), although its role usually cannot be 
defined or proven beyond dispute.

Although fracturing tests have on occasions 
been performed inadvertently during grouting 
operations in the construction phase, the 
performance of hydraulic fracture tests in 
boreholes in a dam in service (as a means of 

assessing in situ stress and safety) is 
generally considered to entail unacceptable 
risks. It is, in any case, impossible in such 
situations to excavate the test area for 
observation, whereby the interpretation of a 
test becomes significantly less certain.

It is known that some hydraulic fracture 
testing has been performed on dams in service 
(Balderhead) or under construction in Britain, 
as described by Penman (1976). However, 
because such opportunities were not available 
locally, it was felt to be useful to perform a 
series of hydraulic fracture tests in road 
embankments and surcharge fills, as simulated 
earth dams. For this purpose, two sites were 
found on highway construction projects in 
Victoria, wherein hydraulic fracture tests 
could be performed and subsequently 
excavated. These are likely to simulate the 
desired stress conditions, although not the 
same standard of material selection or 
compaction control as would normally apply to 
earth dams.

THEORY

Most hydraulic fracture theories relate to 
fracturing initiated from either drilled 
boreholes or driven piezometers. Some theories 
specifically relate to rock and some to soil, 
differing in the significance of tensile 
strength and possibly also in the extent of 
plastic deformation preceding fracture. It 
has, however, been universally assumed that 
such theories can be applied to hydraulic 
fracture leakage through the core of an earth 
dam, despite the substantial differences of 
geometry and stress state that must exist.

In the case of drilled boreholes, a fracture 
must open against the initial hoop stress in 
the borehole wall, plus the tensile strength, 
as in the theories of Haimson (1968) and 
Kennard (1971). In the case of a vertical hole 
in a horizontally isotropic stress field, which 
may be appropriate to many soil structures, 
this hoop stress will be 2 a^' from elastic

theory. If the horizontal stress field is 
anisotropic, which often applies in rock masses 
(wherein is also likely to exceed ov ), then

the maximum hoop stress is 3ct2' - °i'* For

both theories, the excess fluid pressure 

required for fracture (for 0 2  = °3 = ah^ 
around 1.5

Other theories examine the plastic strains 
created by the driving of a piezometer (in 
soil) as determining the initial hoop stress 
(Bjerrum et al., 1972), or treat the problem as 
a plastic expansion of a cavity in an ideal 
elastic-plastic soil (Massarsch, 1978). Both 
these theories, however, contain errors, as 
discussed by Parkin and Lunne (1986). 
Nevertheless, the Bjerrum et al., theory 
predicts fracturing pressures of an order not 
dissimilar to Haimson, although somewhat larger 
for stiff soils and low K ( ie , low horizontal 
stress).

In the event that the fracturing pressure 

thus determined exceeds the vertical stress <jv '

a horizontal fissure will usually result, and
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the hydraulic fracture method ceases to be 

effective as a means of measuring oh ' although

it remains a hazard to earth dams.
Theories that have been developed 

specifically for application to dam cores 
mostly assume a Mohr-Coulomb failure envelope, 
with a curved tail in the tensile region (eg, 
Seed et al., 1976). It is then postulated that 
stress changes cause firstly a plastic yield in 

the core, with a progression towards an 
isotropic stress state until a3' reaches the

tensile range.

TEST SITES

Two suitable test sites were located on road 
embankments at Geelong and Bunyip (both around 
70 km from Melbourne) and were made available 
by the Road Construction Authority of 
Victoria. Both embankments are in flood plain 
situations requiring time for consolidation.

In the case of the Geelong site, adjacent to 
the Barwon River, the embankment was formed of

2.5 m of marine sandy silt, covered by a 
further 1.2 m of stoney basaltic clay (which 
layer was removed to give access to the test 

area). A total of seven holes were drilled for 
hydraulic fracture testing, as detailed on Fig.
1, and undisturbed samples were taken for quick 
undrained (UU) triaxial and identification 
tests. Material characteristics are summarised 
in Table 1.

section and four in the surcharge for Hydraulic 
fracture testing, with undisturbed samples 
being recovered from the former (Fig. 2). 

Material characteristics are listed in Table 
2. In all cases, hydraulic fracture tests were 
performed at a depth of one metre to avoid an 
excessive amount of excavation subsequently.

Table II 
Bunyip River Silt

Natural Water content 

W L' WP
Sand, silt, clay 
Dry density
Classification (U.S.C.) 

c„ , <j>,,

21%

39%, 13%
35, 19, 38% 

21.4 kN/m3 
ML

120 kPa , 9°

TABLE I
Barwon Fill (Waurn Ponds Formation)

Natural Water content 

w L w ws
Sand, silt, clay 
Classification (U.S.C.) 
Dry density 

c„ 0 , 1

26%
92, 22, 20% 

37, 30, 25% 
CH

18.0 kN/mJ 
30 kPa 29°

T o  M e l b o u r n e

PRINCES HIGHWAY
T o  W a r  r a g ù !

Figure 2. layout of Bunyip Test Site

EQUIPMENT AND PROCEDURE

Figure 1. Layout of Geelong Test Site

The Bunyip site lies adjacent to the Bunyip 
River, where the embankment is generally about

3 m high, but surcharged up to 6 m over a 
pocket of softer alluvium. The embankment and 
surcharge are formed of a grey sandy silt 
(Bunyip River Silt) from a nearby source. In 
this case, four holes were drilled in the low

It was initially proposed that a test section 
should be enclosed at the base of the boreholes 
by a single rubber packer, inflated under air 
pressure, a procedure which also allows for 
multiple tests in any hole. However, because 
the packer was necessarily short by normal 
standards, and because the soil (Geelong) 
proved to be somewhat friable, slaking away 
from the packer on saturation, it was found to 
be not possible to obtain a satisfactory seal.

An alternative procedure was therefore 
adopted, as illustrated in Fig. 3. A grout 
pipe fitted with an annular plate and a rod (to 
establish the length of test section) was first 
sealed with plaster, followed by dry "aquagel" 
and cement grout. The installation was left to 
cure for seven days before test, and sealed 
adequately in all cases.

For fracture testing, a 30 litre air/water 
cylinder was pressurised from a compressed air 
cylinder, and supplied water to the test 
section via a 12 volt pressure transducer and 
flowmeter (range 0.1 to 100 1/hour) at the pipe 
head.

The test procedure consisted of first filling 
the hole with water, making a connection to the 
air/water cylinder and increasing pressure at a 
constant rate until fracture was indicated by 
an abrupt increase in flow rate. In most 
cases, a crack closing pressure could be 
recorded by controlled unloading. A grout tank
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was then inserted in the water line and the 
fracture was re-opened with the injection of
2.5 litres of cement/bentonite grout, to allow 

the fracture pattern to be observed on 
excavation. In the excavation phase, a trench 
was dug by backhoe 1 m away from the boreholes, 
and the remainder picked out with hand tools 
while the grout course was traced. (Note that 
for hydraulic fracture testing in harder 
materials total crack closure may not be 
achieved. An imperfect closure may then be 
described another way, eg. shutting).

///&
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mort ar
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(a)

Drilled borehole

(b)

Steel tube placed

(c)

Sealing material cast

Figure 3. Borehole Sealing Procedure

TEST RESULTS 

Geelong Site

On the first of the seven holes tested, it was 
found that the fill was so porous as to be 
unable to retain water long enough for a test 
to be performed. Therefore the hole was filled 
with bentonite slurry onto which water was 
injected, to a peak pressure of 33 kPa. A 
rapid drop in pressure thereafter with 
increasing flowrate (Fig. 4a) suggests a 
penetration of water through the slurry and 
filtercake, under which conditions it is not 
possible to determine a crack shutting 

pressure.
For the remaining holes, other injection 

media were used, and were found to have a 
significant influence on cracking pressure and 
test behaviour. A light bentonite mud was used 
on holes G2 and G 3 , producing a typical 
response as in Fig. 4b and indicating fracture 
pressures of about 30 kPa (ie, close to Gl). 
After fracture, a further increase in pressure 
occurred (for increasing flowrate), a feature 
which may be associated with filter cake 
formation, as a similar characteristic was 
observed in tests G4 and G5 using cement 
slurry. These tests, however, with a more 
viscous medium gave substantially higher 

fracturing pressures of 75 and 85 kPa. 
Finally, holes G6 and G7 were injected with 
hydraulic oil (Tellus 23W), failing at 55 and 

50kPa on a significantly different curve as in 
Fig. 4c, wherein no effects can be attributed 
to filter cake formation. In comparison with 

holes Gl to G 3 , these higher fracturing 
pressures may reflect the fact that the holes 
are well removed from the edge of the 
embankment and perhaps in an isotropic stress 

zone .

Some comparative tests with fluids of 

different viscosity have been performed in a 
natural deposit of soft clay by Bozozuk, 

(1974). These tests, however, are not directly 
comparable with the Geelong tests, firstly 
because of differences in test procedure, 
wherein injection ceased at the point of 
fracture and the decay curve was observed, and 
secondly because the fluids were not filter
cake forming. However, it was shown that 
viscous fluids gave a sharper definition of 
crack closure, because of reduced seepage loss.

On the release of pressure, those tests 
producing credible results indicate crack 
shutting pressures of 10 to 13 kPa (erratic for 
G2 and zero for G5 ). For an overburden 
pressure of 18 kPa at 1 metre depth, this is a 
feasible value of lateral stress, and might 
appear to be constant through the test area.

In the excavation phase, the injected grout 

was readily traced and indicated vertical 
planar fissures in all cases. For the edge 
holes (Gl to G4) the fissures were, as would be 
expected, closely parallel to the edge of the 
embankment, indicating horizontal anisotropy in 
stress, whilst the internal hole (G5) was not 
so constrained, as recorded on Fig. 5.

Bunyip Site

On both the main embankment (L series tests) 
and surcharge areas (U series tests) the 
compacted fill appeared to be quite distinctly 
layered, and in all cases final excavation 
showed horizontal fissuring clearly following 
these discontinuities. Under such conditions, 
the fracture closing pressures would be 
expected to indicate overburden pressure 
(21 kPa at 1 m depth).

Because of the more impermeable nature of the 
Bunyip fill, water was used for injection in 
all eight holes, followed subsequently by 
cement grout for visualisation. The nature of 
the fracturing response was generally similar 
for all the tests and is typified in Fig. 6, 
which is reminiscent of test Gl , also using 
water. In this case, however, the fill 
permeability appeared to be such as to allow a 
crack closing pressure to be defined, averaging 
18kPa for the U series and 21 kPa for the L 
series.

The peak fracturing pressures were found to 
be very consistent, but different for the two 
test series, being 78 ± 5 kPa for the U series 
and 55 ± 5 kPa for the L series. There are no 

features that can be associated with particular 
locations of these holes, and no known reason 

for the evidently greater tensile strength in 
the surcharge fill, except that it may have a 
greater degree of drainage or suction than the 
underlying fill.

CONCLUSION

Hydraulic fracture tests have been performed in 
two road embankments as simulated earth dams. 
For this purpose a portable rig was developed 
based on a compressed air pressure source, and 
a hole sealing arrangement using cement grout 

and dry bentonite (rather than an inflatable 
packer) .
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Flowrate l / h r

LENGTH OF CRACK

BORE
No.

LENGTH IN MM.

G1 200 -

G2 400 -

G3 200 -

G4 200 -

G5 300 140

G5>

N

200_ 600 1000 mm 
400 800

Flowrate i / h r

G1 G2 G4
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EMBANKMENT

G3

T T

Figure 5. Crack Observations, Geelong Site.
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Figure 4. Tests Results, Geelong Site 
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Figure 6. Typical Result Bunyip Site
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Because the Geelong fill proved to be fairly 
permeable, various fluids were used for 
injection and were shown to significantly 
affect the pressure-flowrate curve, as well as 
the initial fracture pressure (increasing with 
fluid viscosity or solids content). In all 
cases at this site, fissures were found to be 
vertical and the crack closure pressure (at 
around 60% of ov) indicated a feasible value of

ah '
On the Bunyip site, compaction features 

appeared to prejudice the development of 
fracture, so that horizontal fissures resulted 

at a closure pressure close to ov . Initial

fracture occurred at rather higher pressures 
than in the less clayey Geelong fill, and at a 
rather higher pressure in the surcharge, 
possibly due to greater suction.

The maximum grout penetration recorded was 
400 mm from the point of injection (down to 
140 mm), suggesting that tests can be 

controlled to give fairly minimal disturbance 
to the test fill.
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