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Extensile hydraulic fracturing of mortar is investigated and compared to extensile dry fracturing of
sandstone. The extensile fracture experiments have been performed in a Hookean cell in deformation
control. The cell allows for axial loading and radial fluid pressure loading of cylindrical specimens.
Variables in the experiments are the load path and the degree of saturation. In the dry fracturing tests,
the sandstone specimens are sleeved. In the hydraulic fracture experiments, the mortar specimens are
not sleeved so that the radial fluid pressure is free to enter the notch and the fracture once it is initiated.
In the dry fracturing experiments, the sandstone becomes more ductile for increasing hydrostatic
stress. In the hydraulic fracture experiments, the mortar remains brittle. The results of the hydraulic
fracture experiments are very similar for the unsaturated mortar (degree of saturation 69%) and the
saturated mortar (degree of saturation 100%). The saturated mortar behaves stiffer and has higher
failure stresses due to the effect of pore pressures. Fracture propagation in the saturated mortar
requires lower stresses, although the difference with fracture propagation in the unsaturated mortar is

minor.
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1 Introduction

Fracturing of engineering materials is extensively investigated for many years (e.g. Van Mier, 1997).
The importance of this research is evident since failure or collapse of structures may have serious
consequence of economic and human nature. Fracturing of structures occurs when mechanical
loads exceed the strength of the material of the structures. A special case is the fracturing of material
in a water environment, such as for instance for dams and jack-up platforms (Twort et al., 1994,
Clauss et al., 1992, Brithwiler and Saouma, 1990). The structures are then not only loaded by the
water pressure on the material but also inside pre-existing surface cracks, by the open communi-
cation of the cracks and the water environment. The fluid pressure in the fracture wedges the
fracture further open. The pressure driven fractures are called hydraulic fractures, as contrary to
dry fractures in which no pressure load in the fracture exists (see Fig. 1). Neglecting the fluid
pressure in the fracture will give rise to seriously underestimation of, for instance, stability of
structures (Saouma et al., 1989). Only recently, research on fluid driven fractures in civil engineering
structures have attained some attention (Bourdarot et al., 1994).
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One of the main factors influencing the contribution of the fracture pressure to the fracture propa-

gation is the degree of water saturation of porous materials (Alonso et al., 1987, Schmitt and Zoback,
1992). Since hydraulic fracturing occurs in a water environment (or some other fluid environment),
the porous materials are often fully saturated by penetration of the water. Mechanical loading gives
rise to pore fluid pressures which act as closing pressures on the fracture (Fig. 1c). Pore water is thus

expected to reduce the effect of the fracture pressure (Thiercelin et al., 1987).
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Fig. 1. Definition of fractures: dry fracture (a), hydraulic fracture in a dry material (b) and hydraulic
fracture in a saturated material (c).

The aim of this paper is to investigate extensile hydraulic fracturing of impermeable mortar.
Variables in the experiments are the load path and the degree of saturation. The hydraulic
fracturing experiments are compared to dry fracturing experiments. The dry fracturing experi-
ments, however, are performed on sandstone. The experimental set-up and test performance are
described in Section 2. In Section 3, a description of the sandstone and mortar is given. The influence
of the degree of saturation on the materials is discussed in Section 4. The dry fracturing experiments
are given in Section 5, while the hydraulic fracturing experiments are presented in Section 6.

Conclusions are given in Section 7.

The stress convention in this paper is negative for tension and positive for compression. The peak
stress of a response curve is called failure stress. The uniaxial tensile failure stress is assumed to be
equal to the tensile strength, and the uniaxial compressive failure stress is assumed to be equal to
the compressive strength of the materials.

Experiments

The experiments are performed on cylindrical specimens in a Hookean cell (Fig. 2). All specimens
have the same dimensions (300 x ¢ 100 mm) and contain a circular notch (depth/width 5 x 5 mm).
The specimens can be loaded independently by a radial fluid pressure and an (tensile or com-
pressive) axial load. The specimens can move freely in the longitudinal direction. A detailed discus-
sion of the experimental set-up, boundary conditions and test performance is given in Visser and
Van Mier, 1994.



1=}
axial load system @

fluid reservoir = '
specimen T [ ‘ T

fluid channel _f ! U i‘ 7 LVDT

e

——
i 5

oY

(a) (b)

Fig. 2. Hookean cell (a) and instrumented specimen (b).

The experimental set-up allows for measurement of the axial and radial stress and the axial
deformation. Axial deformation is measured by means of four high pressure LvpTts which are glued
in the longitudinal direction on the cylindrical specimens, 90 degrees apart. All experiments are
performed in axial deformation control. Loading of the specimens (Fig. 3) occurs by first applying a
certain hydrostatic stress. Next, either the radial fluid pressure is kept constant while the axial
compressive stress is reduced (load path 1) or the axial compressive stress is kept constant while
radial fluid pressure is increased (load path 2). For both load paths, tensile failure of the specimen is
obtained, with the fracturing plane perpendicular to the axis of the cylinder.
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Fig. 3. Load paths investigated in the experiments.

Material description

Two materials have been tested in the present research, namely a 2mm mortar and Felser sandstone.
The 2 mm mortar consists of aggregates in a matrix of cement, while the sandstone consists of
aggregates in a matrix of clay. The composition of the two materials with respect to the aggregate,
matrix and pores volume fractions are almost similar. The mortar has an aggregate fraction of about
59%, a cement-matrix fraction of 20.4% and a porosity of 20.6% at the age of testing (42-47 days,
Visser, 1997). Felser sandstone has a aggregate fraction of about 58.1%, a clay-matrix fraction of
25.5% and a porosity of 20.4% (Hettema, 1996).

Although the composition of the two materials is very similar, the structure of the two materials is
different. Two main differences in structure concern the aggregate-matrix bonds and the pore distri-
bution. The bonding between the aggregates and the matrix in the cement is very poor and the
bonds are known to have a lower strength than the bonds in the matrix itself (Hsu, 1963, Mindess,
1989). In addition, the porosity of the bond zone is much higher than in the matrix (Scrivener, 1989).
From SEM-pictures, the bonding between the aggregates and the matrix in the sandstone seems
much better and the porosity of the bond zone is about similar of that of the matrix (Visser, 1997).
Strength differences between the bond and the clay-matrix are not reported but may exist. The pore
distribution in the mortar consists of very fine gel pores (<10 nm), capillary pores (10-200 nm) and
air bubbles (>200 nm, Neville, 1977). The pores in the sandstone consists of only capillary pores
(Visser, 1997). By the lower fraction of capillary pores in the mortar, the permeability of the mortar
is much lower than for the sandstone (Visser, 1997).

Influence of the degree of saturation

To investigate the influence of the degree of saturation on the behaviour of the two porous
materials, uniaxial compression tests on prisms (100 x 100 x 400 mm?®) have been performed. The



mortar has been tested for a degree of saturation of 0% (dry mortar), 69% (unsaturated mortar) and
100% (saturated mortar). The sandstone has been tested for a degree of saturation of 4%
(unsaturated sandstone) and 100% (saturated sandstone). The sandstone prisms have been sealed
by epoxy resin prior to testing to prevent drainage of the pore water. The mortar specimens are not
sealed because water drainage is negligible due to the very low permeability compared to load
speed. In the uniaxial compression tests, axial load and axial and radial strains have been measured.
To illustrate the results, axial stress-axial strain curves (averages over three tests each) are shown in
Fig. 4.

As a general trend, the mortar can be seen to stiffen with degree of saturation while the sandstone
weakens. This can be seen even more clearly from the tangent elasticity parameters given in Table 1.
The bulk modulus and the shear modulus are calculated by Hooke’s law. Both materials show a
reduction in compressive strength with increasing degree of saturation, although for the mortar it
seems that the compressive strength reduction is important only at high degrees of saturation.

The different behaviour of the two porous materials on saturation has to be sought in the influence
of the water and water distribution on the materials.
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Fig. 4. Axial stress- axial strain curves from uniaxial compression tests on impermeable mortar (a) and

sandstone (b).

Table 1. Uniaxial compressive failure stress and tangent elasticity parameters of the uniaxial

compression tests.

Mortar Sandstone
dry unsaturated  saturated unsaturated saturated
(5,=0%) (S, =69%) (S, = 100%) (S, = 4%) (S, =100%)
F.(MPa) 52235 494 £33 41628 29.1x1.1 20.8 +0.2
E (GPa) 25.8+0.8 29.7+14 323=+12 5902 44+01
0 (%o) 0.184 = 0.210 = 0.206 = 0.152 = 0.183 =
K (GPa) 0.006 0.007 0.008 0.008 0.009
u (GPa) 13.6 0.6 17.1+1.0 183 +1.0 2802 2301
10905 123 £0.7 13.4+0.7 2601 1.9+0.0
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Water distribution in porous materials

The water distribution in porous materials strongly depends on the degree of saturation (Onaisie et
al., 1994, Dullien, 1992, Bear and Bachmat, 1991, Wittmann, 1977). At a low degree of saturation

(S, =0 to 45 %), the water in the mortar and the sandstone is present only as adhered water. For
degrees of saturation between about 0 and 10 %, adhesion takes place mostly in laminar cement and
clay particles (intra-layer water). At a degree of saturation of 10 to 45%, the adhered water is present
also between matrix particles (inter-layer water) and as fluid films at free surfaces such as pore walls
and microcrack faces (Fig. 5a,b). For degrees of saturation larger than about 45%, the fluid film
thickens so that the water in the capillary pore systems become continuous (Dullien, 1992). Stable
water-air interfaces are established in the capillary pores (Gregg and Sing, 1981) and this water
becomes capillary bonded (Fig. 5c).

pspr
(a) (b) (c)

Fig. 5. Spreading pressure p,,, in the water film (a), disjoining pressures p, in the inter-layer and intra-
layer water (b) and capillary pressure p, in the capillary bonded water (c).

Physical adsorption is the result of the forces of attraction and repulsion between the water
molecules and the molecules or ions in the solid. The interaction forces are collectively called

Van der Waals forces (see for example Israelachvili, 1985). The net force between two particles are
sketched in Fig. 6. As a consequence of the higher attraction forces of the water molecules by the
solid than the air molecules, the water will adhere to the solid. Thereby it balances partly the
attraction forces on the solid surface molecules by the molecules in the interior of the solid, which
causes the solid to be in a pre-strained state. Upon partly balancing of the forces on the solid surface
molecules (i.e. reduction of the surface tension of the solid), the solid expands. For a water film, it is
then said that there exist a so-called spreading pressure (Yates, 1954, see Fig. 5a).

Likewise, there exists a so-called disjoining pressure in the intra-layer and inter-layer water, but
since this water is bounded by two solid surfaces, and often charging of the solid interfaces arises,
the disjoining pressures are usually much higher than the spreading pressure (Israelashvili, 1985).
Although the spreading pressure may have a different magnitude than the disjoining pressure, they
both cause swelling of the solid particles and possibly a reduction of strength (Yates, 1954, Hiller,
1963, Mills, 1960, Norish, 1954).
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Fig. 6. Attraction and repulsive forces between two molecules or particles (after Mindess and Young,
1981).

For capillary water, a pressure arises due to surface tension at the air/water interfaces (Defay et al.,
1966). This capillary pressure given by the air pressure minus the water pressure is always negative.
This means that for atmospheric air pressures, the water is in a state of tension. The capillary
pressure will decrease the distance between the two particles (Fig. 5¢). The unsaturated porous
materials will then act like they are compressed by the surface tension of the water (Rossi and
Boulay, 1990). With the contraction of the pores by the capillary pressure, disjoining pressures arise
also in slits and inter-layers (Powers, 1968, Wittmann, 1977, Mindess and Young, 1981). Above
about 95% RH, capillary pressures can be neglected, since the total area of the water/air interfaces
(present only in the larger pores) has become too small to have a noticeable effect on the behaviour
of the porous materials.

The effect of the degree of saturation on mortar

In the unsaturated mortar (5,=69%), it is assumed that adhesion of water is maximum and that all
micropores are completely water saturated while the capillary pores and air bubbles are
unsaturated. Upon uniaxial compressive loading, all water except that in the capillary pores and air
bubbles is compressed. Thereby the intra-layer and inter-layer water will give rise to increasing
disjoining pressure (Fig. 6). Since the intra-layer water is strongly bonded, it is unlikely that water is
squeezed from the cement-particles. In the micropores, by compression of the pore water,
compressive pore pressures may be built-up if no water movement to the larger pores occurs.
Otherwise, the micropores remain drained (i.e. no pore pressures). The water films in the larger
pores will become thicker. The total area of the water/air interfaces reduces as well as the radius of
the interfaces, hence the capillary pressure reduces. The pores expand, thereby also reducing the
disjoining pressures in wedge-like pores.

Compared to the dry mortar (S, = 0%), the stiffer behaviour of the unsaturated mortar is then a net
effect of three different stresses: increase in disjoining pressure in the intra-layer and inter-layer
water, compressive pore pressures in the saturated micropores and decrease in capillary pressures
accompanied by a reduction of disjoining pressure in the capillary pores. From preliminary uniaxial
tension experiments on the mortar, the air in the impermeable mortar was seen to remain at

atmospheric pressure during loading (Visser, 1997). Moreover, the responses of the mortar at a
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degree of saturation 69% and 98% are similar. Since for a degree of saturation of 98% capillary
pressures are negligible (Reinhardt, 1985), both the capillary pressure and the disjoining pressure
induced by the capillary pressure are either negligible or they cancel each other. The stiffer response
of the unsaturated mortar compared to the dry mortar is then due to local pore pressures in the
micropores and disjoining pressures in the inter-layers and intra-layers. Both pressures counteract
the applied uniaxial stress, so that a larger external uniaxial compressive stress has to be applied to

maintain a constant deformation rate which means that the unsaturated mortar behaves stiffer.

In the saturated mortar (S,=100%) also the capillary pores and air bubbles are saturated. Under
uniaxial compression, also these pores generate compressive pore pressures counteracting the
applied external stress and the saturated mortar responds stiffer than the unsaturated mortar. The
increase in stiffness may be either due to the capillary pores alone, or due to both the capillary pores
and the micropores. Since the response of the mortar at a degree of saturation of 69% and 98% are
similar, the pore pressures in the capillary pores can be built-up only at full saturation. Because air
is highly compressible, a small percentage of air is sufficient to give the air/water mixture a high
compressibility too (Bear and Bachmat, 1991).

The pore pressures and disjoining pressures can be seen to affect both the volumetric as well as the
deviatoric elasticity parameters of the mortar (Table 1), contrary to the general believe that the effect
of the pore pressure is volumetric only since pore pressures are hydrostatic (Biot, 1941, 1973).
However, the disjoining pressure depends strongly on the orientation of the solid interfaces and
thus on the loading direction. By compressing two solid interfaces perpendicular to the direction of
loading, repulsive forces increase very fast but for solid interfaces parallel to the direction of
loading, attraction forces arise. The attraction forces are much smaller than the repulsive forces. The
stiffening in the axial direction will then be larger than in the lateral direction, even for isotropic
materials. Therefore, both the lateral and axial deformation of the unsaturated mortar will be less
than for dry mortar, as can be seen from the increase in Young’s modulus and shear modulus. Since
the decrease of the axial deformation is largest, the Poisson’s ratio increases as well. Because of the
similarity of the Poisson’s ratio of the unsaturated and saturated mortar, the effect of the

(hydrostatic) pore pressures on the deformation is NOT similar for the three directions.

The difference between the uniaxial compressive failure strength of the dry and unsaturated mortar
is negligible. The saturated mortar has however a much lower compressive strength than the
unsaturated and dry mortar. Compressive strength reduction upon saturation is an often reported
phenomenon, and seems to be caused by two effects: a local strength reduction (i.e. loss of cohesion)
upon adhesion of the intra-layer and inter-layer water and the compressive pore pressures. The
adhesion of intra-layer and inter-layer water is largely completed above a degree of saturation of
45%. Because the compressive strengths of the dry mortar and the unsaturated mortar are approxi-
mately similar, the local strength reduction upon saturation seems to be negligible. Hence, the low
uniaxial compression failure stress of the saturated mortar is caused exclusively by the compressive
pore pressures in the capillary pores. A more detailed explanation will be given in Section 6.
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5.1

The effect of the degree of saturation on sandstone

The behaviour of the sandstone with degree of saturation is opposite to that of the mortar: upon
saturation the material weakens. The only possible explanation for this behaviour is that although
disjoining pressures and pore pressures likely lead to an apparent stiffening of the sandstone, the
reduction of the cohesion of the sandstone by the water is dominant. By the presence of the water in
and between the clay particles, not only the bond stiffness of the saturated mortar decreases, but
also the internal friction in and between the clay particles which facilitate shearing on the inter-
layers and intra-layers of the clay. Hence, the elasticity parameters of the saturated sandstone are
lower than those of the unsaturated sandstone.

The saturated sandstone has a much lower uniaxial compressive failure strength than the
unsaturated materials. Part of the strength reduction may be caused by the loss of strength of the
sandstone upon saturation, as was argued from the weakened deformational behaviour. From
uniaxial compression tests performed by Hettema (1996), the dry sandstone compressive failure
strength is as high as 35.9 MPa, compared to 30.5 MPa for the unsaturated specimen. Considering
the minor difference in degree of saturation, this strength reduction is remarkable. At a saturation
degree of 4%, the reduction of strength upon saturation is not yet maximum, since only intra-layer
water is likely to be present, while also inter-layer water and water films are known to be able to
reduce the cohesion of materials (Amanullah et al., 1994). Hence, the low uniaxial compressive
failure strength of the saturated sandstone compared to the uniaxial compressive failure strength of
the unsaturated sandstone can be expected to be partly due to loss of material strength, partly due
to pore pressure effects.

Dry fracturing

Dry fracture experiments are performed on impermeable unsaturated sandstone. In the dry fracture
experiments, the cylindrical specimens tested in the Hookean cell are sealed and sleeved so that no
water from the reservoir of the cell can penetrate the sandstone or the fracture. O-rings are placed in
the notch to prevent the sleeve to be pushed into the notch. For the constant radial stress load paths
(i.e. load path 1 in Fig. 3), experiments are performed for the uniaxial tensile load path (constant
radial stress is zero) and at a constant radial stress of 1, 2, 3, 4, 6 and 8 MPa. For the constant axial
stress load path, experiments have been run on constant axial stresses of 0 MPa only (biaxial
compression tests). Higher constant axial stress tests could not be performed because the cell could
sustain pressures up to 100 MPa only, the radial failure stresses being much higher than that for

non-zero axial compressive stress. The response curves in this section are from single tests.

Uniaxial tension test

The response curve of a uniaxial tension test on the impermeable unsaturated sandstone is shown in
Fig. 7a. At the onset of the deformation, the general response of the material will be a tensile axial
deformation with increasing stress (stage 1). The enlargement of the response curve in Fig. 7b shows

that the response is linear at first (stage 1a), but becomes increasingly nonlinear prior to reaching the
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maximum tensile stress (stage 1b). For the quasi-brittle materials under consideration, the general

nonlinear response is mostly due to microcracking.
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Fig. 7. Response curve of a dry uniaxial tension test on the unsaturated sandstone (a) and enlargement
of pre-peak response (b).

Microcracks will arise at the weakest points in the material, usually in the bond zone between the
aggregates and the matrix material and at the entrapped pores (e.g. Hsu, 1963, Petersson, 1981,
Arslan et al., 1995). At low stresses, first the bonds parallel to the maximum tensile stress will fail.
With increasing stress, also bonds not parallel to the uniaxial tensile stress and matrix bonds begin
to fail. With the increase in microcracks and the related weakening of the material, less stress must
be applied to maintain a constant deformation rate. The response curve then becomes increasingly
nonlinear, until the maximum stress bearing capacity of the material has been reached, i.e. the
response curves reach the maximum tensile stress the specimen can sustain (stage 2 in Fig. 7a).

At the peak stress, it is usually assumed that a (macro-) fracture is initiated due to the linking and
extension of the microcracks. The maximum uniaxial tensile stress is then defined as the tensile
strength of the mortar. It should be mentioned that the definition of the maximum tensile stress as
the fracture initiation stress is an ill defined point. The major fracture may well be initiated either
before or after peak (Hordijk et al., 1989).

Beyond the peak (Fig. 7a, stage 3), the materials are characterized by a decrease in stress at an
increasing deformation, until complete material failure. This so-called softening behaviour is due to
the decrease of the stress-bearing capacity of the material. The decrease in stress bearing capacity,
characteristic for all quasi-brittle materials, is mainly due to progressive microcracking and fracture
propagation by subsequent linking and extending of microcracks with the fracture at increasing
deformation. Based on the experimental observations of fracturing of quasi-brittle materials, there
seems to be reached a general consensus in concrete, rock and ceramic mechanics that the so-called
cohesive fractures in quasi-brittle materials consist of a “real” or stress free crack, preceded by a
zone of crack face bridges through which stresses still can be transmitted and possibly a zone of
microcracking (Fig. 8, Van Mier, 1991, 1992). The microcrack zone and the bridging zone together



are called the cohesive or process zone. The fracture tip is usually taken as the end of the cohesive
zone, hence there is no well defined crack tip. Fracture propagation will occur when progressive

failure of the material will cause the stress-free fracture to extend.
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Fig. 8.  Cohesive fracture model.

The above meso-mechanical description of the response of the sandstone under uniaxial tension

states the three main stages of the fracture problem: deformation of the material represented by the
pre-peak response, fracture initiation represented by the peak of the response and fracture propaga-
tion represented by the post-peak response. These three stages are however not very well separated

as was already shown for fracture initiation.

Biaxial compression test
The response curves of the biaxial compression tests on the impermeable unsaturated sandstone are
shown in Fig. 9b. For comparison, the response curves of the uniaxial tension tests are shown in

Fig. 9a as well.
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Fig. 9.  Response curves of dry uniaxial tension (a) and biaxial compression (b) tests on the unsaturated

sandstone.
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Although for both the uniaxial tension tests and the radial compression tests the specimens fail in
tension at the macro-level with the fracturing plane perpendicular to the axial of the cylinder,
several differences can be noted. The main differences in response are a smoother and much
broader peak, a higher failure stress and a higher tail of the radial compressive stress response.
These difference can be explained by the way stresses are transmitted through the sandstone and
the microcracks are distributed. The stress transfer in the sandstone is illustrated in Fig. 10. Under
uniaxial tension at the macro-level, local tensile stresses arise. When the local tensile stresses are
larger than the local strengths in the material, microcracks are generated. The microcracks are
genenerated mostly at the cement-aggregate bonds, being the weakest link in the sandstone

(Fig. 10a). Under biaxial compressive stress at the macro-level, the local tensile forces in the biaxial
stress plane are very small or even absent, by balance of the two equally large compressive forces in
the two directions. In the axial direction, the stress situation is depicted in Fig. 10b. Local tensile
stresses and bond cracks are generated in the material at the aggregates by the out-of-plane
transmission of the local compressive forces at the aggregate contacts (this follows directly from
equilibrium considerations). Hence, since the local tensile stresses are much smaller under biaxial

compression, a higher external biaxial stress has to be applied to initiate microcracks.

GaxT

Fig. 10.  Local stresses and bond cracks under uniaxial tension (a) and biaxial compression (b) applied at

the macro-level.

The ratio of biaxial compressive failure stress over uniaxial compressive failure stress f,./f,. =0.2 for
sandstone which is low compared to the ratio of 1.2 often reported for concrete (Kupfer, 1973).

On the other hand, Newman (1978) reported a f,./f,. ratio of 0.2 as well. It is not certain if the ratio is
truly very low or that there is a stress transfer at the vertical faces at the notch. Although the O-rings
are placed in the notch to prevent the sleeve from being pushed into the notch, this may not be
completely prohibited. If the sleeve is just slightly pushed into the notch, it may introduce an axial
tensile splitting stress, stimulating fracture initiation. A further discussion of the vertical notch face
loading is delayed to Section 6.



5.3

Triaxial extension tests at a constant radial stress
Relative response curves (one for each load-path) of the triaxial tests on a constant radial stress are

given in Fig. 11. The curves are given relative to the deformation and stress after initiation to the
prescribed hydrostatic stress.
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Fig. 11.  Relative response curves for the constant radial load path for dry fracturing of impermeable
unsaturated sandstone.

The relative response curves show an increase in stiffness of the pre-peak response, progressively
higher relative axial failure stresses and residual stresses (i.e. magnitude of the tail of the responses)
with increase in radial compressive stress. These observations, both in extensile and compression
failure, are typical for quasi-brittle materials (e.g. Jamet et al., 1984, Newman, 1978, Gowd and
Rummel, 1980, Scott and Nielssen, 1991, Handin and Hager, 1957).

The increase in stiffness of the sandstone with increase in constant radial stress can be explained by
the non-linear deformation behaviour of the sandstone under hydrostatic compression. The highly
nonlinear deformation behaviour of the sandstone is caused both by inelastic behaviour such as
microcracking and pore collapse (Walsh, 1965), but also by (elastic) change in contribution of the
different constituents of the sandstone to the overall deformation. The dry material deformation
will at first instant be determined mostly by the pore compressibility, since the (air-filled) pores are
the most compressible constituent. With increasing hydrostatic stress, the contribution of the matrix
and aggregate to the deformation increases (Schatz, 1976). Since the aggregates are stiffer than the
pores and matrix, the overall response of the sandstone becomes stiffer. Upon reduction of the axial
compressive stress after the hydrostatic loading, the response is still much stiffer for the high

confining stress tests, on account of the higher contribution of the aggregate fraction to the
deformation (Newman, 1978).
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The influence of the radial stress on the axial failure stress is given in Fig. 12, which shows the
failure stresses of all dry fracture experiments performed. In the figure, it can be seen that the
contribution of the radial stress to failure is about one fourth of that of the axial stress. The smaller
contribution of the radial stress is a consequence of the small local tensile stresses generated by the
radial compressive stress, as discussed in Section 5.2. The linear relationship is however surprising
and may be a consequence of the small stress range under consideration or of the notch loading, as
discussed in Section 5.2. In Fig. 12, also the biaxial compressive failure stress is given. As can be seen
there is no load path dependency.
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Fig. 12.  Extensile dry failure envelope for the unsaturated sandstone.

The reduction of stress bearing capacity of the sandstone after the peak stress is reached, is very
modest (Fig. 11). The residual strengths (i.e. the level of the tails of the response curves) are given in
Fig. 12. The radial compressive stress becomes important for fracture propagation when it is larger
than 2 MPa. For lower radial compressive stresses, the residual axial stress decreases to zero at
maximum crack opening. For a constant radial stress of 2 MPa, the residual axial stress becomes
compressive so the residual radial stress has to contribute as well. The increase in residual axial
stress with residual radial stress is almost similar to the increase in axial failure stress with radial

failure stress. Also no load path dependency for the fracture propagation stresses is found.

Hydraulic fracturing of impermeable mortar

Hydraulic fracture experiments of impermeable porous materials are performed on impermeable
unsaturated and saturated mortar. In these hydraulic fracture experiments, oil is used as reservoir
fluid in the Hookean cell to which the mortar is impermeable. The impermeability refers to the
fracture fluid rather than to the pore fluids. The surface of the specimens (but not the notch) are
completely sealed by epoxy resin to fill surface pores which might act as fracture initiators.

The impermeable unsaturated and saturated mortar are tested for a constant radial stress of 0, 2, 4, 6
and 8 MPa and for a constant axial stress of 0, 2 and 4 MPa. The response curves in this section are

from single tests.



6.1

Uniaxial tension test

The response curves of the uniaxial tension tests on the impermeable unsaturated and saturated
mortar are shown in Fig. 13. Because the radial fluid pressure in these tests is zero (although the cell
is filled with oil), the fluid pressure in the notch of the specimens as well as in the fracture is zero.
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Fig. 13.  Response curves of uniaxial tension tests on the impermeable mortar.

The tangent Young’s modulus of the saturated mortar (average 32.3 GPa) are just slightly higher
than that of the unsaturated mortar (average 29.8 GPa). This difference is about similar as found
from the uniaxial compression tests (Section 4). As discussed, the stiffer response of the saturated
mortar is caused by the pore pressures in the capillary pores. In the uniaxial tension tests, the pore
pressure is tensile, since upon elongation of the specimen, the (pore) volume of the specimen
increases so that the water in the pores has to spread over a larger volume. The tensile pore pressure
counteracts the applied uniaxial tensile stress and a higher uniaxial tensile stress has to be applied
to maintain a constant deformation rate.

In addition to the stiffer response of the saturated mortar upon loading compared to the
unsaturated mortar, the uniaxial tensile failure stress of the saturated mortar (-2.8 MPa) is much
higher (i.e. more tensile) than that of the unsaturated mortar (-1.8 MPa). The difference in uniaxial
tensile failure stress may be caused by two local effects: a local strength increase or a local stress
increase. Local strength increase of the saturated mortar compared to the unsaturated mortar is
unlikely to occur. First of all, the general influence of the water is a strength reduction, rather than a
strength increase, because the water reduced Van der Waals forces (Section 4). Moreover, because of
the high degree of saturation of the unsaturated mortar, weakening effects from the water are
expected to be approximately similar in the two types of mortar. The apparent strength increase of
the saturated mortar is thus most likely caused by a change in local stresses. The difference in local

stresses, and their effect on the apparent local strength of the mortar are schematized in Fig. 14.
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Fig. 14.  Local stresses and effect of the pore water on the impermeable unsatured mortar (a) and the
saturated mortar (b) under uniaxial tension applied at the macro-level.

In uniaxial tension, the main local crack mode for both the unsaturated and the saturated mortar
will be pull-apart of the bonds. However, the tensile pore pressure in the saturated mortar counter-
acts the tensile stress and thus reduces the local tensile stress. Therefore, a higher tensile stress has
to be applied in order to initiate microcracks. Moreover, with progressive microcracking the pore
water has to spread over a larger volume and the tensile pore pressure will increase. Linking and
extension of the microcracks will therefore occur at a higher stress than for the unsaturated mortar.

After reaching the maximum tensile stress, the response curve of the impermeable saturated mortar
drops almost instantaneously after which the stress for propagating the fracture is much lower than
for the unsaturated mortar (Fig. 13). The response curve of the unsaturated mortar shows a more
gradual decrease in uniaxial stress after reaching the uniaxial failure stress. The difference in
behaviour of the two types of mortar after peak stress may be caused by different local phenomena.
A first explanation derives from possibly different fracture tip pressures. After initiation, the
fracture oil is free to enter the fracture. However, the fracture oil is at atmospheric pressure in these
uniaxial tensile tests. Because of the surface tension of the highly viscous oil (about 70 times as high
as that of water), the oil cannot penetrate the whole fracture. A non-penetrated fracture zone, called
fluid lag, will therefore exist at the fracture tip (Fig. 15, Ingraffea et al., 1995).
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Fig.15.  Cohesive fracture models for a dry fracture (a), a hydraulic fracture in the unsaturated mortar (b)

and in the impermeable saturated mortar (c).



6.2

The length of the oil lag is to first order determined by the capillary pressure between the fracture
oil and the fluid in the fracture tip. This means that the lag is dependent on the pressure difference
between fracture oil and oil lag fluid and the aperture of the fracture (Ingraffea et al., 1995). In the
unsaturated mortar, the fluid in the oil lag region is most likely air (at atmospheric pressure).

The fracture then must have already a large opening before the fracture oil will penetrate the
fracture. In the saturated mortar, where no air is present, it is unlikely that water will flow to the
fracture tip, because the permeability of the mortar to the water is low and because the water in the
saturated mortar is already tensioned. The pressure in the oil lag region will be at vacuum (Nilson,
1981) or close to it. By the evacuated fracture tip, the oil lag in the saturated fracture can be expected
to be much smaller than in the unsaturated mortar. As a result of the smaller fluid lag in the
saturated mortar, the bridging zone of the hydraulic fracture in the saturated mortar is expected to
be smaller than in the unsaturated mortar (Fig. 15). Since the bridges no longer can transfer stress, a
lower uniaxial tensile stress on the specimen is required to propagate the fracture and the softening

branch of the saturated mortar is then lower than for the unsaturated mortar.

It is not clear if such a dominant difference in crack tip pressures between the unsaturated and
saturated mortar exists. Once a fracture is created, the material neighbouring the fracture will relax
and the tensile pore pressures will reduce. Pore water then may flow to the fracture tip. It is unclear

what causes the lower residual stress for the saturated mortar.

Biaxial compression tests
The response curves of the biaxial compression tests on the impermeable unsaturated mortar and
saturated mortar are shown in Fig. 16b. For comparison, the response curves of the uniaxial tension

tests on the impermeable unsaturated and saturated mortar are shown in Fig. 16a as well.
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Fig. 16.  Response curves of the hydraulic uniaxial tension tests (a) and hydraulic biaxial compression

tests (b) on the impermeable mortar.

In Fig. 16b, it can be seen that the saturated mortar has a much higher apparent Young’s modulus

than the unsaturated mortar. Using the Poisson’s ratio’s obtained from the uniaxial compression

tests (Table 1), the Young’s moduli of the unsaturated and saturated mortar are similar to those

obtained from the uniaxial tensile tests. Since in the biaxial compression tests the notch is
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pressurized, it can be concluded that the effect of the pressure on the notch faces has little influence

on the elasticity parameters of the mortar.

The biaxial compressive failure stress is much higher for the saturated mortar than for the
unsaturated mortar. The effect of the degree of saturation on local failure of the unsaturated and
saturated mortar is schematized in Fig. 17. As already discussed for the uniaxial tensile tests, the
effect of the water on the local strength of the saturated material is unknown, but likely not very
strong (compared to both the dry and unsaturated mortar). More important is the local stress
distribution in the material. Under biaxial compression, the local stresses in the saturated mortar are
much lower than in the unsaturated mortar. This local stress reduction is partly caused by transition
of the stresses through the compressed pore water, partly because the pore pressure prohibit
aggregate contacts to establish. Thus, local tensile stresses by wedging of grains can not take place
as easily as in the unsaturated mortar. Microcracking does not occur until very high biaxial
compressive stresses are applied. This can also be seen from the response curve in Fig. 16, where it
is shown that the saturated mortar behaves almost linear up to the peak stress. This indicates that
microcracking prior to fracture initiation is (almost) absent.

Fig. 17.  Local stresses and effect of the pore water on the impermeable unsaturated mortar (a) and
saturated mortar (b) under biaxal compression applied at the macro-level.

Although the above local failure mechanisms may explain the difference in biaxial failure stress
between the unsaturated and saturated mortar, it should be noted that the biaxial compressive
failure stress for the unsaturated mortar is (except for the sign) as large as the uniaxial tensile failure
stress. This is highly remarkable since it is expected that the unsaturated mortar has about the same
failure stress as the dry mortar, i.e. the water in the unsaturated mortar has only a minor influence
on the failure stress. In Section 5, on the other hand, it was shown for sandstone that the biaxial
compressive stress in dry fracturing can be expected to be much higher than the uniaxial tensile
failure stress. The effectiveness of the radial stress to generate local tensile stresses causing micro-
cracking and initiation of a macrofracture is then much lower than the effectiveness of the uniaxial
tensile stress (about a factor four was found for the sandstone). The low biaxial compressive stress
for the unsaturated mortar can then be expected to be a consequence of the hydraulic fracturing.

The hydraulic fracture initiation in the unsaturated and saturated mortar is illustrated in Fig. 18.
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Fig. 18.  Effect of the pressure in the notch for the unsaturated mortar (a) and the saturated mortar (b)

under biaxial compressive stress.

In Fig. 18a, failure for the unsaturated mortar under biaxial compression is shown. For hydraulic
fracture initiation in the impermeable mortar, the fracture oil in the notch will impose a pressure on
the crack faces. This crack face pressure gives rise to tensile splitting forces. By the similarity of the
uniaxial tensile failure stress and the biaxial compressive failure stress, it seems that the notch
pressure is the dominant stress causing fracture initiation in the unsaturated mortar. However, it is
likely that also the radial compressive stress contribute to the failure. The exact contributions of the
two stresses can however not be deduced from these tests.

The effect of the notch pressure can be expected to be much less in the saturated mortar than in the
unsaturated mortar. This is illustrated in Fig. 18b. Due to the counteracting pore pressures, the
compressive stress can be said to be less effective in generating local tensile stresses in the mortar, as
explained above. But the pore pressures will also have the same counteracting effect on the notch
pressure. The reduction in effectiveness of both the radial compressive stress and the notch stress
may explain the much lower ratio of biaxial compressive failure stress of the unsaturated mortar

and the saturated mortar compared to the ratio of the uniaxial tensile failure stresses.

In Fig. 16, it can be seen that the tails of the response curves for the unsaturated and saturated
mortar are almost similar, even though the saturated mortar has much higher failure stress. Since
the radial fluid pressure is not zero, the pressurized oil in the crack will impose an extra body force
normal to the fracture walls. In addition, the fluid lag in the fracture will be lower than for the
uniaxial tension test. Yet for the highly viscous fracturing oil, a fluid lag will likely still exist. At the
fracture tip, the pressure is either atmospheric (unsaturated mortar), or tensioned or vacuum
(saturated mortar). The pressure in the fracture then has to drop from its maximum pressure at the
fracture opening to the pressure at the fluid lag boundary. It is known that for the quasi-static
fracture propagation, the pressure in the fracture is fairly constant and most of the pressure drop
will occur at the fluid lag boundary (Desroches and Thiercelin, 1993). The fluid pressure on the
fracture faces serves as an additional tensile splitting force and will stimulate fracture propagation.
The smaller the fluid lag, the more effective the fracture pressure will be. Moreover, the fracture

pressure will give rise to wider fractures than in the dry fracture case. This will lead to a smaller
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bridging zone for the fluid filled fractures, causing the mortar to behave more brittle (Brithwiler and
Saouma, 1991).

(a) (b)

Fig. 19.  Cohesive fracture models for a pressurized hydraulic fracture in the impermeable unsaturated

mortar (a) and in the impermeable saturated mortar (b).

The fracture pressure is likely less effective in propagating the fracture in the saturated mortar than
in the unsaturated mortar, as a result of counteracting pore pressures. The tail of the response
curves for the unsaturated and saturated mortar are however similar. From the uniaxial tensile
tests, it was observed that the saturated mortar needs a lower stress to propagate a fracture. The
similarity of the tails of the response curves in the biaxial compressive tests then indicates that the
fracture pressure is less effective in propagating the fracture. This is caused by the pore pressures in
the neighbouring mortar which counteract the fracture pressure (Fig. 19b). Due to the fluid lag, the
fracture pressure does not directly influence the stresses at the fracture tip.

6.3  Triaxial extension tests

The response curves of the triaxial extension tests at a constant radial compressive stress (load path
1in Fig. 3) on the impermeable unsaturated and saturated mortar are given in Fig. 20. The response
curves of the triaxial extension tests at a constant axial compressive stress (load path 2 in Fig. 3) on
the impermeable unsaturated and saturated mortar are given in Fig. 21.
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Fig. 20.  Relative response curves for hydraulic fracture tests at a constant radial stress on the

impermeable mortar.
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Fig. 21.  Relative response curves for hydraulic fracture tests at a constant axial stress on the impermeable
mortar.

Comparison of the response curves of the different constant radial stress tests indicate that the
response curves of the unsaturated mortar are more or less independent of the constant radial
stress. For the tails of the responses, however, the residual stress decreases with increasing constant
radial stress. For the saturated mortar, the response curves show that the initial linear response is
approximately constant. Also the nonlinear response prior to the peak is constant, except for the
tests at a constant radial stress of 0 and 1 MPa. The failure stresses increase with constant radial
stress whereas the tails increase with increasing constant radial stress. Comparison of the response
curves of the different constant axial stress tests indicate that the response curves of the unsaturated
mortar are independent of the constant axial stress, including the tails of the responses. The
response curves of the saturated mortar are also more or less independent of the constant axial

stress, except for the failure stresses and the stress drop just after peak.

The tests show that the hydrostatic stress has no influence on the linear elastic behaviour of both the
unsaturated and the saturated mortar, contrary to what was found for the sandstone (Section 5).
The influence of the hydrostatic stress on the failure stresses of the mortar is shown in Fig. 22, which
shows the failure stresses of all hydraulic fracture experiments performed on the impermeable
mortar. In the figure, it can be seen that for the unsaturated mortar the contribution of the radial
stress to failure is similar to that of the axial stress. However, for the saturated mortar, the contri-
bution of the radial stress is lower. For comparison, also the dry failure envelope for the sandstone
is shown.

Although the behaviour of the unsaturated mortar and unsaturated sandstone may be different, it is
expected, from other dry fracturing experiments on mortar (e.g. Newman, 1978), that the dry failure
envelope of the mortar shows a similar low contribution of the radial stress to failure. Part of the

contribution of the radial failure stress to failure is then due to the notch, as explained in Section 6.2

(see also Fig. 18). The lower contribution of the radial stress to fracture initiation in the saturated
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mortar is due to pore pressures. The pore pressures have a larger effect on the radial stress than on
the axial stress or notch pressure by the biaxial nature of the radial stress (Section 6.2). The
unknown contribution of the notch pressure to fracture initiation and the pore pressures cannot be
deduced from lack of dry fracture data on the impermeable mortar. Moreover, the increasing failure
stresses of the saturated mortar are difficult to relate to the lower uniaxial compressive failure stress
of the saturated mortar compared to the unsaturated mortar. In the uniaxial compression tests, the
saturated mortar possibly fails under a biaxial tensile stress generated by the pore pressures in the
direction perpendicular to the applied stress. However, a different local failure mode by pore fluid

wedging is possible as well.
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Fig.22.  Extensile dry and hydraulic failure envelope.

The most remarkable difference between the response curves of the hydraulic fractured mortar
(Fig. 20, 21) and the dry fractured sandstone (see Fig. 11), is that the relative residual stress of all
hydraulic fracture experiments on mortar is close to zero. Thus the residual stresses are all close to
the hydrostatic stress at the onset of the experiments. This is contrary to the dry fracture tests on
sandstone where the residual stress is only slightly lower than the (axial or radial) failure stress.
From extensile tests on mortar (Newman, 1978), it is known that mortar has similar high residual
stress as the sandstone in dry fracturing. The fracture pressure thus contributes so much to the
fracture propagation that only a little differential stress (axial stress minus radial stress) is needed to
propagate the fracture. Consequently, the stress bearing capacity of the mortar is greatly reduced.
The hydrostatic stress has a negligible influence on the propagation of the hydraulic fracture and

the mortar remains brittle for the hydrostatic stress range tested.



Conclusions

Uniaxial compression tests showed that the response of the 2 mm mortar is dependent on the
degree of saturation. The response of the saturated mortar was concluded to differ from the unsatu-
rated mortar by the effect of the pressures in the capillary pores and possibly also in the micropores.
These pore pressures counteract the applied stress, giving the saturated mortar a stiffer response
than the unsaturated mortar. The Poisson’s ratio of the saturated mortar is similar to that of the
unsaturated mortar, indicating that the effect of the pore pressures is not hydrostatic, as is usually
assumed in poroelastic theory (Biot, 1941). The tangent elasticity parameters of the unsaturated and
saturated mortar are independent of load direction and the hydrostatic stress range of 0 to 8 MPa.

The uniaxial compressive strengths of the dry and unsaturated mortar are approximately similar,
indicating that disjoining pressures and capillary pressures in the unsaturated mortar likely have a
negligible influence on the strength of the mortar. The uniaxial compressive strength of the
saturated mortar is lower than that of the unsaturated mortar. On the other hand, the uniaxial
tensile strength of the saturated mortar is higher than that of the unsaturated mortar. This indicates
that the (tensile) pore pressures reduce the effectiveness of the uniaxial tensile stress to initiate a
fracture. The lower compressive strength for the saturated mortar seems to contradict the simple
superposition rule that the pore pressures counteract applied stresses and thus increase the failure
stresses. In the directions perpendicular to the applied uniaxial compressive stress, however, a
biaxial tensile stress state prevails. This causes the saturated mortar to fail at a lower uniaxial

compressive stress.

From dry extensile fracturing experiments on unsaturated sandstone it was found that the contri-
bution of the radial compressive stress to dry fracture initiation is about one fourth of the axial
stress. A similar moderate contribution is also expected for the unsaturated mortar, although the
exact contribution is unknown. From hydraulic extensile fracturing experiments on unsaturated
mortar, the contribution of the radial compressive stress was found to be as large as that of the axial
stress. The large contribution is mostly due to the pressure in the notch which serves as an
additional axial splitting stress. From hydraulic extensile fracturing experiments on saturated
mortar, pore pressures counteract both the applied axial stress and the radial stress, thereby
increasing the tensile strength of the mortar. The effect of the pore pressure is larger on the radial
compressive stress, by the two-dimensional nature of the radial stress. Consequently, the contri-
bution of the radial compressive stress to failure of the saturated mortar was found to be smaller
than to failure of the unsaturated mortar. The exact contribution of the notch and the pore pressure
effect could not be deduced because of lack of dry fracture data on the impermeable mortar. Load
path dependency in the extensile failure regime is absent.

After initiation of the hydraulic fracture at the peak of the response curves, only a small deviating
stress from the hydrostatic stress, at which the tests are started, is needed to propagate the fracture.
From the dry fracture experiments on the sandstone, it was shown that for dry fracturing a stress
just slightly different from the failure stress is needed to propagate the fracture. A similar behaviour
in dry fracturing is expected for the mortar. The strong difference in residual stress in the dry and
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hydraulic fracture experiments is due to the fracture pressure. The fracture pressure seems to
dominate the fracture propagation, especially at high hydrostatic stresses. The behaviour of the
mortar thus remains brittle, even at high hydrostatic stresses. The residual stresses for the
unsaturated mortar and the saturated mortar are almost similar. From the uniaxial tensile tests, it
was found that the saturated mortar require less stress to propagate the fracture, possibly due to the
smaller fluid lag in the fracture by which the stress transferring capacity of the fracture in the
saturated mortar is reduced. Higher fracture pressures are however needed to propagate the
hydraulic fracture in the saturated mortar under biaxial or triaxial loading, since the pore pressures
reduce also the effectiveness of the fracture pressure. The effects of the smaller fluid lag and pore
pressures together then seem to be negligible.
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