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1 

Hydraulic fracturing concrete and rock is the fracturing of material 
under a The fluid pressure can be imposed externally (e.g. 
water pressure on a dam) or internally (i.e. pore fluid pressure). A tensile 

............. ~ .... ..., ...... hydraulically when the net fluid pressure exceeds 
the material. Once a fracture is initiated, the fracture 
either by communication of the fracture with the 

or by pore fluid drainage from the material. The pressurized 
impose an extra body force on the fracture faces 

driving force for fracture propagation. When 
the state of stress will be changed by fluid 

in the material), thereby influencing the hydraulic 
hydraulic fracture problem is thus a highly coupled 

fluid, fracture fluid and solid material. At 
coupling mechanisms are barely understood . 

...., ... ,. .. J ............. ...., the coupling effects in fluid saturated materials, 
experiments in tension have been carried out with a 

triaxial cell. paper, the experimental set-up will be described 
shown, with respect to the fracture initiation 
the results will focus on the failure mechanisms 

briefly. Results 
stresses. Interpretation 
at 

2 Experiments 

Experimental ~ ........ ,., .............. 
The hydraulic experiments are performed with a triaxial cell, 
which has been designed for deformation controlled experiments the 
tensile regime. cross sectional view of the cell is given in Fig. 1. For a 
detailed description the triaxial cell and the regulation system, see 
Visser and Van 1992. In the triaxial cell, cylindrical specimens are 
loaded radial direction by pressurizing the fluid in the reservoir of 

cell and axial direction by a hydraulic actuator. In the axial 
direction, both a and a compressive load can be applied. The 
applied load paths are such that the specimens always fails in tension, with 
the fracturing plane perpendicular to the axis of the cylinder. Two different 
load paths are used (see Fig. 2). For both load paths, the specimen is 
loaded first to a certain hydrostatic stress. For load path 1, the radial 
pressure is then constant while the axial compressive load is slowly 
reduced. For load path 2 the axial compressive load is kept constant after 
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hydrostatic loading while the radial fluid pressure is increased. For 
load paths, the experiments are performed in axial deformation 
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saturated sandstone has been 
means that there is free '"'"',,.,.,...."'"'"""'"'' 

pore both sandstone 

3 

illustrative examples of 
specimens at different constant 

The axial stress are given 
pre-loading values ( compression=positive ). 

heterogeneous materials 
unsaturated mortar and sandstone """""''01

.,, .... "'"""'" 

0 10 20 30 
()ax - Dax,O 

4 Response curves .. :11 .................... ...,u. mortar specimens 
hydrostatic 

the response curves 
stresses were interpreted as 

at the failure stress, a 
the mortar C'1'"\C•f'i1rn.C.'t"IC' 

specimens Fig. 6. 

4 Interpretation of 

U niaxial tensile strength 
uniaxial tensile strength of 
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6 stresses for the Felser sandstone specimens 

............... ...., .......... ,_ can sustain. Hence, it is equal to the uniaxial 
failure stress of the material. The uniaxial tensile strength is 

............. ..., ...... by the meso-mechanical behaviour of the material. At this 
the tested materials consist of aggregates embedded in a porous 

,.._ .. JL._., ... _.__._," .... Under a global tensile load, both local compressive and 
.. ..., .. u • .._. ... _..., stresses exist material. At the meso-level different failure 
........ ...., ...... ....,._, are possible, tensile microcracking of the bond between the 
aggregates and dominate due to the relatively low tensile 
,,,.,...c • ...,., ... ,r., of the bonds (Mindess, 1989). This is indicated 1n Fig. 7a, where 

material is depicted four aggregates in the matrix, with a pore in 
aggregates. The tensile strength can thus be expected to 
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depend strongly on the tensile bond strength between aggregates 
matrix. In addition to the bond strength, the tensile strength of the 
materials depends on the transmission of the load material. 
Number of bonds bond direction, instance, the local 
tensile stress at the bond. Furthermore strength is 

ease with which bond cracks are able to align to a 
Alignment of the microcracks depends, among others, on 
and distribution of the constituents, strength (ratios) 
coupling bonds and porosity. For example, the 
aggregates is sparse, alignment can be obtained only by ....,,_,._.._ .... u .......... , ..... 

of the matrix material, while for a dense aggregate ....... .LU • ., ...... ._, 

bond cracking may suffice for alignment. The case 
lower stress due to the low strength matrix-aggregate 

CTaxl 

CTax 1 (a) 

7 Reaction forces under a global tensile stress for an ..... .._ ... ,, ....... , .............. ..., ..... 
and a saturated (b) porous ......... ., ... ...,Jl..Jl.,. ... 

From the above discussion, it is clear that the tensile strength depends 
on the mode of microcrack alignment and the effective stress available for 
cracking. Lack of detailed information of the above 
application of meso-mechanical models. 
instance the strength of unsaturated 
unsaturated mortar (Fig. 5 and 6), it can be seen 
mortar yields a higher tensile strength the ......... ll._, ............. . 

difference in strength can be explained by a difference 
mentioned factors determining the tensile strength. 
responsible for the difference tensile strength and at 
not clear at the moment. 

The tensile strength of the closed saturated mortar can be 
seen to be higher compared to that the unsaturated mortar specimens 
(Fig. 5). This is a consequence of the closed condition experiments 
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no fluid can penetrate the specimen during the test. uniaxial 
.. ~AAVA~·u, the volume of specimen, or more precisely the pore volume, 
increases. This has no consequence for the unsaturated material, since the 

are filled with expandable air. the saturated material, an 
expansion of water the enlarged pore space will to 

to the surface tension of the water. The 
negative pore pressures increase the cohesion of the material (see Fig. 

thus the tensile strength. 
tensile strength of the open, water saturated sandstone specimens 

is lower than that of unsaturated closed sandstone specimens (Fig. 6). 
closed unsaturated sandstone specimens, the pore pressures remain 

zero, for the same reasons as discussed above. For the open saturated 
..., ......... ...,.., ... '-'.._,, ...... specimens, no negative pore pressures can develop since the 
water from the reservoir of the cell is to enter the specimens . 

................... "' ...... "' ...... in apparent strength of the saturated sandstone specimens 
attributed to a loss of material cohesion upon saturation. Cohesion 

might be due to weakening of the clay which serves as matrix 
""""''"'""' .. "'""""""in the sandstone reaction on the presence of the water (Alonso 

1987). 

envelopes. 
tensile failure envelopes in Fig. 5 and Fig. 6 are expressed as 

,.,. ............. ,_, ... u__, of the axial radial stresses at failure. In the previous section, 
it was argued that the ability of the global uniaxial tensile stress to cause 
local tensile failure depends on the magnitude of the local tensile stress. 

same criterion will hold under triaxial extensile stress conditions 
..... ""._ ......... ,'-A as the stress conditions for which the radial compressive stress is 

always larger than the stress). This can be understood when the radial 
compressive stress situation is considered first. Under both global radial 
compression and global uniaxial tension the dominant mode of failure is 
tensile failure of the bonds (compare Fig. 7a and 8a). However, local 

failure is initiated by wedging the aggregates under radial 
compressive loading, while it is initiated by pull-apart of the aggregates 
under uniaxial loading. effectiveness of the radial stress to cause local 
"''·"'·'-•-:l'-'-"" failure due to wedging depends firstly on magnitude and direction 

the local radial stresses at the contact between the aggregates. Secondly, 
it depends on the packing and geometry of the aggregates. For instance, 
local compressive contact stresses parallel to the direction of the global 
radial compressive stress will not cause wedging at all. 

Under triaxial extensile stress conditions, the local tensile stress is a 
weighted contribution of axial and radial global stresses, as expressed by 
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failure envelope functions. As seen previous section, 
strength does not reflect the local ... ..., .. L,J .. LL..., stress, but global ....... u ..... ,, .... , ....... 

... ..,, ..... ., ...... ..., stress at failure only. failure envelope expressions 
relative two global failure stresses. It is 

to under-determined failure failure terms 

8 Reaction forces a ~ ... ~~~... compressive stress 
unsaturated (a) and a..., ........................ ....,'"" (b) porous material. 
radial stress is to the rt.,.,,.,...,,.," 0 

For the saturated closed mortar specimen, the contribution 
stress is reduced in comparison to contribution to unsaturated 

5). This is a consequence pore pressures, generated by 
stresses. The hydrostatic 

radial compressive stress, 
to wedge the aggregates (see 
tensile failure. The pore ._, ..... ,...,.., ....... 
direction. As a result, a 
stress to tensile failure will occur. 

The increase radial stress contribution for the open, 
sandstone compared to the closed, unsaturated specimen is a ..,'V,, .. ..,. ... ,'4 

of the open test condition. these experiments, the pore pressure is 
to the radial fluid pressure due to open structure of 
Hence, the tensile failure criterion for the saturated response curve can 

269 



given in terms of effective axial stress: ft=cr' ax=crax-Pp and the effective 
radial pressure a' rad=crrad-pp=O. It thus seems that the radial compressive 
stress in this case does not contribute to the tensile failure at all, and an 
effective axial stress law suffices. Similar effective axial failure stress 
criteria for the other three failure curves have not been found yet. It seems 
that the effect of the radial stress on these failure envelopes can not be 
neglected. 

5 Conclusions 

Tensile failure of heterogeneous materials is governed by a local stress 
equilibrium of global stresses. The contributions of the global radial 
compressive stresses to tensile failure can not be neglected, since may 
contribute as much to the tensile failure as the global axial stress. 
addition, tensile failure of fluid saturated materials is influenced by the 
pore pressures. The hydrostatic pore pressures reduce the effects of the 
global compressive stresses and increases the effects of global tensile 
stresses on the material. However, they do not basically change the failure 
mode. A failure criterion based on an effective axial stress (global axial 
stress minus the of the pore pressures) only is not valid, except for 
the trivial case when the effective radial stress is zero. Other failure 
criteria however not yet been tested. 
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