
., . . 

Hydraulic-Fracture Propagation in Layered Rock: Experimental Studies 
of Fracture Containment* 

Lawrence w. Teufel and James A. Clark 
Sandia National Laboratories** 

ABSTRACT 

Fracture geometry is an important concern in the design 
of a massive hydraulic fracture treatment for improved 
natural gas recovery from tight gas sands. Possible pre
diction of vertical fracture growth and containment in 
layered rock requires an improved understanding of the 
parameters which may control fracture growth across layer 
interfaces. We have conducted laboratory hydraulic fracture 
experiments and elastic finite element studies which show 
that at least two distinct geologic conditions may inhibit 
or contain the vertical growth of hydraulic fractures in 
layered rock; l) a weak interfacial shear strength of the 
layers and 2) a compressional increase in the minimum 
horizontal stress in the bounding layer. The second con
dition is more important and more likely to occur at depth. 
variations in the horizontal stress can result from dif
ferences in elastic properties of individual layers in a 
layered rock sequence. A compress ional increase in the 
minimum horizontal stress can occur in going from high 
shear modulus into low shear modulus layers. 

INTRODUCTION 

In 1949 Clarkl introduced the concept of hydraulic 
fracturing to the petroleum industry, and since then hydrau
lic fracture treatment to enhance oil and gas recovery in 
tight reservoir rocks has become standard practice . More 
recently , as a result of an increased need for better re
covery techniques, massive hydraulic fracturing has been 
uced in low--permeability, ga:J-bearing candatone::; in the 
Rocky Mountain region and Devonian shales of the Appalachian 
region, where it is uneconomical to retrieve gas in the 
conventional manner2. Massive hydraulic fractures (MHF) 
are designed to extend as much as 1000 m radially from the 
wellbore and generally require up to 3 x 103 m3 of fracture 
fluid. Massive hydraulic fracturing has been developed by 
Lrial and error, and ils results are uncertain in many 
situations. Some of these large-scale stimulation efforts 
have been successful, but others, extremely disappointing 
failures. The reasons for these failures are not clear, 
but it seems likely that improved understanding of the 
fundamental mechanisms of hydraulic fract.uring should 
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suggest ways of improving the efficiency and reliability 
of the MHF stimulation technique or at least indicate 
where this technique can be successfully applied. 

Among the many technological problems encountered in 
massive hydraulic fracturing, two very important questions 
must be answered properly to design a hydraulic fracture 
treatment and to site production wells successfully for 
optimum gas recovery in a particular field. What is the 
azimuthal direction of the fracture, and what is the 
s·hape of the fracture? 

The first question requires a knowledge of both the 
in-situ stresses (since hydraulic fractures propagate normal 
to the minimum principal compressive stress) and the frac
ture anisotropy (if any) of the reservoir rock. The second 
question deals with the problem of whether or not the 
induced hydraulic fracture will propagate into formations 
lying above or below the producing zone. A hydraulic 
fracture usually grows vertically and propagates above and 
below the packers as well as laterally away from the well
bore. Vertical propagation is undesirable whenever the 
fracturing is to be contained within a single stratigraphic 
interval. An example would be the containment of a hydrau
lic fracture within a low-permeability producing sandstone 
without fracturing through the underlying shale into another 
sandstone which is water bearing. In addition, if the 
hydraulic fracture is not contained within the producing 
sandstone and propagates in both the vertical and lateral 
directions (an elliptical fracture), then there is an 
effective loss of the expensive fracture fluid and proppant 
used to fracture the unproductive formations. It is there
fore of great economic importance to the gas industry to 
understand the parameters which may control the vertical 
propagation of massive hydraulic fractures. 

There are several parameters which are considered. to 
hdv~: s.:.nne effect on the vertical growth anr] ['lll';!':i hl.e con
tainment of hydraulic fractures. Simonson et al. (1976)3 
have shown in theoretical studies using elastic fracture 
mechanics that a hydraulic fracture propagating from a 
low modulus material into a high modulus material would be 
arrested at the interface between the two materials because 
the stress intensity at the crack tip approaches zero as 
the interface is app:t'uached. However 1 Sandia. National 
Laboratories' in-situ stimulation and mineback experiments 
in tuff at the Nevada Test Gite have e;hown that mated.al 
property interfaces alone may have little effect on con
tainment of hydraulic fractures4 • In these experiments it 
has been demonstrated that the in-situ stresses have the 
dominant effect on fracture behavior and direction of 
fracture growth. Specifically, this study has shown that 
containment of a hydra1.1lir. fr.acture is most likely to 
occur as a result of an increase in the minimum horizontal 
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compressive stress. These results are consistent with 
calculations by Simonson et al. (1976)3 which also show 
that a boundary layer of higher minimum compressive stress 
should restrict fracture growth. In addition, experimental 
studies by Daneshy (1978)5 suggest that fracture contain
ment may be more a result of the nature and shear strength 
of the layer interface rather than any difference in mate
rial properties on either sid~ of the interface. 

These previous studies indicate that there are at 
least three parameters which may control fracture growth 
in layered rock: 1) differences in the mechanical pro
perties of the formations on either side of the interface, 
2) changes in the horizontal stress state across the inter
face, and 3) shear strength of the interface. To date, 
no systematic experimental work has been done incorporating 
all three of these parameters for the purpose of determin
ing their relative influence on vertical fracture growth 
and possible fracture containment in layered rock. 

Accordingly, we have conducted laboratory experiments 
and elastic finite element studies which clearly show that 
fracture propagation in layered rock is strongly influenced 
by all three parameters in a consistent and predictable 
manner. First, containment can occur whenever the shear 
strength of the layer interface is sufficiently weak rela
tive to the tensile strength and the minimum horizontal 
compressive stress of the bounding layer that the fracture 
more easily becomes an interfacial fracture than extending 
across the interface into the bounding layer. The second 
and more important condition for containment is due to 
a compressional increase in the minimum horizontal stress 
in the bounding layer. Differences in elastic properties 
of the formations in a dilithologic layered rock sequence 
may be the dominant factor in determining the horizontal 
stress state in individual layers with a possible compres
sional increase in the horizontal stress in going from 
high shear modulus to low shear modulus layers. 

EXPERIMENTAL PROCEDURE 

Hydraulic fracture experiments were conducted on rec
tangular composite 3-layer specimens 24 ern in length, 
20 em thick, and 20 em wide (Figure 1). The individual 
layers were 8 ern in length. The composite specimen has 
a 0.68 ern borehole in its center, with the axis of the 
borehole perpendicular to the layer interfaces. A hollow 
steel packer (0.65 ern in diameter and 13 em long with a 
0.22 ern injection hole) was inserted 11 ern into the bore
hole and cemented by expoxy. A solid steel packer (0.65 
ern in diameter and 11 em long) was cemented by epoxy into 
the other end of the borehole, leaving a 2 em open-hole 
section in the center of the middle layer. This spec.;..i.men 
configuration assured fracture initiation in the central 
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layer when fluid pressure was applied to the sealed borehole 
through the hollow steel packer. In each experiment the 
open-borehole was filled with fracturing fluid (40 weight 
oil) which was then quickly pressurized by an 80 MPa hand 
pump ( fractc.ring occurred within 60. seconds). The fluid 
pressure was monitored by a transducer (with an accuracy 
of 0.1 MPa) and recorded on a pressure/time recorder. 
Experiments were conducted on rnonolithologic and dilitho
logic (that is, outer layers A and C were different from 
middle layer B) specimens by applying a stress up to 20 
MPa normal to the layer interfaces. Rock types used in 
the experiments include Arizona, Berea, Coconino, and Ten
nessee sandstones and Lueders limestone. The porosity, 
permeability, and a brief physical description of these 
rocks are given in Table 1. The surface roughness of the 
interfaces were varied by polishing them with 20, 40, 80, 
and 240 grit abrasives. Average surface roughness was 
measured with a surface profiler. 

In order to relate fracture growth to the mechanical 
properties of the different rocks, room temperature, uncon
fined compression tests were conducted on right-circular 
cylinders (4.76 ern in diameter and 10 em long) with axial 
and lateral strain gages to determine the uniaxial compres
sive strength, Young's modulus, and Poisson's ratio. In 
addition, indirect tensile strengths were determined from 
Brasil tests. The mechanical properties of the rocks used 
in this study are given in Table 2. 

EXPERIMENTAL RESULTS 

Monolithologic Experiments 

In order to determine the influence of layer inter
faces on hydraulic fracture growth, a series of experiments 
were conducted on rnonolithologic layered specimens as a 
function of normal stress. Since the layers on either side 
of the interface have identical mechanical properties, the 
.Lt:laL.ivt! lmpurtance of the shear strength of the interface 
(resulting from the frictional effect of the applied ;normal 
stress) and the material properties of the layers can be 
assessed. 

Compressive normal stress can be transmitted across 
an interface, but the amount of shear stress transmitted 
across the interface will depend on the inherent shear 
strength and frictional properties of the interface. For 
an unbonded interface the inherent shear strength is essen
tially zero and the shear strength of the interface is 
solely dependent on its frictional properties. Experi
mental studies on the frictional prop~rties o;f rock have 
shown empirically that the shear strength of a sliding 
surface fits a linear relation 



where ~ is the shear strength, ~ is the coefficient of fric
tion, and a is the normal stress6. The coefficient of fric
tion at the initiation of slip is largely independent of 
lithology and generally has values ranging from 0.4 to 1.0. 
This variation is mainly attributed to the strong dependence 
of friction on surface roughness. Several studies6,7,8 have 
shown that the coefficient of friction increases with in
creasing surface roughness, particularly at low normal 
stresses (less than 15 MPa). Accordingly, a series of 
experiments were conducted on monolithologic specimens of 
Tennessee sandstone and Berea sandstone which had layer 
interfaces of different surface roughness. 

For each rock type and surface roughness there was a 
critical interfacial normal stress that must be exceeded 
before fracture growth across the interface occurred (Fig
ure 2). Below this critical normal stress the fractures 
became interfacial fractures and did not penetrate the 
bounding layers. Fracture containment at monolithologic 
interfaces at low normal stresses clearly demonstrates 
the importance of the interface on hydr.aulic fracture 
growth in layered rock. Moreover, as shown in Figure 2, 
for each rock type the critical normal stress required for 
fracture propagation across the layer interface decreases 
with an increase in the surface roughness of the interface 
(and hence an increase in the coefficient of friction). 
Thus, for layered rock (with a given surface roughness 
interface) the frictional shear strength of the interface 
increases with increasing normal stress, suggesting that 
fracture growth in layered rock is dependent on the fric
tional shear strength of the interface. 

These experiments clearly demonstrate that the applied 
normal stress only indirectly influences fracture propaga
tion in monolithologic layered rock specimens, and that 
the frictional shear strength of the interface is an 
import.o'lnt. pnrnmPtP.r which gr.Jvern5 whether or not a frac
ture will cross an interface. Furthermore, these experi
ments show that the tensile strength (or some other me
chanical property) of the layers is also an important 
factor in determining whether or not a fracture will cross 
an interface. Berea sandstone, which has a lower tensile 
strength and shear modulus than the Tennessee sandstone, 
consistently requ.ir.cd .:1. lower normal stress for fracture 
growth across the interface than Tennessee sandstone at 
all surface roughnesses. 

Dilithologic Experiments 

A series of experiments were conducted on dilithologic 
specimens as a function of normal stress in order to deter
mine the relative inf~uence of differences in mP.chanir.aJ 



properties of the layers and changes in the induced hori
zontal stress field on either side of the interfaces on the 
propagation of hydraulic fractures. In sharp contrast to 
the monolithologic specimens the horizontal stress field 
across layer interfaces is not uniform. Elastic finite 
element calculations of the stress field within the uni
axially loaded dilithologic specimens show changes in the 
horizontal stress as a result of changes in elastic pro
perties of the different layers (Figure 3 and Table 3). 
When a normal stress is applied to the dilithologic speci
mens a large horizontal stress field is induced at the 
material interface. Specifically, the horizontal stresses 
in the layer with a low shear modulus (due to a low elastic 
modulus and/or high Poisson's ratio) are compressional in 
contrast to tensional stresses set up in the. layer with a 
high shear modulus (due to a high elastic modulus and/or 
low Poisson's ratio) immediately across the interface. 
(In this study the shear modulus is used because it is 
a single elastic parameter that properly defines the effect 
of both the elastic modulus and Poisson's ratio on the 
induced horizontal stress state in dilitholoic specimens.) 
The induced horizontal stresses increase linearly with 
increasing normal stress. In our experiments these hori
zontal stresses had magnitudes as great as 30 percent of 
the normal stress (Table 3). 

Two general types of dilithologic experiments were 
performed: Type I, fracture initiation in low shear modulus 
material bounded by high shear modulus material, and Type 
II, fracture initation in high shear modulus material 
bounded by low shear modulus material. Containment and 
propagation are two competing mechanisms in these experi
ments. In the Type I experiments, it is commonly believed 
that the high shear modulus bounding material would hinder 
fracture propagation across the interface whereas the in
duced tensional stress f.i.eld in that same material would 
encourage such propagation. The reverse is true for Type 
II experiments where the compressional stress .i.n t.hP. wPi'!k 
bounding rock would hinder fracture propagation across the 
interface, but the mechanical properties of the same rock 
might encourage propagation. Increasing the normal stress 
increases the induced horizontal stresses and the inter
facial shear strength, so for a given rock type (mechanical 
properties), we can readily examine the effect of changing 
horizontal stres8 mAgnitude and the frictional effect. 

Fiqures 4 and 5 present our data and int.erpr.Bta.tions 
for a number of dilithologic specimens. In· the Type I 
experiments (Figure 4), we found no indication that mech
ancial properties control fracture containment. In going 
from containment region A to propagation region B in Figure 
4, containment only resulted from weak interfacial shear 
strength because the fracture always became an interfacial 
fracture. It is not clear if a mechanical property con-



tainment region also exists but is masked by the weak inter
face containment field. Our present research is examining 
this possibility. 

The Type II experiments (Figure 5) show conclusively 
that horizontal stresses can arrest the vertical propagation 
of a hydraulic fracture. There is shear strength contain
ment in region C, ~nd fracture propagation across the 
interface from the high shear modulus material to the low 
shear modulus material occurs when a critical normal stress 
level is exceeded (region D). However, further increase 
in the normal stress causes containment once more (region 
E). This containment results from a critical increase in 
the compressional horizontal stresses induced in the low 
shear modulus bounding layers. The nature of this type of 
fracture containment is very different from weak interface 
containment. In region E, the fracture remains vertical 
but bounded by the interfaces until it breaks out of the 
side of the sample. Therefore, the shear strength of the 
layer interface is not controlling containment in region E. 

DISCUSSION AND SUMMARY 

The experimental results indicate that at least two 
distinct geologic conditions may inhibit or contain the 
vertical growth of hydraulic fractures in layered rock. 
l''irst, containment can occur whenever the shear strength 
of the layer interface is sufficiently weak relative to 
the tensile strength and the minirnwn horizontal compressive 
stress of the bounding layer; then the fracture can more 
easily become an interfacial fracture than extending across 
the interface into the bounding layer. A low shear strength 
interface can occur at low overburden stresses due to the 
frictional effect of the applied stress on the interface, 
provided that the overburden stress is sufficiently greater 
than the horizontal stresses to produce a vertical hydraulic 
fracture. 

The second condition for containment is due to a com
pressional increase in the minimum horizontal stress in 
the bounding layer. We consider this geologic condition 
to be the more important of the two and more likely to 
occur at depth. For a sequence of rocks subjected only 
to gravitational loading (or an applied normal stress as 
in our experiments), the magnitude of the horizontal 
stresses in individual layers increases with increasing 
depth (and applien normal Rt.:r.ARS). 'T'he relative. difference 
in the magnitude of the horizontal stress from one layer 
to another will be a function of the relative difference 
in elastic properties of the layers. A possible compres
sional increase in the minimum horizontal stress may occur 
in going from a layer with a high shear modulus (due to a 
high elastic modulus and/or low Poisson's ratio) into 
a layer with a low shear modulus (due to a low·elastic 
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modulus and/or high Poisson's ratio). 

In our experiments the critical magnitude of compres
sional increase in the horizontal stress required for 
complete hydraulic.: fracture containment was about 5 MPa. 
However, for large scale, in situ hydraulic fractures the 
critical, minimum horizontal stress difference may be 
different. Factors which may influence the required com
pressional stress difference across layer interfaces 
necessary for containment may be the size and geometry 
of the fracture,the fracture pressure, or fluid leak-
off. The effect of these parameters are uncertain. We 
plan to evaluate these factors and others in larger labora
tory hydraulic fracture experiments and in further evalua
tion of Sandia National Laboratories in-situ and mineback 
hydraulic fracture experim(;!nts at the Nevada Test Site 
(NTS). Recent in-situ stress measurements at NTS9 have 
shown that a mini-hydraulic fracture (50 gallons of fracture 
fluid)4 was contained due to elastic property differences 
that produced a 3 MPa compressional increase in the minimum 
horizontal stress. Containment occurred as the fracture 
was propagating from high shear modulus material into low 
shear modulus material. 

In summary, the results of this study have important 
implications to the gas industry and can be applied to 
actual field hydraulic fracture treatments. It is suggested 
that core and log analyses may be useful in determining 
the possible existence of weak interfaces or large varia
tions in elastic properties that may affect the horizontal 
stress state when the appropriate boundary conditions are 
considered. An assessment of the stratigraphic sequence 
of potential tight gas sands and bounding shales in terms 
of the above two geologic conditions, particularly elastic 
properties, may improve the efficiency of the hydraulic 
fracture treatment design or at least indicate where the 
fracture treatment can or cannot be successfully applied. 
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FIGURE CAPTIONS 

Figure 1. Schematic diagram of the specimen configuration for hydraulic 
fracture experiments. 

Figure 2. Relation of normal stress to surface roughness of monolitho
logic interfaces of Berea sandstone (B) and Tennessee sandstone 
(T) on the extent of hydraulic fracture propagation. 

Figure 3. Horizontal stress state in dilithologic specimens determined 
from elastic finite element calculations. a) Shear modulus 
(G) of middle layer is lower than outer layer, b) Shear modulus 
of middle layer is higher than outer layer. 

Figure 4. Fracture propagation and containment regions in dilithologic 
specimens in which shear modulus (G) of the middle layer is 
lower than the outer layer, Type I experiments. Increasing 
the applied normal stress (ON) produces a tensional (posi
tive) increase in the induced horizontal stress change from 
the middle to outer layer. 

Figure 5. Fracture propagation and containment regions in dilithologic 
specimens in which shear modulus (G) of the middle layer is 
higher than the outer layer., Type II experiments. Increasing 
the applied normal stress (ON) produces a compressional 
(negative) increase in the induced horizontal stress change 
from the middle to outer layer. 
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Table 1. 

Rock Type 

Arizona sandstone 

Berea sandstone 

Coconino sandstone 

Lueders limestone 

Tennessee san~stone 

" 

Physical properties of rocks used in this research. 

Porosity 
(percent) 

5 

17 

12 

15 

1 

Permeability 
(air, md) 

8 

205 

160 

3 

0.1 

Description 

A pink, fine-grained, well
sorted, and silica-cemented, 
rock composed of 93% quartz, 
6% rock fragments, and 1% clay 

A tan, fine-grained, rock com
posed of 79% quartz, 9% clay, 
10% feldspar, and 2% calcite. 

A pink, medium-grained, well
sorted and silica-cemented 
rock composed of 88% quartz, 
11% rock fragments, and 1% 
clay. 

A grayish tan fine-grained roc 
consisting chiefly of calcium 
carbonate in the form of 
micrite, diagentically altered 
organic particles, fossil 
fragments and sparry calcite 
cement. 

A tan, fine-grained, well
sorted, and silica-cemented 
rock composed of 97% quartz an· 
3% rock fragments. 
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Tc.ble 2. fvlec:1anical properties of rocks used in this research. 

Unconfined 
Compressive Tensile Young's Shear 

Str2ngth Strength* Modulus Poisson's Modulus** 
(MPa) U1Pa) (GPa) Ratio (GPa) 

Arizona sandstor,e 150 8.8 + . 3 42.1 0.18 17.8 

Berea sandstone 80 4. 9 + . 2 24. 0 0.28 9. 4 

Ccconino sandstone 110 6. 4 + . 3 3 4. 5 0.24 13.9 

Lueders limestone 55 4. 0 + . 2 20. 7 0.30 9.7 

Tennessee sa::1dstone 260 12.8 + . 3 58. 4 0.12 26.1 

*Avecage +one standard d2viation Er:om lC tests. 

**Calculated fro1n E ____ , where E is Young's modulus, v-is Poisson's ratio. 
2 ( 1 + v-) 



Table 3. Induced horizontal stress state in dilithologic specimens. 

Dilithologic Specimen Shear Modulus Horizontal Stress""" Horizontal Stress 
Ratio of Change Across 
Middle to Middle Layer Outer Layers Interface* 

Middle Layer Outer Layers Outer Layers (%normal stress) (%normal stress) (%normal stress) 

Lueders limestone ! Te::messee sandstone 0.37 -27 33 60 ' 

Berea sandstone Te:1nessee sandstone 0.36 -21 28 49 

Arizona sandstone Tennessee sandstone 0.68 -. ll 14 -.) 

Lueders limestone Berea sandstone 1.03 r, l2 10 c. 
I 
i 

Coconino sandstone r Berea sandstone 1.48 19 -2 -21 
I 

Arizona sandstone Berea sandstone 1.89 26 -7 -33 

Tennessee sancistone Berea sandstone 2.78 33 -14 -47 

Tennessee sandstone Lu·::ders limestone 2.69 39 -17 -56 

* In this study compression is negative and tension is positive. 




