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Abstract 
Fracture height growth is classically considered to be controlled, to leading order, by stress contrasts 
between the reservoir and the bounding layers. However, both numerical and experimental investigations 
indicate that the fracture geometry depends on other factors including differences in stiffness and 
permeability as well as the presence of weak interfaces between layers. In this paper, we investigate these 
combined effects on the fracture height growth by carrying out laboratory-scale analogue experiments in 
PMMA (polymethyl methacrylate) and PC (polycarbonate) materials. These allow differing Young’s moduli 
for different layers and weak interfaces between layers. A novel loading system enables independent 
control of the stresses in the reservoir and barrier layers. Two dimensionless groups of parameters are 
proposed and shown to primarily determine whether a given case results in fracture containment or height 
growth. The results show that a high contrast in stress and/or Young's modulus contrast between the softer, 
lower stress reservoir and the stiffer, higher stress barrier, will reduce the possibility of height growth and 
promote containment. Furthermore, the fluid pressure associated with containment can be substantially 
higher in these experiments compared with predictions that do not consider the presence of the weak 
interface.  
 
Statement of the background 
Predicting fracture height growth in layered rocks is one of the most important tasks of hydraulic fracturing 
modeling. The impact of height growth may be beneficial or harmful to well economics depending on the 
nature of the various layers. To better understand the mechanisms which can drive the fracture height 
growth, numerous studies have been carried out using both simulations and laboratory experimentation. 
For example, laboratory experiments (Jeffery and Bunger, 2009; Wu et al., 2008) demonstrate the 
preferential growth of hydraulic fractures in low stress layers. However, other lab data indicates that stress 
contrasts may be the leading, but not the only, parameters impacting the fracture geometry. Previous 
studies have proved that fracture geometry also depends on material stiffness (Simonson et al., 1978), 
permeability (Quinn, 1994; de Pater and Dong, 2009), and weak bedding planes (Daneshy, 1978, 2009). 
Notably, pre-existing weak interfaces (bedding planes or natural fractures) are often present and have been 
long recognized to restrict the height growth by inducing different outcomes such as blunting or T-shape 
(Thiercelin et al., 1987). This scenario, in which height growth is controlled by a combination of stresses, 
elastic properties, and weak interfaces was recently investigated in the laboratory (Xing et al., 2018a) and 
via lattice-type distinct element simulations (Xing et al., 2018b). This work led to a proposed parametric 
space in which various geometric outcomes are determined by dimensionless groups of parameters 
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embodying stress differences and the fluid pressure inside the fracture. However, these experiments were 
limited to low stresses and the elastic properties and stresses were not independently controllable, and as 
a result it became clear that an extension of the work was needed. Here we present results from 
experiments aimed at expanding the combinations of stresses and elastic properties so that outcomes of 
height growth, containment, and T-shape growth can be predicted based on an enhanced parametric space 
defined by two dimensionless groups of parameters embodying not only stresses and fluid pressure, but 
also the elastic properties of the layers.  
 
Objectives 
The research aims to devise an expanded and modified parametric space predicting hydraulic fracture 
geometry outcomes of height growth, containment, and T-shaped growth. The two key parts are: 1) 
analogue laboratory experiments allowing independent control of stresses and elastic properties, and 
specimens with weak interfaces, and 2) proposing and validating dimensionless groups of parameters that 
embody the interplay of stress, elastic properties, and weak interfaces for determining fracture geometry. 
Both aspects are described in this extended abstract.  
 
Materials and methods 
The experimental setup is illustrated in Figure 1. Two pieces of transparent PMMA (polymethyl 
methacrylate) block are accurately machined into 4” ×4.5” ×9” (10.16 ×11.43 ×22.86 cm3) dimensions which 
performs as barrier layers. Another sheet made of either PMMA or PC (polycarbonate) is machined to 
dimensions of 0.75” ×6” ×9” (1.91 ×15.24 ×22.86 cm3) and acts as the analogue reservoir layer. Both 
materials are impermeable where Young's modulus of PMMA is between 3.1~3.24 GPa, while the 
polycarbonate is about 2.2~2.4 GPa. All three layers are aligned on the left side and are pushed against a 
larger PMMA observation block. Vertical interfaces and two weak bedding planes are thus generated, as 
highlighted by the blue outline. A 1/8” (0.3175 cm) stainless steel tubing is placed through the observation 
block which acts as an analogue wellbore located at the center point of the reservoir layer. All interfaces 
are left unbonded since we are focusing on zero-toughness interfaces, although this can be expanded to 
finite strength interfaces as described by Xing et al. (2018a). 
 

 
Figure 1. a) Sketch of the experimental setup including the location of interfaces, which are indicated in the blue 

outline. b) Cross section of the experimental setup and loading distribution. Note that “horizontal” and “vertical” refer 
to orientations in the analogue field setting with horizontally directed minimum stress, vertical hydraulic fracture 

orientation, and weak horizontal interfaces.  

 
Figure 1b shows the cross section of the experimental setup, which also illustrates the applied stresses. 
The loads are applied by hydraulic actuators from the Y and X directions (Figure 1a), which are equivalent 
to horizontal stresses and vertical stresses, respectively. The Z direction is taken as the orientation of the 
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larger of the two horizontal stresses and, because of the restrictions on fracture growth direction provided 
by the specimen geometry, can be taken as zero without impacting the fracture growth. Note that special 
loading platens and actuators are designed to generate stress contrast between barrier layers and 
reservoir, which are defined as σb and σr respectively. Typically, the barrier stress σb is set to be larger than 
the reservoir stress σr. The stress σv is the analogue vertical stress, which is directly applied to the top and 
bottom surfaces of the barrier layer and assumed to be uniformly distributed through the entire specimen.  
 
Besides varying stresses, two groups of tests with differing elastic properties are performed. The first is a 
uniform PMMA experimental group (no Young’s modulus contrast) and the second uses PMMA barrier 
layers and less stiff PC reservoir layer. These uniform and non-uniform elastic property cases are 
henceforth named as ‘PMMA’ and ‘PC’ respectively. 
 
After loading, a mixture of glycerin and food dye with a viscosity around 0.25 Pa·s is pumped into the 
wellbore with either constant flow rate or constant pressure, leading first to initiation in the reservoir layer 
(Figure 2a). The pressure and/or injection rate are then increased, with each increase resulting in a steady-
state constant wellbore pressure. Over a range of pressures, this results in a contained fracture (Figure 
2b).  However, as the wellbore pressure is increased, it eventually reaches a critical value at which the 
fracture height growth takes place (Figure 2c). The corresponding wellbore pressure is taken as Pcritical.  The 
corresponding sketches are shown in Figure 2d, 2e and 2f. It should be clarified that here the experiments 
only investigate the transition from containment to height growth, with T-shaped growth suppressed by 
sustaining sufficiently large values of the analogue vertical stress. 
 

 

 
Figure 2. The process of fracture propagation. a) Fluid injection initiation. b) Fracture is contained by the weak 
interfaces which are indicated by yellow dashed lines. And it can only propagate within the reservoir layer. c) 

Wellbore pressure reaches the critical value, and the limited height growth starts. The length scale marked on the 
PMMA block is 0.5 inch (1.27 cm). 
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Results and discussion 
 
To better understand the effect of stresses and material properties on fracture geometry, two dimensionless 
parameters are introduced, modified from those introduced by Xing et al. (2018a), and defined as 
 

Hb=
Pf−σr

σb−σr
  , Hv=

σv−σr

σb−σr
 

 

Here, Hv is a parameter that only depends on stresses, most notably embodying the impact of the vertical 
stress. It is kept sufficiently large here to suppress transition to T-shape growth that is expected when it is 
near or less than zero based on the prior results of Xing et al. (2018a). Meanwhile, Hb has a linear 
relationship with wellbore pressure Pf, which is kept constant at each pumping step. The difference Pf – σr 
is also known as net wellbore pressure. It has the same form as the parameter introduced in the equilibrium 
height growth model of Simonson et al. (1978). When it is small, the fluid pressure is sufficiently small 
compared to the barrier stress so that the fracture is contained. When it is large, the fluid pressure 
overcomes the barrier stress and height growth ensues. 
 
Figure 3 summarizes all the experimental results in a parametric space associated with the geometric 
outcomes of containment and height growth. The symbols correspond to the combination of Hv and Hb at 
which the transition from containment (low Hb) transitioned to height growth (high Hb) in the experiments. 
These are also shown with the data obtained in polyurethane (PU) by Xing et al. (2018a) which similarly 
has a softer reservoir material than barrier ones. For the PU data, each symbol is coded to indicate if the 
outcome of an experiment with a single combination of Hv and Hb resulted in height growth or containment. 
Hence, it is shown that each series of experiments leads to a distinct transition zone from containment to 
height growth, with PMMA, PC and PU experiments indicated with blue, red, and yellow, respectively. A 
simplified parametric space plot of three groups is shown in Figure 4. We can learn from that for a constant 
Hv, PMMA group can reach the transition zone with a low Hb value in comparison with the other two groups. 
Similarly, the PU group has the largest Hb value at which the fracture height growth can take place. 

 
Figure 3. The parametric space for geometric outcome (height growth versus containment) for all three experimental 
series. The transition zones at which the fracture starts to have height growth is indicated in blue, red and yellow for 

PMMA, PC and PU groups respectively. 
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Figure 4. A simplified illustration of parametric spaces for different experimental groups. All experiments start with low 

Hb values which keep increasing until reaching the transition lines when the fracture height growth takes place. 

 
The main difference among these three series is the Young’s modulus contrast. Thus, we propose Young’s 
modulus ratio to re-scale the value of Hb, that is 

Hb
∗ =Hb ×

Er

Eb
 

By normalizing the Hb with Er/Eb, we thus obtain that the three experimental series converge together and 
transition zones overlap with each other using this pair of parameter groups. Hence the results provide a 
promising indication that containment versus height growth can be quickly predicted based on where a 
particular treatment is expected to reside within this parametric space owing to its combination of stresses, 
fluid pressure, and elastic properties. 

 
 

Conclusions 
 
The experimental results show that stress contrast, elastic properties, and weak interfaces work together 
to determine if a hydraulic fracture will be contained or will substantially grow in height. A high contrast in 
stress and/or Young's modulus contrast between the softer, lower stress reservoir and the stiffer, higher 
stress barrier, will reduce the possibility of height growth and promote containment. Additionally, for these 
experiments with a weak interface between the reservoir and barrier layers, the vertical stress has been 
shown to impact on the transition from containment to height growth. Furthermore, the fluid pressure 
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associated with containment can be substantially higher in these experiments compared with predictions 
that do not consider the presence of the weak interface. However, it should be also made clear that 
experiments so far are conducted using impermeable materials. Thus, the conclusions currently are only 
strictly applicable to the situation which there is negligible fluid leakoff to the rock formation. Further study 
is needed to simulate the more realistic fracture scenario in which there is influence from fluid loss to the 
permeable rock matrix. 
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