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Abstract 
 
Natural fractures (NFs) in unconventional reservoirs can strongly impact hydraulic fracture (HF) 
propagation, potentially influencing the effectiveness of reservoir stimulation and hydrocarbon production. 
Past studies on HF-NF interaction typically assume NFs with uniform properties that persist through the 
entire height of the HF/reservoir, which simplify the interaction problems within a two-dimensional (2D) 
framework. Recent field observations, however, demonstrate that NFs tend to be partially/fully cemented 
with various dimensions. These spatially-varied NF properties may lead to distinctive morphology of crack 
propagation patterns and fracture network, which essentially require a three-dimensional (3D) 
consideration. In this work, we first present analogue laboratory experiments for HFs impinging on partially-
cemented and/or non-persistent NFs. New HF-NF interaction behaviors in 3D have been revealed and 
strong dependence of crossing/no crossing behaviors are captured on the proportion of cemented regions, 
cementation strength and NF height. We observe that a relatively small but strongly-cemented region on 
an otherwise weak NF is sufficient to promote crossing. Also, a HF is able to engulf limited-height weak 
NFs and continue propagation after crossing. Guided by experimental observations, an analytical criterion 
based on linear elastic fracture mechanics is derived to quantitatively assess and predict the influence of 
NF heterogeneity on the 3D interaction behaviors, which achieves good agreement with experimental 
results. Fully-coupled 3D DEM (distinct element method) lattice simulations are further performed which 
capture the key interaction behaviors in lab experiments, as well as validating the developed analytical 
criterion in a larger parametric space. 
 
Statement of the background 
 
Natural fractures (NFs) are commonly observed in unconventional reservoirs through core samples, image 
logs, mineback experiments, and outcrop studies. The interaction between hydraulic fractures (HFs) and 
NFs such as veins, joints, faults or bedding planes, has long been known to impact on the effectiveness of 
reservoir stimulation and hydrocarbon production. Complex fracture networks can be generated due to HF-
NF interaction, evidenced by microseismic mapping observations (Maxwell et al. 2002; Fisher et al. 2004) 
and field/lab-scale experiments in which HFs were found to cross, cross with offsetting, divert into, or get 
arrested by NFs (Warpinski and Teufel 1987; Jeffrey et al. 2009).  
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Previous studies typically carry two simplifying assumptions: 1) the properties of the NF are uniform, and 
2) NF height coincides with reservoir/HF height, which eventually reduce the interaction problems to 2D or 
pseudo-3D analysis. However, it is almost a ubiquitous feature that most NFs in unconventional reservoirs 
tend to be partially/fully filled with mineralization with different fracture  sizes (Gale et al. 2007, 2014), 
leading to spatially-varied NF properties that can only be understood in a true 3D setting. Indeed, the spatial 
variability and non-persistence of discontinuities are proved to have substantial impact on the mechanical 
behaviors of rock mass and have long been one of the most challenging problems in practical rock 
engineering (Einstein et al. 1983; Shang et al. 2017). In the area of hydraulic fracturing, the interaction 
between HFs and partially cemented/non-persistent NFs comprises a promising topic with the potential to 
contribute important insights into the 3D interaction behaviors and the mechanics behind multi-strand HF 
propagation and the formation of complex fracture network in low-permeability hydrocarbon or geothermal 
reservoirs.  
 
Aims and objectives 
 
The work herein focuses on observing and predicting the impact of spatially-varied NF properties on the 
HF propagation patterns in 3D settings, characterized by changing proportion of cemented region(s), 
nonuniform fracture strength, and different NF heights. Specifically, the work consists of analog laboratory 
experiments to reveal the interaction morphology of HF crossing partially cemented/non-persistent NFs, 
development of new analytical criterion to quantify and predict the 3D interaction behaviors, and fully-
coupled numerical simulations with a 3D DEM (distinct element method) lattice model to further explore the 
interaction details and verify developed criterion in an extended parametric space. 
 
Materials and methods 
 
The main thrust of the laboratory work includes four groups of hydraulic fracturing tests in which HFs 
propagate towards, and potentially into or across partially/fully cemented sub-millimeter scale layers with 
confining stresses applied by a true-triaxial cell (Figure 1). Specimens consist of three blocks made from 
synthetic rock-analogue materials, with the block interfaces partially or fully cemented together. A suite of 
adhesives serves as cementation materials to form thin cementation layers with controllable and repeatable 
cemented region(s) and different bonding strength (Fu et al. 2015, 2016, 2018). 

 
Figure 1: Experimental setup and specimen geometry (Fu et al. 2018). 

To quantitatively assess the 3D interaction behaviors observed in laboratory experiments, an analytical 
criterion is derived based on near-tip stress field solution from linear elastic fracture mechanics with crack 
tip plasticity taken into consideration (Fu et al. 2018). The criterion is first presented in 2D similar to the 
approach of Renshaw and Pollard (1995), but with important distinction to ensure the stress components 
acting to cross/debond the interface are evaluated at the locations where they are maximized. Afterwards, 
the criterion is generalized into 3D by integrating the stress components acting along the interface over the 
entire interface height based on a mechanical argument of stress equilibrium. The criterion determines the 
threshold(s) for fracture initiation when both the opening and the slipping of the entire NF are suppressed, 
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and quantifies the dependencies of interaction behaviors on the proportion of cemented region, cementation 
strength and NF height, as well as rock matrix properties and in-situ stress magnitudes.  
 
Finally, fully coupled 3D simulation is carried out utilizing a recently-developed DEM lattice simulator 
(Damjanac and Cundall 2016). The partially/fully cemented NFs are presented by the smooth joint model. 
The deformation and fracturing of the brittle rock matrix are simulated by the lattice which consists of quasi-
randomly distributed lattice nodes connected by springs. The mechanical deformation of matrix and cracks 
are fully and explicitly coupled with fluid flow implemented in HFs and pre-existing joints (Fu et al. 2019).  
 
Results and discussion 
 
A total of four sets of experiments are conducted. Within each set, experiments with fully 
cemented/uncemented interfaces are carried out as base tests, which have been widely assumed in most 
studies and are the analogue of the field condition in which a HF encounters a large NF (e.g. long veins) 
that spans throughout the reservoir height (Figure 2a).  When the proportion of the cemented region is 
between 0 and 1, the experiments represent the analogue of field conditions when HFs encounter partially-
cemented or non-persistent NFs (Figure 2b and Figure 2c).  
 

a)  b)  c)  

Figure 2: Field examples for a) fully cemented case; b) central region cemented case; c) top-bottom region cemented case (Fu et al. 
2019). 

 

a)  b)  c)    

Figure 3: Experimental results of HF interacting with partially-cemented NF: a) crossing at cemented region with mismatched crack 
paths at uncemented regions; b) 3D digital scan of the other part of specimen in Figure 3a. c) No crossing (Fu et al. 2016, 2018). 
 
Experimental results demonstrate that the seldom-considered configuration of partial cementing and/or 
non-persistence of NFs has first-order impact on the HF propagation trajectory. When the proportion of 
cemented region decreases, the interaction behaviors change from (1) crossing the whole interface directly, 
to (2) crossing at cemented region(s) with mismatched crack paths formed at uncemented regions (Figure 
3a, Figure 3b), and eventually to (3) diverting completely into the interface (no crossing, Figure 3c). Note 
that the mismatched crack path is formed by a fundamentally 3D phenomenon, described in more detail in 
Fu et al. (2016) and differing completely from the concept of “offsetting” adopted in a traditional 2D view of 
the problem (e.g. Warpinski and Teufel 1987). We also observe that a relatively small but strongly-
cemented region (e.g. ~50% cementation proportion) on an otherwise weak NF is sufficient to promote 
crossing, with HFs attaining full layer height on the other side of the interface (Fu et al. 2016, 2018). 
Moreover, when the strength of the cement filling material increases, a smaller critical cemented height is 
required to control the crossing behavior of a HF; When the strength of the host rock is larger, small NFs 
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become more prone to hamper the HF propagation. Hence, ignoring the spatially-varied NF properties may 
result in misleading predictions of the fracture network complexity in reservoirs.  

a)         b)  

Figure 4: A crack propagating orthogonally towards a partially-cemented interface: a) 2D view; b) 3D view, Region A is cemented, 
Region B is uncemented; modified from (Fu et al. 2018). 

a)   b)  

Figure 5: Comparison between experimental results and analytical criterion: a) comparison with Interface Opening Threshold; b) 
comparison with Interface Slipping Threshold (Fu et al. 2018). 

 
The 3D analytical criterion is derived based on the near-tip stress field solution from linear elastic fracture 
mechanics with a fracture process zone developed at the crack tip. The expressions of the analytical 
criterion are given as follows and a HF is predicted to cross a partially-cemented/non-persistent NF when 
both Eqs. (1) and (2) are satisfied (Fu et al. 2018):  

3D Interface Opening Threshold: 
(𝒉 − 𝒂)𝑨𝒖 + 𝒂𝑨𝟎
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3D Interface Slipping Threshold:  
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Here 𝐓𝟎  is the tensile strength of the rock,  𝝈𝒙𝒙
𝒓  and 𝝈𝒚𝒚

𝒓  are in-situ stresses, 𝑨𝟎  and 𝑪𝟎 are the tensile 
strength and cohesion of the cemented interface, respectively. 𝑨𝐮  and 𝑪𝐮 are the tensile strength and 
cohesion of the uncemented interface, respectively. Also, a is the total height of the cemented region(s), h 

is the height of the interface/HF, 𝝁 =
(𝒉 𝒂)𝝁𝒖 𝒂𝝁𝒄

𝒉
 is the weighted friction coefficient over the entire NF, and 

𝝁𝒄  and 𝝁𝒖  are the friction coefficients of the cemented and uncemented region(s), respectively. As 
illustrated in Figure 5, the criterion is compared with four sets of experimental results and found to give 
good agreement. 

The fully coupled 3D lattice simulation is first benchmarked against analytical solution and conducted based 
on four sets of experimental data. Meanwhile, we expand the simulations to a wider parametric space of 
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NF properties. Consistent with the observations in lab experiments, the simulation captures the crossing or 
diverting of a HF when interacting with a partially cemented NFs (as shown in Figure 6). Furthermore, in a 
large parametric space of NF properties, the simulation results match the 3D analytical criterion well for 
twenty series of simulation cases with different NF cohesion, tensile strength, friction coefficient, location of 
cemented regions, cemented proportions, and/or host rock materials. 

a)   b)  

c)   d)  

 
Figure 6: Lattice model with central region cemented interface. a) and c) Fluid pressure distribution for crossing and no crossing cases, 
respectively; b and d) crack aperture distribution along the NF, side view (y-z plane) for crossing and no crossing cases, respectively 
(Fu et al. 2019). 
 
The simulation also reveals that the 3D HF-NF interaction is fundamentally an outcome of global interaction 
mechanism influenced by the overall properties of encountered NFs, not just a localized behavior 
determined by local interface conditions alone. For instance, it has been observed in the simulation that a 
short crossing at cemented region may happen, as predicted by the analytical criterion when evaluating the 
behavior locally (in 2D). However, the crossing length is limited and eventually suppressed by large regions 
of interface slipping/opening as the uncemented region fails. Hence, a global view is essential in the 
accurate prediction of HF propagation, instead of localized approaches favored in 2D or pseudo-3D models. 
 
Conclusions 
 
Experimental, analytical and numerical approaches have been carried out to qualitatively and quantitatively 
assess the impact of NF heterogeneities on the HF propagation. The strong dependence of HF-NF 
interaction behaviors on spatially-varied NF properties is first demonstrated through analog laboratory 
experiments. As the proportion of the cemented region decreases, the interaction behaviors change from 
(1) complete crossing, to (2) crossing at cemented region(s) with mismatched crack path at uncemented 
region(s), to (3) no crossing. Strikingly, a relatively small cemented region in an otherwise weak NF is 
sufficient to promote HF crossing.  Also, small NFs are found to be more prone to hamper the HF 
propagation in the stronger host rock. The 3D interaction observations demonstrate the inadequacy of 2D 
treatments of the problem and call into question the validity of the often-carried assumptions of: 1) NF height 
coinciding with reservoir height, and 2) uniform properties of the NF. With the potential to underestimate 
the ability of HFs to crossing/engulfing NFs, such models would tend to overpredict fracture network 
complexity.  
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To address these limitations, a 3D analytical criterion is developed based on linear elastic fracture 
mechanics to quantitatively assess the influence of NF heterogeneity on the HF’s crossing/no crossing 
behaviors. The criterion captures the dependence of interaction behaviors on the proportion of cemented 
region(s), cementation strength and the NF height relative to the total reservoir/HF height, and achieves 
good agreement with experimental results. Lastly, fully-coupled simulations are performed with a 3D DEM 
lattice simulator. The numerical simulation successfully captures the 3D interaction behaviors observed in 
lab experiments, and matched the analytical criterion well in extended parametric space. It is therefore 
highly encouraged to take NF heterogeneities into consideration in order to achieve a realistic estimation 
of fracture network complexity in reservoirs. 
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