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ABSTRACT: We present a numerical approach for the quantification of the energy transfer, storage, and dissipation mechanisms
in fluid-driven fracturing. The analysis approach is motivated and originated in the energy statement describing continuum damage,
poroelasticity, and the non-local effects in both of damage and transport. The thermodynamically consistent derivation leads to
the definition of the state laws, as well the as analytical expressions of energy storage and dissipation in the porous media. The
derivation leads to the identification of three major energy loss mechanisms: 1) viscous fluid-flow, 2) solid-damage effect due to the
growth of voids and cracks in the solid skeleton, and 3) fluid-damage effect due to the accompanying changes in compressibility
and permeability. The analysis model is implemented following the framework of mixed non-linear finite element; and the energy
dissipation functions are calculated numerically within this framework. Several benchmark fluid-driven fracturing problems are
modeled, and the results agree with the available data from experimental models in the literature. The model is then used to
perform several parametric investigations to provide an engineering value of the proposed approach; for example, the analysis of
different fluid-injection rates shows most of the additional energy input in higher injection rates is dissipated in viscous fluid flow
rather than the sought solid damage. Moreover, the model is used in the analysis of the interaction between fluid-driven fracturing
and pre-existing weak zones featuring combinations of reduced stiffness and permeability to represent natural and man-made
fractures.

1 INTRODUCTION

Hydraulic fracturing is a process in which a fracturing
fluid is pumped at high rates in order to increase the per-
meability in a fracture zone, ultimately leading to more
economical oil production. Energy used in the process
is transferred into the porous domain in the form of: (a)
elastic energy stored in a deformed domain; (b) energy
used to generate new fracture surfaces, resulting in the
dissipation of energy through solid skeleton decay (dam-
age); and (c) energy used to transport the fluid through
pores, resulting in dissipation via fluid viscosity. The
goal of an optimized hydraulic fracturing approach would
be to maximize the dissipation due to solid damage, as
this would result in the stimulation of a larger reser-
voir volumeBunger and Lecampion (2017); Shlyapober-

sky (1985). This paper provides a quantitative evaluation
of energy stored and dispersed throughout the process of
hydraulic fracturing, based on an non-local damage and
transport (NLDT) model modelMobasher et al. (2017);
Mobasher (2017); Mobasher et al. (2018); Mobasher and
Waisman (2021a,b).

A number of studies have been conducted to calculate
the amount of energy storage and energy dissipation in
porous media in hydraulic fracturing, including the study
in Müller and Sahay (2019) derived energy storage ex-
pression for the various categories of Biot’s theory. Other
exploratory papers, such as the paper by Goodfellow et
al. Goodfellow et al. (2015), focused on obtaining ex-
perimental insights on hydraulic fracturing energy dis-
sipation. Additionally, numerical modeling approaches



have been used to calculate energy dissipation, such as in
Jin et al. (2015); Bunger and Lecampion (2017); Bunger
(2013), but these numerical studies are limited to linear
elastic fracture mechanics (LEFM) approaches and do not
provide an overall continuum description of fracture pro-
cesses and fluid infiltration into porous media.

The purpose of this paper is to provide a mathematical
interpretation and quantification of the energy-dissipation
and storage mechanisms of hydraulic fracturing. This pa-
per introduces the mathematical derivation of the dissipa-
tion functions emerging from both the solid damage and
the fluid viscous flux. The mathematical derivation is
based on a thermodynamic free process energy description
for the non-local processes in the NLDT model Mobasher
and Waisman (2021a). The dissipation functions are
quantified within the framework of the implementation of
mixed finite elements. This paper is structured as follows:
Section 2 provides a description of the energy dissipa-
tion model using the state laws derived by the thermody-
namic derivative. Section 3 provides a demonstration of
the proposed model’s capabilities and potential using sev-
eral benchmark models.

2 ENERGY DISSIPATION AND STORAGE FUNC-
TIONS

The derivation presented here is an abbreviated version of
the full derivation that can be found in Mobasher et al.
(2018); Mobasher and Waisman (2021b, 2022). We begin
by presenting the Helmholtz free energy expression Ψ𝑛𝑙:

Ψ𝑛𝑙 (𝜖𝑖 𝑗 , 𝜀, 𝐷, 𝜁 , 𝜁) =
Ψ(𝜖𝑖 𝑗 , 𝜁 , 𝐷) +Ψ𝑛𝑙,𝜀 (𝜖𝑖 𝑗 , 𝜀) +Ψ𝑛𝑙,𝜁 (𝜖𝑖 𝑗 , 𝜁 , 𝜁)

(1)
where Ψ(𝜖𝑖 𝑗 , 𝜁 , 𝐷), Ψ𝑛𝑙,𝜀 , and Ψ𝑛𝑙,𝜁 are the contributions
of the stored energy in the poroelastic domain featuring
damage, the non-local strain, and the contribution of the
non-local transport, respectively. The state variables are
the strain 𝜖𝑖 𝑗 , the increment in fluid volume 𝜁 , the dam-
age 𝐷, and the non-local variables 𝜀, 𝜁 which represent
non-local strain and non-local fluid volume increment, re-
spectively. Assuming small deformation, the strain can
defined as 𝜖𝑖 𝑗 =

1
2
[
𝑢𝑖, 𝑗 +𝑢 𝑗 ,𝑖

]
, where the vector 𝑢𝑖 is the

solid displacement. Material damage is represented by the
phenomenological variable 𝐷 which varies between 0 for
an intact solid and 1 for completely fractured solid.

The solid-damage component Ψ can be decomposed into
dry and wet components as Shao (1998):

Ψ(𝜖𝑖 𝑗 , 𝜁 , 𝐷) = Ψ𝑑𝑟𝑦 (𝜖𝑖 𝑗 , 𝐷) +Ψ𝑤𝑒𝑡 (𝜖𝑖 𝑗 , 𝜁 , 𝐷) (2)

Ψ𝑑𝑟𝑦 is the dry component which represents the energy at-
tained by the solid skeleton in undrained conditions (𝜁 = 0)

while, Ψ𝑤𝑒𝑡 , represents the wet component of the free
energy which arises due to the fluid-solid interactions.
Hence, they can be defined as:

Ψ𝑑𝑟𝑦 (𝜖𝑖 𝑗 , 𝐷) = 1
2
𝐶𝑢
𝑖 𝑗𝑘𝑙 (𝐷)𝜖𝑘𝑙𝜖𝑖 𝑗 (3)

Ψ𝑤𝑒𝑡 (𝜖𝑖 𝑗 , 𝜁 , 𝐷) = 𝑀 (𝐷)𝜁
[
1
2
𝜁 −𝛼(𝐷)𝜖𝑖𝑖

]
(4)

In the above expressions, 𝐶𝑖 𝑗𝑘𝑙 (𝐷) represents the dam-
age dependent stiffness tensor and the superscript 𝑢 de-
notes the undrained conditions. Biot’s modulus and co-
efficient are denoted by 𝑀 and 𝛼, respectively. Their
damage-dependent expressions can be found in Mobasher
and Waisman (2021a); Shao (1998). The expressions of
the energy contributions arising from the non-local vari-
ables (Ψ𝑛𝑙,𝜀) can be found in detail in Mobasher et al.
(2018); Peerlings et al. (2004); Polizzotto (2003); Poh and
Sun (2017).

In non-local models, the energy dissipation must be de-
fined over the domain as elaborated by Polizzotto (2003).
Consequently, the expression for the global dissipation
function D𝑡 can be written as:

D𝑡 =

∫
𝑡

∫
Ω

Φ𝑑Ω𝑑𝑡 (5)

where Φ is the localization of the global energy dissipa-
tion. In other words, Φ is density rate at a material point,
and 𝑡 is time. By decomposing into solid and fluid com-
ponents, the total energy dissipation can then be rewritten
as:

D𝑡 =D𝑠 +D 𝑓 ≥ 0 (6)

where D𝑠 and D𝑠 are the solid and fluid dissipation com-
ponents, respectively. Following the definitions in Biot
(1972, 1977); Coussy (2004), both terms can be written
as:

¤D𝑠 :=
∫
𝑉

Φ𝑠𝑑𝑉 =

∫
𝑉

𝜎𝑖 𝑗 ¤𝜖𝑖 𝑗 +𝑃 ¤𝜁 − ¤Ψ𝑛𝑙𝑑𝑉 ≥ 0 (7)

¤D 𝑓 :=
∫
𝑉

Φ 𝑓 𝑑𝑉 =

∫
𝑉

−𝑃,𝑖 𝑣𝑖𝑑𝑉 ≥ 0 (8)

where the derivative in time is represented by dot deco-
ration. According to (7), the solid dissipation rate is de-
fined as the difference of the following two factors: (a) the
work performed by the first and second terms, which are
solid and fluid deformation and flow; and (b) the decay
rate of Ψ𝑛𝑙. Equation (8) defines fluid dissipation as the
power (rate of work) produced by the fluid velocity 𝑣𝑖 on
the change in the fluid pressure gradient 𝑃,𝑖 . This defini-
tion is consistent with Biot (1972, 1977); Coussy (2004),
which describes the energy losses of fluid viscous flow.



The detailed expansion and computation method for the
dissipation terms were provided in Mobasher and Wais-
man (2022).

Overall, the total energy balance in the system has to sat-
isfy:

𝑊𝑒𝑥𝑡 =𝑊 𝑖𝑛𝑡 +D𝑡 (9)

where 𝑊𝑒𝑥𝑡 is the external work done at the boundary.
A schematic illustrating from Mobasher and Waisman
(2022) energy balance is shown in Figure 1. The de-
tailed calculations of internal and external work compo-
nents 𝑊 𝑖𝑛𝑡 , 𝑊𝑒𝑥𝑡 were provided in Mobasher and Wais-
man (2022).

𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝑊𝑊𝑒𝑒𝑒𝑒𝑒𝑒
𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖

Fig. 1: A schematic from Mobasher and Waisman (2022) illus-
trating the balance between the external work applied, internal
energy stored and dissipated energy.

3 NUMERICAL RESULTS

This section’s numerical examples are meant to show how
the proposed framework can be used to the numerical
quantification of energies that are stored and released dur-
ing hydraulic fracturing. This is accomplished by model-
ing a benchmark example of hydraulic fracturing and con-
ducting follow-up studies that quantify the ways in which
changes to specific loading, material properties, and mod-
eling setups may result in various energy dissipation meth-
ods. The investigations include:

1. hydraulic fracture in materials with varying trans-
port length scales; these varying length scales cor-
respond to varying capillary transport network sizes.

2. varying fluid input rates during hydraulic fracturing

In the following discussions, fracture length 𝐿𝐹 , volume
𝑉𝐹 and average width 𝑤𝐹 are utilized. These parameters
are calculated as follows:

• the fractured (damage) volume 𝑉𝐹 , which is com-
puted as the domain integral of damage 𝑉𝐹 (𝑡) =∫
𝑉
𝐷 (𝑡)𝑑𝑉

• the fracture length 𝐿𝐹 (𝑡), which is computed as the
distance to the furthest point experiencing damage
(𝐷 > 0) over the center line of the fracture

• the average fracture width 𝑤𝐹 (𝑡), which is computed
as an approximate value of the fracture volume di-
vided by the fracture length 𝑤𝐹 (𝑡) = 𝑉𝐹

𝐿𝐹

3.1. Hydraulic fracturing model
The setup and key findings from the hydraulic fractur-
ing model which will be utilized to calculate energy dis-
sipation are reported in this section. The geometry and
material characteristics used in Mobasher and Waisman
(2021a) are followed in the model setup. Figure 2, which
mimics Figure 6 in Mobasher and Waisman (2021a), de-
picts a schematic of the boundary conditions, the finite el-
ement mesh, and material properties that are identical to
those used in Mobasher and Waisman (2022). The time

P = 0

Τ𝜕P 𝜕n = 0
ux = 0

Τ𝜕P 𝜕n = 0
ux = 0

uz = 0

0.25L
P = 0
ux = 0

P = 0 uz = 0

2L

L

σh =
0.4MPa

σv = 0.8MPa

Fig. 2: A schematic showing the boundary conditions and finite
element mesh used in the hydraulic fracturing model. Confin-
ing stresses of 0.8 MPa (vertical) and 0.4 MPa (horizontal) are
applied. This figure resembles Figure 6 in Mobasher and Wais-
man (2021a).

evolution of internal stored energy, external work done
over the poroelastic domain, and energy dissipation are
shown in Figure 3. The energy functions in this study were
derived and calculated, and the figure indicates that the to-
tal of internal energy storage and dissipation equals the
external work. Furthermore, the figure illustrates that ap-
proximately half of the energy is dissipated and the other
half is stored; this finding is consistent with the upper
and lower bounds provided in Goodfellow et al. (2015);
Boroumand and Eaton (2012).

3.2. Transport length scale variations
We study the effects of using a material with a con-
stant damage length scale but a larger transport length
scale on the energy dissipation mechanisms. Larger trans-
port scales are indicative of longer capillary networks and
sub-scale networks with wider dispersion in the material
Mobasher and Waisman (2021a); Sen and Ramos (2012).
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Fig. 3: Evolution of energy storage and dissipation functions.
The results are based on the model setup in Section 3.1. The fig-
ure was previously published in Mobasher and Waisman (2022).

The non-local damage length scale is maintained constant
at 𝑙𝐷 = 0.1m, but three distinct transport length scales are
employed, 𝑙𝜅 = {0.1,0.2,0.5}m.

We must first examine how the various transport length
scales affect fluid flow and damage distribution before
looking into changes to the energy dissipation mecha-
nisms. As a result, we start by charting the damage con-
tours in Figure 4 and the fluid increment 𝜁 contours in
Figure 5 along with the fluid flow streamlines. A prior
report in Mobasher and Waisman (2021a) examined the
impact of a larger transport length scale on the fracture
length, width, and volume. Figure 6 displays a portion of
the data from Mobasher and Waisman (2021a) for the sake
of being comprehensive in this discussion. This compari-
son revealed that damage zones are bigger and shorter at
larger length scales. This observation’s initial interpreta-
tion might imply that materials with longer length scales
could prevent fractures from spreading. On the other hand,
Figure 6b research reveals that longer transport length
scale material really has a larger damage volume. This
discovery indicates that a more diffusive damage process
and stimulation over a bigger volume of the poroelastic
domain within a less distance from the injection point
are caused by higher transport length scales. The find-
ings of the previous studies by Umar et al. (2021); Rat-
zlaff et al. (2019); Padin et al. (2014); Naik et al. (2019);
Bazin et al. (2010) indicate that the presence of microfrac-
ture networks and sub-scale fluid networks results in larger
Stimulated Reservoir Volumes (SRVs), which are gener-
ally supported by the results presented here.

To further our comprehension of the impact of these differ-

(a) 𝑙𝜅 = 0.1m: t=1.2×
104s

(b) 𝑙𝜅 = 0.1m: t=8.7×
104s

(c) 𝑙𝜅 = 0.2m: t=1.2×
104s

(d) 𝑙𝜅 = 0.2m: t=8.7×
104s

(e) 𝑙𝜅 = 0.3m: t=1.2×
104s

(f) 𝑙𝜅 = 0.3m: t=8.7×
104s

Fig. 4: Evolution of damage contours over time for three dif-
ferent transport length scale values 𝑙𝜅 = {0.1,0.2,0.5}m. This
figure presents data that is similar to what was previously pre-
sented in Mobasher and Waisman (2021a). The figure was pre-
viously published in Mobasher and Waisman (2022).



(a) 𝑙𝜅 = 0.1m: t=1.2×
104s

(b) 𝑙𝜅 = 0.1m: t=8.7×
104s

(c) 𝑙𝜅 = 0.2m: t=1.2×
104s

(d) 𝑙𝜅 = 0.2m: t=8.7×
104s

(e) 𝑙𝜅 = 0.3m: t=1.2×
104s

(f) 𝑙𝜅 = 0.3m: t=8.7×
104s

Fig. 5: Evolution of fluid increment 𝜁 over time for three dif-
ferent length scale values 𝑙𝜅 = {0.1,0.2,0.5}m. The figure was
previously published in Mobasher and Waisman (2022).
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(c) Average fracture width 𝑤𝐹

Fig. 6: The hydraulic driven fracture length, volume and aver-
age width evolution against time for different values of trans-
port length scale 𝑙𝑘 = {0.1,0.2,0.5} m. This figure is a partial
regeneration of Figure 11 in Mobasher and Waisman (2021a).
The figure was previously published in Mobasher and Waisman
(2022).

ences in damage zone features on the energy distribution,
Figures 7 through 9 illustrate the evolutions of energy dis-
sipation numbers. Figures 7, 8, and 9, respectively, show
the energy dissipation evolution in relation to time, frac-
ture length, and fracture volume. Based on general in-



sights, it can be seen that the fluid movement through the
porous media dissipates more energy than the processes
connected to solid damage.

We can see that the solid dry dissipation and the fluid dis-
sipation are unaffected by the change in the length scale
by examining the energy dissipation evolution over time
in Figure 7. On the other hand, as the transport length
scale increases, the solid wet dissipation decreases. This
trend suggests that the wet dissipation is driven by changes
in the ratios between the solid and fluid compressibili-
ties, and that these changes are significantly impacted by
greater transport length scales. Nevertheless, a distinct
perspective emerges from a closer examination of the dis-
sipation functions evolution throughout the fracture length
and volume in Figures 8 and 9. While the final values of
dissipated energy are the same for all length scales, the
solid dissipation rate with respect to fracture length in-
creases as the length scale increases (see Figure 8a), while
the solid dissipation rate with respect to fracture volume
decreases as the length scale increases (see Figure 9a).
According to these results, materials with longer length
scales should be predicted to release more energy during
the development of damage per unit length of the fracture;
in other words, in this instance, fluid dissipation through
subscale networks is facilitating the formation of the frac-
ture.

Conversely, as can be shown in Figure 8b, the solid wet
dissipation rate per fracture volume falls with increasing
length scales, whereas the solid wet dissipation rate versus
fracture length remains constant throughout length scales.
Based on the solid wet dissipation trends observed, mate-
rials with longer transport length scales will exhibit less
overall dissipation due to a decrease in the volume of
the fracture and the amount of solid wet dissipation with
time. These findings could also be used to sway the de-
cision regarding the compressibility of the fracking fluid
Wang et al. (2018); Park and Kim (2016). While the rate
with respect to fracture volume 9c shows the opposite
trend, the examination of the fluid dissipation rate with
regard to fracture length 8c demonstrates a rising rate as
the length scale increases. The longer length scales nev-
ertheless result in an overall higher fluid dissipation per
length of the fracture, but this behavior can be explained
by the decreased localization in the larger length scales,
which leads to smaller fluid velocities per material point
and hence lower dissipation per volume.

A greater understanding of the energy dissipation during
fracking through materials with wider sub-scale networks
can be gained from the observations based on the analy-
sis presented in this section, both qualitatively and quan-

titatively Cui and Han (2018). The materials with longer
transport length scales that these geomaterials possess are
showcased here.
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Fig. 7: The influence of various transport length scales on the
energy dissipation over time. The figure was previously pub-
lished in Mobasher and Waisman (2022).

3.3. Fluid injection rate variations
We examine the impact of higher fluid injection rates on
the fluid-driven fracture propagation in this section. Us-
ing 𝑙𝐷 = 𝑙𝜅 = 0.1m, we try three alternative injection rates
in these simulations: 𝑄,2𝑄,3𝑄. Hydraulic fracturing
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Fig. 8: The influence of various transport length scales on the
energy dissipation over fracture length. The figure was previ-
ously published in Mobasher and Waisman (2022).

costs have a direct association with fluid injection rates
since greater pumping rates are more expensive Fitzgerald
(2012); Starovoitova et al. (2018). Thus, it would be help-
ful to know if pumping more fluid will result in greater
damage quantities over shorter times.

Figures 10 and 11, respectively, display the damage and
fluid increment 𝜁 contours for the 2𝑄 and 3𝑄 injection
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Fig. 9: The influence of various transport length scales on the
energy dissipation fracture volume. The figure was previously
published in Mobasher and Waisman (2022).

rates. Figures 4a, 4b, 5a, and 5b all display contours for
the 𝑄 injection rate that are similar to this one. Further-
more, the progression of fracture length, width, and vol-
ume over time is shown in Figure 12. The findings indi-
cate that slightly smaller damage bands are produced by
higher injection rates. This can be explained by the fact
that higher pumping rates will put greater pressure on the
localized damage front, which will cause the fracture to



propagate more locally and less diffusely. The findings
tally with earlier findings documented in Lin et al. (2017);
Wasantha et al. (2021); Fallahzadeh et al. (2015).

Higher injection rates have been demonstrated to cause
fractures to propagate more quickly. Nevertheless, the ex-
amination of Figures 10 through 12 does not provide us
with enough details regarding the proportion of extra en-
ergy consumed at higher pumping rates that is truly uti-
lized to propagate damage. Consequently, we exhibit the
evolution amounts of energy dissipation for each of the
three pumping rates in Figures 13 through 15. Figures
13, 14, and 15, respectively, show the energy dissipation
evolution with regard to time, fracture length, and frac-
ture volume. These findings allow for the generalization
of two conclusions. First, in accordance with the findings
in this Section, the fluid damage dissipation is greater than
the solid damage dissipation. The second is that, although
there are additional observations that are outlined below,
the energy dissipation rate increases as the pumping rate
increases.

As shown in Figure 13, we plot the dissipation evolution
with time. Apart from the increased rate of dissipation in
relation to time, there is also a larger value of accumulated
dissipation for both solid dry and fluid dissipation. While
all models achieve about the same total cumulative energy
dissipation, this is not the case for the solid wet dissipa-
tion, which shows a higher dissipation rate with faster in-
jection. These results suggest that increased damage and
permeability growth are directly caused by faster fluid in-
jection, and that this increases total accumulated solid dry
and fluid dissipation. On the other hand, only the evolu-
tion rate, not the total accumulated value, is impacted by
changes in the relative compressibilities of the fluid and
solid constituents, which results in the dissipation of en-
ergy. The results in Figures 14 and 15 help to clarify these
conclusions. Regarding fracture length and volume, the
solid wet dissipation evolution rate is nearly independent
of the injection rate. In the meantime, it is evident that
higher injection rates result in greater solid dry and fluid
dissipation per unit length and volume.

The results presented in this section show that injecting
fluid at higher rates will directly increase the rate and total
amounts of energy dissipation within the ratios examined
in this study. This is often a desirable result, and fracking
can be accelerated by raising the injection rate Rahman
et al. (2003); Zhuang et al. (2019); Morgan et al. (2017).

4 SUMMARY AND CONCLUSION

In this work, we provide a sound method for calculat-
ing the energy dissipation that occurs in porous media

(a) 2𝑄: t=1.2×104s (b) 2𝑄: t=4.5×104s

(c) 3𝑄: t=1.2×104s (d) 3𝑄: t=4.5×104s

Fig. 10: Evolution of damage contours over time for different
transport length scale values 2𝑄 and 3𝑄. The damage case for
the 𝑄 injection rate case is shown in Figure 4. The figure was
previously published in Mobasher and Waisman (2022).



(a) 2𝑄: t=1.2×104s (b) 2𝑄: t=4.5×104s

(c) 3𝑄: t=1.2×104s (d) 3𝑄: t=4.5×104s

Fig. 11: Evolution of fluid increment 𝜁 contours over time for
different transport length scale values 2𝑄 and 3𝑄. The damage
case for the 𝑄 injection rate case is shown in Figure 5. The fig-
ure was previously published in Mobasher and Waisman (2022).
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(b) Fracture volume 𝑉𝐹
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(c) Average fracture width 𝑤𝐹

Fig. 12: The hydraulic driven fracture length , volume and av-
erage width evolution against time for different values of input
fluid flux 𝑄,2𝑄,3𝑄. The figure was previously published in
Mobasher and Waisman (2022).

when fluid flow and damage propagation are combined.
The non-local damage transport (NLDT) model, which is
based on thermodynamics principles, serves as the foun-
dation for the energy dissipation functions. Several para-
metric investigations are conducted to examine the effects
of different material qualities and loading circumstances
on energy dissipation mechanisms and overall fracture
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(c) Fluid dissipation

Fig. 13: Influence of the variation of injection rates on the dam-
age dissipation over time. The figure was previously published
in Mobasher and Waisman (2022).

propagation. The model is used to a benchmark hydraulic
fracturing case.

The energy dissipation in geomaterials with wider sub-
scale capillary networks can be better understood by vary-
ing the non-local length scale. The available field obser-
vations and experimental data are consistent with the fluid
injection rate variation, which indicates that an increase
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Fig. 14: Influence of the variation of injection rates on the dam-
age dissipation over fracture length. The figure was previously
published in Mobasher and Waisman (2022).

in pumping rate causes a corresponding increase in frac-
ture length and volume. The resulting evolution in perme-
ability and damage governs the energy dissipation under
higher injection rates. The presented model can be fur-
ther capitalized on as basis for hydraulic fracturing opti-
mization that is informed by the energy dissipation mech-
anisms.
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Fig. 15: Influence of the variation of injection rates on the dam-
age dissipation over fracture volume. The figure was previously
published in Mobasher and Waisman (2022).
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