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Abstract
Carbonate-rich rocks are commonly encountered in oil and gas reservoirs, and as such, mechanisms of hydraulic fracture 
initiation and growth in carbonates are important for effective reservoir stimulation. Thus motivated, this paper shows the 
impact of acidic fluid on the hydraulic fracture initiation in laboratory experiments. The results demonstrate that compared 
to water injection, acid injection results in more rapid initiation of the hydraulic fractures under so-called static fatigue or 
pressure-delay conditions wherein a certain pressure, insufficient to instantaneously generate a hydraulic fracture, is main-
tained until a hydraulic fracture grows. Acid injection also is shown to generate a dissolution cavity in the vicinity of the 
wellbore, and the breakdown of the specimen is observed to be explosive in the case of acid injection, probably due to the 
generation and the subsequent rapid expansion of carbon dioxide as a part of the dissolution reaction. Finally, the time to 
breakdown is shown to be related not only to the magnitude of the wellbore pressure, but also to the apparent permeability 
of the specimen. Altogether, the results indicate first that acid injection has the potential to improve the initiation of multiple 
hydraulic fractures within multistage hydraulic fracturing of horizontal wells by decreasing the time required for initiation at 
subcritical wellbore pressures. The results also show that the current theoretical framework can capture the overall negative 
exponential relationship between the time to breakdown and the wellbore pressure, but it is insufficient to account for the 
secondary dependence on rock permeability.
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List of symbols
�max

��
	� Maximum tangential Biot effective stress

�T	� Tensile strength of the rock
�	� Poroelastic parameter
pw	� Wellbore pressure
η	� Poroelastic constant
ν	� Poisson’s ratio
b	� Biot coefficient
�1	� Larger in situ stresses transverse to wellbore
�2	� Lesser in situ stresses transverse to wellbore

τ	� Life time of specimen
U0	� Initial energy barrier
T	� Absolute temperature
k	� Boltzmann’s constant
γ	� Microstructural parameter
�o	� Characteristic time independent of material

1  Introduction

Subcritical crack growth has been observed and character-
ized for a wide range of rock types and perhaps most notably, 
has been classically considered to have a profound effect on 
the development of natural fracture sets (Olson 1993, 2004; 
Gale et al. 2007). However, this long-recognized charac-
teristic of rock failure has only recently been considered 
as a mechanism impacting hydraulic fracturing (HF) initia-
tion (Bunger and Lu 2015; Lu et al. 2015, 2017). The time-
delayed initiation of hydraulic fractures resulting from inter-
play between fluid injection and subcritical crack growth 
is expected to play an important role in the effectiveness 
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of hydraulic fracturing in challenging formations where 
breakdown cannot be achieved with typical limits on pump-
ing equipment. The mechanism of delayed initiation is also 
argued to be potentially critical for initiation of multiple 
hydraulic fractures within each stage of a horizontal well 
stimulation, wherein growth of other hydraulic fractures in 
each stage can lead to reduced pressure available to initiate 
fractures from all entry points (Lu et al. 2017). In contrast 
to the delayed initiation concept, over the past few decades, 
hydraulic fracture initiation has been classically considered 
to be governed by a binary criterion determining whether 
the wellbore pressure can induce large enough tensile stress, 
which meets or exceeds the tensile strength of the rock (Hub-
bert and Willis 1957; Haimson and Fairhurst 1967; Detour-
nay and Carbonell 1997). Either the pressure is sufficient to 
generate a hydraulic fracture, or it is not.

Recent efforts have shown this binary criterion can some-
times provide an incomplete picture. Rather, the pressuriza-
tion of a wellbore to a level insufficient for instantaneous ini-
tiation can instead lead to delayed initiation. Such behavior 
has been demonstrated experimentally in the laboratory for 
sandstone and granite (Lu et al. 2015; Uwaifo 2015).

At the same time, there are still some open questions. 
First, while the specimen lifetime, referring to the time 
between the start of the pressurization and the loss of speci-
men integrity due to hydraulic fracturing, has been shown 
to be dependent on wellbore pressure with an exponential, 
as would be consistent with static fatigue theory of mate-
rials (Zhurkov 1984), the scatter in the data indicates that 
the pressure is probably not the only critical characteristic 
of the initiation (Lu et al. 2015; Uwaifo 2015). Second, all 
experiments to date have been conducted under conditions 
where no chemical interaction/reaction is expected between 
the rock and fluid. Here we present laboratory research 
aimed at this second issue, addressing the question of how 
the pressure-delay initiation phenomenon occurs in an acidic 
environment in a carbonate rock. There are reasons to expect 
that acidic fluid will have an impact. Past experimental anal-
yses (e.g., Hill et al. 2007; Wu and Sharma 2017) show that 
interaction with acid can weaken the rock matrix and make 
the rock easier to break. That idea inspires us to hypothesize 
that the acidic fluid injection will reduce the breakdown 
period and accelerate the speed of the delayed initiation. 
We evaluate experimentally, for the first time, the potential 
for hydrochloric acid to reduce the delayed initiation time 
for hydraulic fractures.

To achieve these goals, delayed hydraulic fracture initiation 
laboratory experiments are conducted on limestone samples 
by injecting both pure water and 15% hydrochloric acid (HCl) 
with constant pressure. Besides the pressure-delay failure phe-
nomenon, it is also observed in a few tests that the pressure 
fluctuated along with a brief burst of fluid injection some time 

prior to complete specimen breakdown. This phenomenon is 
explored in detail using acoustic emission (AE) detection.

Such experiments are necessarily carried out in a con-
trolled, idealized manner, enabling interpretation by iso-
lating the mechanism of interest. The experiments do not 
attempt to address issues related to the complexities of 
the associated field application, i.e., abnormalities in the 
wellbore geometry, rock heterogeneity, and/or impact of 
cement, casing, and perforation. Hence we focus on a par-
ticular phenomenon in a controlled environment recognizing 
that a variety of phenomena interact to determine behavior 
obtained in field applications.

The paper begins with theoretical background on hydrau-
lic fracture initiation and static fatigue of rocks, reviewing 
the premise of Bunger and Lu (2015). We then move to the 
details of the experimental procedure, with the program 
consisting of both water and acid injection cases. Next we 
present detailed observations of the similarities and differ-
ences between the two groups, including results of the AE 
tests. Taken together, this theoretical background, procedure, 
and observation lead to conclusions about the importance 
of fluid acidity in the time-dependent initiation of hydrau-
lic fractures, as well as unexpected results related to other 
mechanisms not yet explicitly accounted for by theory and 
which provide motivation for further study.

2 � Theoretical Background

The theoretical considerations begin with a classical descrip-
tion of the stresses around a wellbore. According to the theo-
ries which were put forward by Hubbert and Willis (“H–W”, 
1957), Haimson and Fairhurst (“H–F”, 1967), and system-
ized by Detournay and Carbonell (1997), the criteria for the 
rock breakdown, which in these theories are taken as syn-
onymous with hydraulic fracture initiation is:

Here, σT is the tensile strength of the rock and �max
��

 is the 
maximum tangential Biot effective stress given by:

Here β is a poroelastic parameter given by:

where � is a poroelastic constant between 0 and 0.5 and 
related to the Poisson’s ratio � and Biot coefficient b as

Additionally pw is the wellbore pressure, and 𝜎̂ is the 
near-wellbore effective in situ stress contribution (adopting 
here the notation of Bunger and Lu 2015) given by:

(1)�max
��

= �T

(2)𝜎max
𝜃𝜃

= 𝛽pw − 𝜎̂

(3)� =

{

1 H −W(fast)

2(1 − �) H − F(slow)
,

(4)� =
b(1 − 2�)

2(1 − �)
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Here �1 and �2 are the greater and lesser of the pre-exist-
ing in situ stress components acting transverse to the well-
bore, respectively, and p0 is the virgin pore pressure in the 
formation. Note that this relationship reduces to a simple 
proportionality between the maximum tensile stress and the 
wellbore pressure pw in the absence of in situ (i.e., confin-
ing) stresses. Note that the notation “H–W (fast)” indicates 
the expression from Hubbert and Willis (1957), which is 
shown to correspond to the fast pressurization case where 
the fluid is not able to penetrate the near-wellbore region 
prior to breakdown (as discussed in detail by Detournay and 
Carbonell 1997). Similarly, the notation “H–F (slow)” indi-
cates the expression from Haimson and Fairhurst (1967), 
which corresponds to the slow pressurization case wherein 
the fluid is able to penetrate the rock in the near-wellbore 
region prior to breakdown.

Substitution of Eq. (1) into (2) gives a classical relation-
ship defining the so-called breakdown pressure, that is, the 
wellbore pressure at which a hydraulic fracture initiates 
due to the induced near-wellbore tensile stress attaining the 
tensile strength of the rock. However, recent studies (Lu 
et al. 2015; Uwaifo 2015) have shown that the initiation of 
hydraulic fractures can occur even if the wellbore pressure 
is not large enough for the tensile stress to match the tensile 
strength. Specifically, the fracture is observed to initiate after 
some period of time with a lower wellbore pressure than 
is implied by the breakdown criterion (Fig. 1). Thus, the 
classical theory may be insufficient to explain many situa-
tions where breakdown is achieved at lower than predicted 
wellbore pressure.

To enhance the theory in light of experimental evi-
dence, we follow Bunger and Lu (2015) and turn to the 
phenomenon by which materials have been shown to fail 

(5)𝜎̂ =

{

−𝜎1 + 3𝜎2 − p0 H −W(fast)

−𝜎1 + 3𝜎2 − 2𝜂p0 H − F(slow)

after some period when they are exerted by loading that 
cannot induce instantaneous failure. This phenomenon is 
called “static fatigue”, and it is classically defined in the 
form of a kinetic equation (Zhurkov 1984) relating the 
time to breakage �0 and the applied stress �

Here the product of Boltzmann’s constant k and absolute 
temperature T represent energy associated with atomic-scale 
thermal oscillations. The material property U0 is interpreted 
as the magnitude of the initial energy barrier determining 
the probability of breakage of interatomic bonds responsible 
for the material strength; it is interpreted to be very close 
in magnitude to the binding energy of atoms in materials 
(Zhurkov 1984). According to Eq. (6), by applying the load 
on the sample, the energy barrier will decrease linearly with 
the tensile stress σ, with proportionality constant γ being 
interpreted as a microstructural parameter associated with 
the translation of an applied macroscopic loading to the 
energy associated with microscopic-scale bond breakage. 
Finally, the characteristic time τo was found by Zhurkov 
(1984) to be independent of the structure and chemical 
nature, with magnitude of 10−13 s. This is on the order of 
the period of atomic-scale thermal oscillations. It also rep-
resents the minimum time required to rock failure when U0 
– γσ = 0, also known as instantaneous breakdown and shown 
by Zhurkov (1984) to correlate well with the upper limit 
on crack propagation velocity corresponding to the speed 
of sound in the material. Note, however, in our experimen-
tal configuration, it is quite challenging and unpractical to 
approach and measure a time period with 10−13 s magnitude. 
Therefore, we define 1 s as the instantaneous breakdown 
time, which is more reasonable and applicable to our cases 
of quasi-static crack growth (i.e., with a finite velocity, but 
negligible inertia in the equations of motion).

The role of static fatigue theory brings the dependence 
on time into consideration for hydraulic fracture break-
down. By substituting Eq. (2) into Eq. (6) we obtain

Hence, for both confined ( ̂𝜎 ≠ 0 ) and unconfined case 
( ̂𝜎 = 0 ), the theory predicts a negative exponential rela-
tionship between the time to breakdown (i.e., the “life-
time”) and the wellbore pressure. Such a relationship has 
been confirmed for hydraulic fracture initiation in granite 
(Lu et al. 2015) and sandstone (Uwaifo 2015). Here we 
will first validate this predicted behavior for limestone and 
then explore the impact of the acidity of the fluid.

(6)� = �0e
U0−��

kT

(7)𝜏 = 𝜏0e
U0−𝛾(𝛽pw−𝜎̂)

kT

Fig. 1   Hydraulic fracture experimental results on granite showing a 
negative exponential relation between wellbore pressure and time to 
hydraulic fracture breakdown (after Lu et al. 2015)
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3 � Experiments

3.1 � Sample Preparation

Blocks of Kasota Valley Limestone were sourced and cut 
as 7.5 × 7.5 × 15 cm (3 × 3 × 6 in.) specimens. For con-
sistency with the previous experiments in sandstone and 
granite (Uwaifo 2015; Lu et al. 2015), the injection hole 
was chosen to be 1.27 cm (0.5  in.) in diameter. It was 
drilled at the center point of the 7.5 × 7.5 cm face along the 
15 cm side, through the entire thickness of the specimen, 
orthogonal to the bedding (i.e., akin to a vertically ori-
ented wellbore), see Fig. 2. Next, a 21.6 cm (8.5 in.) long 
by 0.95 cm (3/8 in.) outer diameter stainless steel tubing 
with four perforation holes placed at symmetrical positions 
was put into the wellbore, working as the wellbore casing.

The completion of the analog wellbore is designed to 
generate an isolated, pressurized openhole section around 
the perforations. To do this, two rubber seal O-rings were 
placed between the wellbore surface and the tubing, with 
a 5 cm (2 in.) distance from each other as shown in Fig. 2. 
These work not only as centralizers, but also to isolate the 
pressurized region. Epoxy adhesive (in this case Sikadur 
32) was then placed from both the top and the bottom of 
the specimen, allowing the adhesive to fill the open annu-
lus space from the O-ring to the surface on both sides. This 
epoxy holds the tube in place and supports the O-rings 
holding high pressure. The epoxy adhesive is then allowed 
to dry at least 12 h so as to attain the maximum strength. 
Finally, a stainless steel fitting and a cap were fixed on one 
side of the tubing, while connecting the other side to the 
pumping system shown in Fig. 3. In general, the speci-
men would then be subjected to triaxial confining stress. 
However, in this work we wish to start with examining the 
influence of the wellbore pressure on delayed initiation of 

hydraulic fracture in the absence of the confining stress as 
it provides the most straightforward negative exponential 
relationship between wellbore pressure and time to failure 
(Eq. 7) with the least complicated experimental setup.

3.2 � Experimental Apparatus

The sketch of the acid injection experimental apparatus is 
shown in Fig. 3. The main function of the equipment is to 
accomplish both the pumping of the fluid safely and effec-
tively including the refilling during and after the experi-
ments. The 260D ISCO high pressure syringe pump on the 
left side was used to generate the pressure. A shutoff valve 
was attached to the pump for safety reasons and it remained 
open throughout the experiment.

To prevent the corrosion of the tubing and the pump by 
the HCl, the stainless steel tubing was used only for parts of 
the system exposed to pure water, indicated in blue. It was 
replaced by the corrosion-resistant alloy material Monel for 
the acid handling part of the apparatus, which is marked in 
purple in Fig. 3. Then a mechanical separation was created 
so that the pump could inject non-corrosive fluid and the 
acidic fluid could be delivered to the specimen. To do this, 
a 150 cm long by 1.27 cm (0.5 in.) diameter Monel tub-
ing, henceforth referred to as the interface container, was 
installed to serve as the acid container during the injection 
procedure. A PVC separation plug wrapped by an O-ring 
was placed in the tubing to separate the pump fluid and acid.

3.3 � Experimental Procedure

Step 1: Acid Refill.
At the beginning of the experiment, the PVC plug should 

be at the specimen end of the interface container and all 
valves should be shut off. At this time, the interface con-
tainer is filled with the (non-corrosive) pump fluid. The 

Fig. 2   The cross section of the 
experiment sample
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acid refill entails forcing the acidic fluid (in our case, 15% 
HCl) into the interface container, driving the plug back 
to the pump end and in doing this, providing an interface 
container that is filled with the acidic fluid and ready for 
experimentation.

To begin the refilling, the acidic fluid was poured into the 
acid reservoir from the top opening. Then the PVC cap was 
screwed on the top to isolate the reservoir from air. The next 
step was to open the air pump valve, reservoir gate valve 
and vacuum valve consecutively. The air pressure, which 
is regulated down to 276 kPa (40 psi) to ensure it will not 
cause the low-pressure reservoir to rupture, pushes the acidic 
fluid back into the interface container until the plug hits the 

pump-side end. Finally, all valves are closed and prepared 
for the pressurization process.

Step 2: Pressurization.
Prior to commencing the pressurization, the first step was 

to activate the data acquisition system to record the injection 
pressure and the pump displacement (i.e., injected volume). 
Subsequently, the pump gate valve and the sample gate 
valve were turned on. Next, the system was pressurized to 
345–689 kPa (50–100 psi) under constant pressure control 
to make sure that all tubing was fully filled with the acidic 
fluid and there is no leakage. Once the pressure reading on 
the pump was steady, a target pressure was applied and held 
constant until the hydraulic fracture was initiated. This target 
pressure was varied between the tests to explore the validity 

Fig. 3   a The setup of the fluid 
injection system, and b detail of 
the PVC separation plug
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of Eq. 7 for the prediction of the time dependence to break-
down τ on the wellbore pressure pw. Note that initiation was 
typically visually apparent, and it also was evident due to a 
sudden increase in the pump displacement rate. After the 
initiation occurred, the pump was stopped as soon as pos-
sible, and all valves were turned off again.

3.4 � Acoustic Emission Test Procedure

The internal damage to the rock due to hydraulic fracturing 
is accompanied by the generation of acoustic emission (AE) 
signals (after, e.g., Falls et al. 1992). AE detection system is 
utilized in two follow-up experiments on larger-size lime-
stone blocks (15 × 15 × 15 cm) for measuring such localized 
energy release within the specimens.

In these two experiments, AE data were collected by the 
AE win 8 software on an Express-8 system from MISTRAS 
Group. The system uses 10, 1 cm diameter, 100 kHz to 
1 MHz MISTRAS Group acoustic emission sensors placed 
on the blocks (Fig. 4). As shown in the figure, each sur-
face (except for the bottom surface on which there was no 
AE sensor attached) contained two AE sensors. Using this 
monitoring system, both the location and the time of occur-
rence of the AE signals were recorded. Before conducting 
the delayed breakdown experiments, pencil lead break tests 
(after Hsu 1977) were carried out to make sure that all sen-
sors are in contact and functioning properly. In addition, 
confining stresses (σv, σH, and σh in Fig. 4) were applied by 
a custom-built ENERPAC true tri-axial loading machine. 
The load in each direction was evenly distributed along 
the entire surface of the specimen by placing flat loading 
plates between the loading actuator and the specimen. The 
applied confining stresses were: σv = 6 MPa; σH = 6 MPa; 

σh = 4 MPa, which is in contrast to the other experiments, 
which were unconfined.

4 � Results

4.1 � Water Group Data

There were in total 11 water experiments conducted to study 
the relationship between “lifetime” (time to breakdown) and 
the wellbore pressure for limestone in the absence of fluid 
acidity. As in the theory, τ is the lifetime and can be defined 
as the time from the moment the pressure reaches its target 
constant value to the moment the injection rate shoots up and 
the pressure drops, indicating macroscopic specimen failure, 
as shown in Fig. 5. In addition, the flow rate is recorded 
when it becomes steady, which is essentially the leakoff rate 
from the wellbore into the rock formation.

Table 1 presents the experimental data for the sample 
lifetime, wellbore pressure, and the flow rate. As we can 
see, the wellbore pressure varies from 2170 to 660 psi, cor-
responding to the lifetime extending from 1 to 580 s. Here, 
2170 psi is found to correspond to the instantaneous break-
down pressure (about 1 s). A few tests run lower than 660 
psi did not show any sign of specimen failure during for 
several thousand seconds, at which point the fluid reservoir 
was exhausted and the pressurization ceased. Thus, in our 
case, 660 psi is considered as the approximate lower limit for 
water pressure-delay initiation on the timeframe that is rele-
vant to both lab experiments and for that matter, to hydraulic 
fracturing treatments in the field which are also often on the 
order of thousands of seconds in duration. Note also that it 
takes some time (around 10 s) for the pressure to stabilize at 

Fig. 4   Sketch of specimen with AE sensor array
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the set value, hence the lifetime is less precise for the higher 
pressure, shorter lifetime (i.e., less than 30 s) experiments.

From Fig. 6, we can see that the lifetime approximately 
follows the predicted negative exponential relationship with 
the wellbore pressure. This confirms that Zhurkov’s (1984) 
theory as adapted for hydraulic fracturing by Bunger and 
Lu (2015) can provide a useful modeling framework for the 
pressure-delay phenomenon in this limestone in a similar 
manner to prior observations of time-delayed hydraulic 
fracture initiation in granite (Lu et al. 2015) and sandstone 
(Uwaifo 2015).

4.2 � HCl Group Data

There were in total ten acid experiments conducted using 
15% HCl, with the results shown in Table 2. As we can 
see from Fig. 7, in comparison with the water experimental 
group, the specimen lifetime in the acid group tests shows a 

tighter clustering around a negative exponential relationship 
with wellbore pressure.

Furthermore, the ability to attain failure at 400 psi well-
bore pressure in the acid group tests indicates a reduction of 
the observed pressure lower limit required for the hydraulic 
fracture initiation within the practically relevant timeframe 
of a few thousand seconds. At the same time, the instantane-
ous breakdown pressure with the acid is almost the same as 
with the water. Altogether, it appears that the HCl does not 
make a substantial difference when the breakdown is rapid 
and hence the diffusion of the fluid into the rock and/or the 
dissolution of the rock do/does not have time to take place. 
In this rapid breakdown limit, the acidic fluid cases appear 
to generate breakdown at similar pressures and with simi-
lar delay time to pure water. However, at lower pressures, 
and hence larger times to breakdown, the fluid appears to 
be able to interact with the rock, which would explain the 
breakdown cases occurring at pressures that did not lead to 
breakdown with pure water.

Table 1   Water experimental group data

Test ID Wellbore pressure 
(psi)

Lifetime τ (s) Flow rate 
(ml/min)

W3 2170 1 185
W4 1500 5 38
W6 1340 21 16.5
W19 1260 70 10.5
W12 1150 20 30
W15 1060 105 12.2
W17 900 200 8
W11 820 840 2.4
W10 810 9 17.5
W20 760 280 6.8
W13 660 580 7.1
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Fig. 6   The data points show the relationship between the sample 
lifetime and target pressure for water experiments. Red points corre-
spond to tests W10 and W11, which are taken as high and low perme-
ability cases detailed in the discussion (Sect. 5.4)

Table 2   Acid experimental group data

Test ID Wellbore pressure 
(psi)

Lifetime τ (s) Flow rate 
(ml/min)

A6 2040 1 23
A3 1500 18 9.5
A10 1350 8 43
A8 1200 60 7
A9 1100 22 18.5
A2 1016 100 2.1
A4 800 88 3.6
A5 600 256 4.5
A7 500 314 4
A11 400 1380 1.1
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Fig. 7   The data points show the relationship between the sample life-
time and target pressure for 15% HCl experiments



3902	 Q. Lu et al.

1 3

5 � Discussion

5.1 � Explosive Behavior

Besides the differences in time to breakdown for the low 
pressurization cases, the fracture process observed in the 
acid experiments appears to be profoundly different from the 
water cases. The first striking observation is that the speci-
mens exploded upon breakdown in the acid cases, probably 
due to the generation and the subsequent rapid expansion of 
carbon dioxide (CO2) as a part of the dissolution reaction, 
namely, for limestone (e.g., Economides and Nolte 2000)

The resulting blocks were fragmented for the acid cases 
(Fig. 8). In contrast, for the water cases, the breakdown and 
subsequent fracture growth led to just a small spurting of the 
fluid when the fracture reached the face of the specimen. The 
resulting blocks remained intact for the water cases (Fig. 8).

5.2 � Dissolution Structures

The second main difference between the acid and the water 
cases is the development of a cavity in the region of the pres-
surized section of wellbore in the acid cases. The size of this 
cavity was up to several cubic centimeters, whereas in the 
water cases, there was no evidence of dissolution. There is 
observational evidence that it was created through wormhole 
formation (see, e.g., Fredd and Fogler 1998; Economides 
and Nolte 2000). This evidence includes pock-marked mor-
phology and in some cases larger diameter (but still rela-
tively short length) tunnels on the surface of the fractures. 
There was also a preponderance of fragmented material after 
the explosion, some of which could have been the intact 
skeleton between the wormholes (Fig. 9). Note that we do 
not observe systematic differences between dissolution or 
fragmentation-related morphologies for high-versus-low-
pressure acid tests.

(8)CaCO3+2HCl ⇄ CaCl2+H2O+CO2

5.3 � Impact of Acidic Fluid on Time to Initiation

Turning the attention back to the original question of 
whether the acid will reduce the time for initiation, further 
water versus acid comparison is made. Figure 10 shows 
the lifetime versus wellbore pressure for both experimental 
groups. Under the condition that both trend lines follow an 
exponential law, we can see that the acid experiment trend 
line is shifted down—a very little bit—underneath the water. 
However, the logarithmic scale understates the differences. 
Figure 11 shows the same data in linear scales, and here the 
impact of the acidic fluid is more clearly observed. Namely, 
for lifetimes in the range of 100–1000 s, the time to break-
down (lifetime) for the acidic fluid cases is 0.1–0.5 times the 
time to breakdown (lifetime) for comparable water cases. 
That is to say, at the same wellbore pressure, the acidic 
fluid treatment can reduce the time to breakdown by a fac-
tor of 2–10. Note that this reduction takes place over the 
practically relevant range because in field applications, the 

Fig. 8   The 7.5 × 7.5 × 15  cm specimens after fracture initiation by 
HCl (left) and water (right)

Fig. 9   Dissolution cavities created at 500 psi (left) and 1100 psi 
(right) target pressures
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Fig. 10   The pressure versus lifetime for both experimental groups 
shown in semi-log plot
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treatments are thousands of seconds in duration. Thus, the 
delayed initiation in the order of hundreds of seconds would 
occur—for example, at entry points where hydraulic frac-
tures did not initiate earlier in the pumping stage—still rela-
tively early in a hydraulic fracturing treatment. Furthermore, 
time-delayed breakdown occurs within O (103) seconds for 
wellbore pressure around 30% of instantaneous breakdown 
pressure when water is used and at about 20% of the instan-
taneous breakdown pressure when acid is used. In contrast, 
initiation is observed within O(103) seconds for wellbore 
pressure around 65% of instantaneous breakdown pressure 
for Coldspring Granite (Lu et al. 2015, see Fig. 1 in the cur-
rent paper) and at around 45% of instantaneous breakdown 
pressure for Agra Red Sandstone (Uwaifo 2015). There-
fore, it is apparent that Kasota Valley Limestone is prone 
to hydraulic fracture initiation at pressures further below 
the instantaneous breakdown pressure than the previously 
studied rock types.

5.4 � Role of Permeability

Next we examine the possible origin for scatter in the data, 
beginning with water tests W10 and W11 (marked with red 
in Fig. 6), whose data points located far away from the trend 
of the other experiments. By contrasting the results for these 
two cases with each other (Figs. 12, 13), we can see there 
is a substantial variation of these specimens’ lifetime, even 
though the wellbore pressure is pretty much the same. Then 
we should be aware that excluding the possible experimental 
and human error, there must have some additional phenom-
ena, which led to the difference. The most intuitive variable 
is the flow rate, which should be proportional to the applied 
wellbore pressure via the hydraulic conductivity of the rock. 
We observe that the flow rate of test W10 is approximately 
double the flow rate of test W11 in spite of the two tests 
having the same wellbore pressure. Therefore, the implicit 
assumption of uniformity between samples is evidently not 

satisfied on these samples; the permeability of W10 must be 
much larger than W11.

Based on the phenomenon expounded above, we can put 
forward a hypothesis that besides the wellbore pressure, the 
lifetime of the specimen may also depend on the permeabil-
ity or some other inherent rock properties associated with 
it. Specifically, the higher permeability specimens will lead 
to a shorter lifetime at the same pressure when compared to 
the lower permeability specimens. To test this hypothesis, 
the variation of the lifetime and the flowrate with respect to 
the pressure are shown in Fig. 14 for the water experiments 
and Fig. 15 for the acid experiments.

Careful inspection confirms the likely impact of the per-
meability. The dashed lines in the both figures correspond 
to best-fit (least-squares) trendlines, thus illustrating the 
approximate mean (average) value of lifetime and flow rate 
at different wellbore pressures. A clear tendency emerges, 
namely, when the permeability is lower than the mean value, 
evidenced by the flow rate plotting below the trendline, then 
the lifetime is observed to be larger than average, evidenced 
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Fig. 11   The pressure versus lifetime for both experimental groups 
shown in linear plot
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Fig. 12   Pressure and flow rate versus time for the test W10, for which 
the sample broke after 9 s
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by the lifetime plotting above the trendline. The converse 
is also true for higher than mean permeability cases—they 
lead to lower than average lifetime. It is striking to observe 
that this tendency is found to hold in all, but 2 of the 21 
cases presented in the combined water and acid experiments. 
Thus, the impact of permeability, which is currently not con-
sidered in the theoretically based model, clearly must be 
accounted for as a part of future research.

5.5 � Initiation Versus Breakdown

For most cases, the pressure is released when the specimen 
loses overall integrity, which means the fracture initiation 
and failure occur essentially simultaneously. However, a few 
exceptions are observed. The pressure and injection rate 
record for one of these cases, test A2 from the HCl group, 
is shown in Fig. 16. In this case, the wellbore pressure was 
held as constant by feedback loop control until a tiny drop-
off took place at 110 s. This point corresponds to an increase 
in the injection rate, brought on by the pump’s control loop 
in an effort to regain constant pressure. Such pressure drop 

accompanied by injection rate increase always occurs at the 
end of each experiment, at the point where the specimen 
loses integrity. However, here the pressure recovers for sev-
eral seconds before macroscopic specimen failure. A similar 
behavior is shown in Fig. 17 for an experiment carried out by 
injection of water with AE detection. Here we observe two 
precursor pressure drops prior to the final loss of specimen 
integrity. Both of these pressure drops are accompanied by 
a burst of AE, indicative of fracture growth. Hence, these 
observations are consistent with an interpretation that frac-
ture propagation event(s) preceded macroscopic specimen 
failure, where these precursor propagations were stable and 
based on the near cessation of AE, most likely arrested after 
their initial growth. Such arrested propagations have been 
observed in past experiments aimed at testing compounds for 
wellbore sealing (Guo et al. 2014), but in these prior experi-
ments sealant material was mixed with the injected fluid so 
that the arrested initiations were reasonably interpreted as 
being “sealed”. In the present experiments we see that while 
sealing is one possible mechanism for arresting initiating 
hydraulic fractures, such arrest can also occur without the 
use of sealant(s), presumably instead due to interaction of 
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Fig. 14   Lifetime and flow rate versus pressure for water experiments
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Fig. 15   Lifetime and flow rate versus pressure for acid experiments
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the initiating fracture with the near-wellbore stress concen-
tration. Interestingly, by examining crack growth equilibrium 
curves for fractures initiating from a wellbore, Detournay 
and Carbonell (1997) show that stable initiation can occur, 
depending on pressurization rate and ratio of intrinsic flaw 
length to wellbore radius, leading to the potential for arrest 
of an initiated fracture after it grows by an increment ranging 
up to one wellbore radius. Such an arrested initiation could 
be responsible for the observations portrayed in Figs. 16 and 
17.

6 � Conclusions

This paper describes an experimental research campaign 
motivated by the potential of the recently discovered time-
dependent initiation phenomenon in hydraulic fracturing 
to be impacted by acidic environments. In total 21 experi-
ments were performed: 11 with water and 10 with 15% HCl. 
Based on the analysis and the discussion illustrated above, 
we observe that time-delayed hydraulic fracture initiation 
occurs in limestone for both water and acid cases. In both 
groups of experiments, the lifetime of the specimen complies 
with the negative exponential relationship between time to 
failure (“lifetime”) and wellbore pressure as predicted by 
Zhurkov’s (1984) theory adapted for hydraulic fracture ini-
tiation by Bunger and Lu (2015).

In addition, we find that the hydrochloric acid can reduce 
the time needed for delayed initiation. With respect to reduc-
ing the initiation period, the performance of the acid treat-
ment is more dramatic for the large lifetime (small pressure) 
cases, presumably since it is in these cases that the acid will 
have sufficient time in contact time with the rock matrix to 
induce dissolution and/or some other type of matrix weak-
ening. Specifically, we find that acidic fluid treatment can 
reduce the time to breakdown by a factor of 2–10 relative to 
water treatments.

These observations confirm the hypothesized negative 
exponential relationship between time to breakdown and 
wellbore pressure and the hypothesized reduction of time to 
breakdown for acid cases. However, additional observations 
go beyond the original expectations and hypotheses. Nota-
bly, the hydraulic fracture initiation and subsequent growth 
in the acid experimental group were explosive, suggesting 
an unexpected importance of expanding gasses generated as 
a part of the dissolution reaction. Furthermore, a substantial 
dissolution cavity was observed to form near the wellbore 
inlet surface in the acid group cases.

The experimental observations also demonstrate that the 
wellbore pressure is not the only variable that impacts the 
specimen lifetime. The permeability, or the microstructural 
characteristics related to it, are also observed to systemati-
cally impact the result, with the specimens that are evidently 

the most permeable corresponding to smaller than expected 
time to initiation. This observation demonstrates that theo-
ries and accompanying laboratory experiments are neces-
sarily put forward under idealized conditions that may not 
always be attained in reality. Nonetheless, the demonstration 
of basic phenomena under such controlled conditions can 
serve to guide the understanding and eventually develop-
ment of models that better reflects the basic mechanisms that 
interact with one another to generate observed behaviors.

Finally, some experiments show evidence of fracture 
initiations that were apparently arrested rather than lead-
ing to macroscopic specimen failure. These arrested frac-
ture initiations happen in both acid and water groups and 
without a clear mechanism for sealing. Hence, these most 
likely indicate that under constant wellbore pressure con-
ditions, it is possible for fractures to arrest as they encoun-
ter varying stress conditions in the vicinity of the wellbore.

Taken together, these experiments demonstrate that time-
dependent hydraulic fracture initiation occurs in limestone in 
a manner similar to other rocks, but with the important addi-
tional characteristic of being dependent upon fluid acidity. 
Furthermore, the effect is striking in the sense that hydraulic 
fractures are shown to initiate and grow at wellbore pres-
sure far below what is required to induce instantaneous 
breakdown. Specifically, time-delayed breakdown occurs 
within O(103) seconds for wellbore pressure around 30% 
of instantaneous breakdown pressure when water is used 
and at about 20% of the instantaneous breakdown pressure 
when acid is used. In this regard, the tendency for hydraulic 
fracture initiation within a practically relevant timeframe in 
limestone (or at least in Kasota Valley Limestone) is stronger 
than in previously tested species of granite and sandstone 
and as such, hydraulic fracture initiation models that ignore 
time dependence are particularly prone to error when mak-
ing predictions for wells completed in limestone formations.
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