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ABSTRACT

Full Name : Mahmoud Hassan Mohamed Desouky

Thesis Title . Sustaining Hydraulic Conductivity in Soft/Acid Damaged Carbonate

Fractures: Chemical Treatment for Enhanced Performance

Major Field : Petroleum Engineering

Date of Degree : December 2023

The successful implementation of hydraulic/acid fracture operations in carbonate
formations heavily relies on the mechanical properties of the rock post-treatment.
Preserving the integrity of the rock is crucial for maintaining conductivity in the created
fractures under stress. However, weak formations or excessive acid etching can lead to
significant declines in productivity due to rock failure and creep. To address this issue,
strengthening chemicals are being explored to enhance rock strength and sustain high
stresses, thereby preserving fracture conductivity. Previous studies have demonstrated the
ability to alter the mechanical properties of carbonate rocks using strengthening chemicals
such as diammonium phosphate (DAP). In the context of acid fracturing, adopting the
concept of rock strengthening is vital for sustaining fracture conductivity, which is directly

influenced by the stiffness of the rock.

Therefore, a systematic experimental methodology was developed to investigate the
efficacy of the DAP-strengthening chemical in altering the mechanical properties of

carbonate rocks for acid fracturing applications. The stiffness of the rock samples was

XV



measured using the non-destructive impulse hammering technique, while acid etching and
hydraulic/acid fracture conductivity were evaluated using the API conductivity cell.
Various analytical techniques, including Scanning electron microscopy (SEM), X-ray
diffraction (XRD), X-ray fluorescence (XRF), and energy dispersive microscopy (EDS),
were employed to analyze the treated samples and gain insights into the accompanying
changes. Statistical analyses were performed to assess the significance of the strengthening
effect, and the parameters of pressure, temperature, and time were systematically varied to

understand their influence on the overall outcomes.

The results revealed that 1M DAP solution has the potential to enhance the stiffness of the
soft and acid-damaged samples significantly by the formation of hydroxyapatite (HAP).
As a result, the hydraulic conductivity in both DAP-stiffened intact and DAP-stiffened
acidized fractures showed significant improvement, with at least a twofold increase in the
short-term and long-term performance in Indiana limestone and even up to eightfold
enhancement in Austin Chalk. Furthermore, temperature was identified as the most critical
parameter influencing the DAP reaction with calcite in the tested carbonate samples,
making it a practical solution for reservoir conditions. These findings promise to address a

common challenge in the petroleum industry and mitigate its impact.
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CHAPTER 1

INTRODUCTION

Acid fracture has been widely used in carbonate formations to boost productivity since the
1960s. The job involves the injection of an acid with pressure exceeding the fracture
pressure to initiate new fractures or revive existing natural ones. The ideal role that acid is
supposed to play is etching the fracture surfaces differentially to create uneven surfaces.
The least principal stress closes the fracture after stopping the acid injection. However, the
uneven surface does not fully close, leaving a path for the formation fluid to flow into the

wellbore.

The flow capacity of the created fracture is known as acid fracture conductivity. Different
acid systems control the fracture extent and etching pattern for optimized acid fracture
conductivity. The etching pattern, the effective stress, and the strength of the fracture-
supporting pillars greatly impact the acid fracture conductivity. Acid fracturing is

successful when the developed conductivity is preserved for a long time.

In case of weak formation or over-etching, the pillars that keep the fracture open lack the
strength to hold the fracture open under stress for a long time. Consequently, productivity

decay is observed shortly after the fracture job.

The main objective of this study is to harden the soft fracture surface to be more

deformation-resistant. The deformation resistance will extend the life of the fracture by



reducing the fracture conductivity decline and increasing the stress that the fracture can
support. As a result, the well productivity will be enhanced, and the need for refracting can

be greatly reduced.

The hardening of the fracture surface will be approached by treating soft carbonate rock
surfaces, i.e., chalk with diammonium phosphate. Although there are some studies to
harden carbonate rocks, none of these studies investigated the effect of hardening on
fracture conductivity. Proving the practical significance of hardening the fracture surface
on the fracture conductivity proposes adding a hardening stage to the acid fracturing

process (see Figure 1-1).

Calcite

caco, |

Breakdown
Pressure

5L S > PP G i -

a) Fracking b) Acidizing ¢) Hardening
Figure 1-1: The proposed hardening stage after the acid fracture job.

1.1  Problem Description

Reduction in the fracture conductivity that occurs after acid fracturing is attributed to the
combined effect of the elastic, plastic, and creeping deformations in response to the in-situ

stress. Early-stage creeping is responsible for roughly one-third of the production rate



decline due to the acid-softening effect on the rock. Furthermore, production increases the

effective least principle stress, making the asperities more prone to compressive failure.

The problem is more pronounced in limestone and chalk rather than dolomite due to the
hard nature of the latter. Hence, if the rock surface hardness of chalk and limestone is
enhanced, the expected deformation will be less, and a more sustainable acid fracture

productivity can be attained.

1.2 Research Objectives

This research aims to test the effect of the hardening chemicals to enhance the acid
fracture conductivity by mimicking the reservoir conditions of stress, temperature,

pressure, etc. Toward this end, the following tasks should be conducted:

1) Understand the hardening effect by measuring the hardness at different

conditions.

2) Design an appropriate experimental procedure to quantify the hardening

treatment effect.

3) Study if the rock surface hardening can withstand high stresses after using

hardening chemicals to sustain long-term fracture conductivity.

Examine the impact of chemical treatment on the ability of the formation to deliver fluid
to the fracture and determine whether this effect is statistically significant and practically

significant.



CHAPTER 2

TEMPERATURE, PRESSURE, AND DURATION

IMPACTS ON THE OPTIMAL STIFFENING OF

CARBONATES AGED IN DIAMMONIUM PHOSPHATE

SOLUTION

Abstract

DAP has been proven effective in improving the stiffness of weak or acid-damaged
carbonates, thereby preserving hydraulic fracture conductivity. The reaction between DAP
and calcite in chalk formations primarily produces hydroxyapatite (HAP), which is stiffer
than calcite. However, the optimal reaction outcomes vary greatly with factors such as
DAP concentration and reaction conditions. This study investigated the DAP-calcite
reaction duration, pressure, and temperature effects on the stiffness magnitude of soft
Austin chalk. Also, the catalyst effect and depth of HAP formation were examined. The
study involved the assessment of stiffness, non-destructively (impulse hammering),
mineralogy (XRD, SEM), and elemental composition (XRF). The study tested 15 different
DAP-chalk reaction variations, where the pressure, temperature, time, and catalyst
addition were modified in each case. The samples’ elastic stiffness distributions were then

collected and compared to the pre-reaction ones. The results showed that the elastic



stiffness increased in all treated samples, with an 181% maximum increase achieved after
72 hrs at 1,000 psi and 75°C. However, the pressure effect was minor compared to the
temperature. The SEM images revealed different HAP morphology corresponding to
different treatment conditions. Although the treated samples showed an increased intensity
of phosphorus throughout the entire sample, the near-surface zone (4-6 mm) was the most
affected, as inferred from the XRF elemental analysis. The study's findings can help
optimize hydraulic fracturing operations in weak carbonate reservoirs, improving

production rates and overall well performance.

Keywords: Soft Carbonates, Hydroxyapatite, Chalk, DAP Treatment, Stiffening

2.1 Introduction

Maintaining fracture conductivity is crucial to hydraulic fracturing operations, where rock
stiffness greatly impacts (Jansen, 2014). Minerals are the rocks' building blocks; their
composition and crystal structure uniquely define them (Smyth & Bish, 1988). At the
mineral level, hardness is determined by the strength of the chemical bonding and is related
to a mineral's resistance to scratching (Broz et al., 2006). For example, calcite and apatite
have 3 and 5 on Moh's scale, respectively (Nesse, 2012). In comparison, macro hardness
is the ability to resist deformation, such as indentation, which may be related to how the
grains are cemented (Broitman, 2017). Constituent minerals contribute to the overall
hardness of the rock they form (Ayatollahi et al., 2020; Li et al., 2021). Therefore, the
minerals forming the rock and how the grains are cemented reflect the final rock’s elastic
stiffness (Viktorov et al., 2014). As long as calcium (Ca) and phosphate (POa) ions exist,
apatite can exist in various forms. Thus, replacing a relatively soft mineral, i.e., calcite,

with a harder one, i.e., apatite, can result in stronger structures than the original (Desouky



etal., 2021). Yasar & Erdogan (2004) investigated the relationship between hardness value
and physicomechanical properties of constructional and cover rocks and concluded that
physicomechanical properties can be estimated using hardness methods. In the context of
hydraulic fracture conductivity, stiffness is a superior and more precise indicator of a rock's
mechanical properties compared to macro hardness. While there may be some correlation
between the two in certain types of rocks, stiffness measurements provide a more
comprehensive understanding of the rock's mechanical behavior. Stiffness directly
correlates with the rock's ability to withstand deformation, making it a more reliable
indicator of its capacity to endure applied pressure and retain its shape during hydraulic

fracturing.

Several methods are commonly used to prepare HAP (a specific type of apatite mineral
that contains hydroxide ions OH"), including hydrothermal, precipitation, solvothermal,
spontaneous combustion, micro-emulsion, ultrasonic synthesis, bionic and solid-state
reaction, or wet and dry methods (Ma, 2019). On the one hand, the precipitation process
used in the formation of HAP from calcite typically involves the reaction of calcium
carbonate with a phosphate source, such as diammonium phosphate (NHsH2PO4), known
as DAP, in the presence of water (Liu et al., 2001). On the other hand, hydrothermal is
similar to precipitation but at high temperature and pressure (Roy & Linnehan, 1974). Also,
researchers suggested that the HAP crystals can be synthesized from calcite crystals
through hydrothermal treatment. Specifically, studies conducted by Yoshimura et al.
(2004), (Neira et al. (2009), and Zhang & Vecchio (2007) have all reported successful

production of HAP crystals using this method.



Different synthesis approaches results in different HAP crystal structure. The shape
variations of HAP are attributed to the distinct reactivity level of each exposed calcite
crystal plane towards the surrounding solution (Kim et al., 2012). For instance, the (100)
plane of calcite is more reactive than the (111) plane, which has a thicker coverage of newly
formed HAP. The shape of HAP crystals produced under hydrothermal conditions is
affected by several factors, including the solubility of the starting material, processing
temperature, pH of the solvent additives, residence period, and others (Ashokan et al.,
2022). Also, the concentration of the reactants plays a crucial role in determining the
morphology of HAP crystals. Higher concentrations of DAP and CaCO3 can promote faster
nucleation and growth of HAP crystals, forming smaller crystal sizes and different

morphologies (Liu et al., 2001).

The hydrothermal process is a commonly used method for the synthesis of HAP from
calcite, as it allows for the control of the particle size, morphology, and crystallinity of the
HAP product. As a result, the HAP produced by this method is widely used in various
applications. For example, hydrothermally-formed HAP has prosthetic and other
biomedical applications (Mucalo, 2015; DileepKumar et al., 2022). Also, Pai et al. (2020)
reviewed the use of HAP and its composites as adsorbents for removing pollutants from
wastewater, including heavy metals, organic compounds, and dyes. They described the
mechanisms of adsorption and the factors that affect the adsorption performance, such as
pH, temperature, and initial pollutant concentration. In addition, Ashokan et al. (2022)
described a dissolution precipitation method to produce HAP microspheres for
Chromatographic uses. In art preservation, using the DAP has proved to be a promising

technique in restoring damaged carbonate rock's aesthetic and mechanical integrity



(Barriuso et al., 2017). According to recent findings by Murru & Fort (2020), the
immersion of limestone in DAP has resulted in a significant enhancement of mechanical

performance, which was assessed through variations in ultrasonic measurements.

In recent experiments conducted by Samarkin et al. (2023), hydrothermal treatment was
utilized to form HAP in weak chalk samples for use in petroleum applications. The purpose
of this technique was to enhance fracture surface elastic stiffness and sustain hydraulic
fracture conductivity. The results of the experiment revealed that the surface elastic
stiffness of the weak chalk samples was significantly improved, ultimately leading to a
higher hydraulic conductivity of the fractures (Desouky et al., 2023a; Desouky et al.,
2023b). These findings offer valuable insight into the potential for HAP to improve the
effectiveness of hydraulic fracturing techniques in the petroleum industry. Such

developments hold the promise of enhancing the industry's efficiency and reducing costs.

Thermodynamics favors the mineralogical exchange to convert calcium carbonate into
HAP by DAP treatment (Ashokan et al., 2022). However, little is known about the time
scale for the exchange at reservoir conditions (i.e., high pressure and high temperature). A
fast reaction is favored for the process to be applicable in petroleum-related operations.
Therefore, the DAP-calcite reaction and HAP generation speed must be addressed and fully
understood. This study aimed to determine the effectiveness of strengthening chalk
specimens by adjusting key factors such as pressure, temperature, and time in the formation
of HAP. Additionally, the study conducted a detailed analysis of the distribution of HAP
in the treated chalk samples. Finally, the research investigated the catalytic effect of Li ions

on the DAP reaction with calcite.



2.2 Materials and Methods

2.2.1 Rock Samples and Chemicals

The experimental work in this study was conducted using 15 slabs of Austin chalk, which
was chosen as reference material due to its low stiffness. The Austin chalk slabs have
dimensions of 177.8 mm in length, 38.1 in width, and 12.7 mm in thickness, as shown in
Figure 2-1. Two chemicals were used in the current study. The first is a high-purity DAP
((NH4)2HPOQOg4) from Sigma Aldrich, with a purity exceeding 99%. This water-soluble salt
serves as a chalk consolidation agent in the present study. The other one is lithium nitrate
hydrate (LNH), a chemical compound with the formula LiNO3.3H.O. It is an odorless,
colorless, and water-soluble salt primarily used as a precursor to produce other lithium
compounds, including lithium carbonate. Thus, LNH was tested for its potential to catalyze

the DAP-chalk reaction.

Figure 2-1: Austin Chalk Sample



2.2.2 Instrumental setups

In order to capture the variation in elastic stiffness of the chalk samples, multiple
measurements were taken across the entire surface of each sample (30 points), covering
different locations uniformly. First, elastic stiffness was assessed by the New England
Research AutoScan by impulse hammering. The mechanical elastic stiffness probe is used
to assess the elastic stiffness of a material, while the sensitive point measurements can
detect fluctuations in inelastic stiffness and strength (i.e., heterogeneity). Once the elastic
stiffness of the samples had been evaluated, they were subjected to one of the aging
conditions specified i by being placed in a Hastelloy steel cell for 24 hrs. following the
vacuuming of the cell. In the first set of experiments (see Table 2-1), 9 samples with similar
initial elastic stiffness distribution, 3.7 GPa on average, were aged at different pressure and
temperature combinations. Every sample was treated at ambient, 1,000, or 2,000 psi
pressure at each temperature inside a 3L-aging cell filled with 1M DAP. Following the
treatment, the samples were extracted and rinsed with deionized water to eliminate any
residual treatment solution. The samples were then dried for 24 hrs. in an oven at a
temperature of 75°C. The aging process is highly similar to the hydrothermal synthesis
used to synthesize various materials by subjecting reactants to high-pressure and high-
temperature conditions in an autoclave closed vessel. The method is widely used in
materials science and engineering, particularly for synthesizing inorganic materials such
as HAP from DAP-calcite reactions. After the aging process, the surface elastic stiffness

of the samples was assessed again to understand the effect of aging on them.

In the subsequent experiments, three samples underwent DAP treatments at an increment

in treatment time (6, 18, 36, and 72 hrs) at 1000 psi and 75 °C. After each treatment interval,
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the samples were taken out of the aging cell, washed thoroughly with DI water, and dried
in the oven before their elastic stiffness was assessed using the Autoscan. The same
procedure was repeated for all the planned intervals, where the residual effluents from each
previous interval were used in the subsequent one. For the final set of experiments, three
samples with comparable elastic stiffness were subjected to an identical treatment using
1M DAP for six hrs. at 1,000 psi and 75°C, but with the addition of 5 grams of LNH per
liter of DAP. The remaining procedures were carried out in the same manner as the
previous experiments. The aim was to accelerate the creation of HAP by catalyzing the
exchange process using direct methods and identifying the conditions that promote bonding
between DAP and carbonate. The method focused on enhancing the interaction between
an electron donor and an acceptor. Therefore, Li+ was introduced to improve the electron
acceptor (carbonate) by adhering to the O of the C=0 group and drawing electrons from
the carbon. This change might facilitate the attachment of DAP to the carbonate and thus
expedite the process. As a result, investigating the influence of Li+ catalysis was included
in the study. Therefore, 5 grams of LNH was added to each 1M liter of the DAP solution

to investigate its capability to expedite the stiffening effect of the DAP on the chalk slabs.
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Table 2-1: Different Treatments Design

Treatment Condition

Sample
Concentration | Temperature Pressure
ID Catalyst | Time (hrs)

(M) (C°) (psi)
S#1 0
S#2 25 1,000
S#3 2,000
S#4 0
S#5 75 1,000 72
S#6 2,000
SHT 0
S#8 1 120 1,000
S#9 2,000
S#10

6, 18, 36,
S#11
and 72
S#12
75 1,000

S#13
S#14 LiNO3.3H20 6
S#15
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The DAP treatment's impact on the chalk's composition, structure, and morphology was
thoroughly analyzed using a combination of scanning electron microscope (SEM)
techniques, X-ray fluorescence (XRF), and XRD. First, a small cube was extracted from
the treated samples to be imaged at the nanoscale level with Zeiss Gemini 450 SEM at the
Center for Integrative Petroleum Research, King Fahd University of Petroleum and
Minerals Dhahran, Saudi Arabia. The hydrothermal synthesis of HAP from DAP and
CaCO:s often leads to the formation of different HAP morphologies, which can be attributed
to several factors, including the reaction conditions, reactant concentrations, and the
presence of additives. Hence, the SEM is useful for characterizing and analyzing the
hydrothermally formed HAP because it provides insights into its nanoscale structure and

behavior.

Additionally, determining the depth of a chemical reaction within a solid surface can be a
complex process that requires various techniques, depending on the type of reaction and
the surface being studied. The XRF is a valuable tool for exploring the distribution and
formation of minerals in porous media. Therefore, Bruker M4 Tornado XRF was utilized
for elemental distribution. It is a non-destructive tool widely used in geology and
environmental science, providing valuable information about diverse materials' elemental

composition and mapping.

In this study, a sample with dimensions of 34x76.2x177.8 mm was subjected to 72 hrs. of
treatment in the aging cell at 75 °C and 1,000 psi to investigate the reaction of DAP with
the sample bulk. First, the sample was cut across its length to get the invasion depth of the
DAP reaction. Subsequently, the samples were scanned with the XRF to compare the

elemental composition with another intact sample. Furthermore, performing depth
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profiling is essential in determining the depth of the reaction. The concentration of HAP
was determined by tracking the presence of phosphorus, which was measured across and

along the sample's surface at five different lines.

Finally, mineralogical characterization of the chalk samples was done with powder X-ray
diffraction (XRD). A finely ground powder was obtained from a small portion of the treated
chalk; the powder was then analyzed using the PANalytical Empyrean diffractometer, an
advanced XRD instrument within a 20 range of 0° to 70°. The SEM, XRF, and XRD
analyses provided valuable insights into the chalk's composition, structure, and
morphology when contrasted with the untreated samples' results. The comprehensive

experimental procedure is depicted in Figure 2-2.

b S DAP Treatment P ) SEM XRF and XRD
Assessment Assessment

Figure 2-2: Workflow of the Experimental Analyses.

2.2.3 Statistical Significance

The elastic stiffness of chalk varies randomly along the surface within a certain range,
making it mandatory to statistically validate the elastic stiffness improvement. The
repeated experiments were intentional to reduce the uncertainty in the obtained results and
to acquire more data to validate the results statistically. Therefore, statistical significance
testing determines whether the elastic stiffness improvement was due to the treatment or
just the result of a chance. Thus, the analysis of variance (ANOVA) technique was used to
compare the means of treated and untreated elastic stiffness distributions to reveal if the

treatments significantly affected chalk elastic stiffness. In addition, Tukey's HSD was
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utilized when statistical significance was present. Tukey's HSD is a statistical method used
to compare the means of multiple groups and determine which groups are significantly

different from each other.

Furthermore, pair-wise comparisons were generated to visually represent this test's results,
displaying the mean difference between each group alongside confidence intervals and
significance levels. Where the confidence interval excludes zero, statistical significance
exists between the two groups at the chosen significance level (generally 0.05). The data

visualization and computations were made in Rstudio 2023.03.1.

2.3 Results

2.3.1 Temperature-Pressure Interaction Effect on Stiffness

The various treatments increased the 'samples’ elastic stiffness, as illustrated in Figure 2-3.
Each sample has two distributions: pre-elastic stiffness on the left and post-elastic stiffness
on the right. However, the extent of this increase varied depending on the temperature and
pressure conditions. Specifically, the effect of temperature on elastic stiffness was evident
when comparing samples treated at elevated temperatures (75 and 120 °C) to those treated
at lab ambient temperature (24 °C). At 2,000 psi and 24, 75, and 120 °C temperatures,
average elastic stiffness increased by 46%, 108%, and 138%, respectively. A similar trend
was observed across different temperatures and ambient pressures. However, the stiffness
of Sample #5 exceeded expectations, exhibiting a larger-than-anticipated. It showed an
increase of 181% following treatment at 75 °C and 1,000 psi. Conversely, the increase in

elastic stiffness of Sample #8, treated at 75 °C and 2,000 psi, appeared to be less than
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expected. In contrast, the increased elastic stiffness with the increase in treatment pressure

did not exhibit a clear trend at different temperatures.
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Figure 2-3: Pre- and Post-Elastic Stiffness Distribution Under Varying Pressure and

Temperature Treatments.

A one-way ANOVA was conducted to examine the effects of different factors on elastic
stiffness, such as sample, pressure, temperature, and pre/post-elastic stiffness, one at a time.
In comparison, two-way ANOVA examines two independent variables' impact on a
dependent variable. The one-way ANOVA results showed that the sample, temperature,
and pre/post-elastic stiffness significantly impacted elastic stiffness. In contrast, the impact
of pressure was statistically significant but relatively minor compared to the impact of

temperature.

Furthermore, a two-way ANOVA was conducted to analyze the effects of pressure,
temperature, and their interaction on elastic stiffness, and the results indicated that all three

factors had a significant impact, as presented in Table 2-2.
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Table 2-2: Two-way ANOVA Analysis of Temperature and Pressure as Factors.

Degree of Sum Mean F
Factor Pr(>F) p
Freedom sQ. sq. value
<
Temperature 2 427 213.28 | 32.535 | 4.69e-14
.001
<
Pressure 2 99 49.72 7.585 | 0.000565
.001
Temperature: <
4 284 70.99 | 10.830 | <2e-16
Pressure .001

In addition, Tukey's HSD was utilized to analyze the differences in elastic stiffness means
associated with pressure. The Tukey family-wise confidence level is typically expressed as
a percentage. It represents the probability that the confidence interval captures the true
difference between any two groups in a multiple comparison test. For example, if the Tukey
family-wise confidence level is set to 95%. In that case, there is a 95% chance that the
confidence interval calculated for each pairwise comparison includes the true difference
between the group means. Tukey's HSD analysis shows that the mean elastic stiffness for
0 psi pressure significantly differed from that for pressure levels of 1,000 and 2,000 psi.
However, no significant difference between 1,000 and 2,000 psi pressure was observed as

the confidence level contains O (see Figure 2-4).
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Figure 2-4: Tukey's HSD for Comparison Among Different Pressure Groups.

The statistical study showed that the temperature positively affected chalk elastic stiffness
after DAP treatment, whereas the pressure had a slightly negative impact. The usual
reservoir pressure and temperature values vary greatly depending on the reservoir and
location. In addition, the pressure and temperature combination of 1,000 psi and 75°C
significantly increased the elastic stiffness of the surface of chalk. Therefore, these precise

parameters were used in the next experiments to imitate downhole circumstances better.

2.3.2 Treatment Duration Effect on Stiffness

The results showed a clear and consistent increase in elastic stiffness across all three
experiments, with the elastic stiffness of the samples increasing as they were treated for
longer periods (see Figure 2-5). At 72 hrs., the samples exhibited the greatest increase in
elastic stiffness, and there were no indications of stabilization, indicating that there is
potential for further increases in elastic stiffness if the treatment were to be extended for a
longer period. Specifically, at the 72-hour mark, the increase in average elastic stiffness for

Sample #10, Sample #11, and Sample #12 was 411%, 261%, and 233%, respectively.
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Figure 2-5: Pre- and Post-Elastic Stiffness Distribution Under Increasing Time
Treatments.

2.3.3 Catalysis Effect on Stiffness

After undergoing a 6-hour treatment, Samples #13, #14, and #15 displayed an increase in
average elastic stiffness. However, no tangible difference was visually observed when
comparing the elastic stiffness distributions of the three treated samples with the LNH in
the DAP solution to that treated with DAP only (Sample #10), as depicted in Figure 2-6.
The three samples subjected to treatment with LNH catalysis exhibited an increase

in elastic stiffness on average of 84% compared to 61% in the untreated sample.
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Figure 2-6: Pre- and Post-Elastic Stiffness Distribution for Catalyzed and

Uncatalyzed Treatments

Therefore, ANOVA analysis was conducted to validate the results statistically, where the

results are arranged in Table 2-3. The effect of the treatment is statistically significant and

large, but the catalyst effect is significant and small. This finding suggests that the LNH

slightly impacted the elastic stiffness properties of the sample. In this case, the result is

significant in the sense that it is unlikely to have occurred by chance, but it may be small

enough that it is not practically significant.

Table 2-3: Two-way ANOVA Analysis of Temperature and Pressure as Factors.

Degree of
Factor Sumsg. | Meansq. | Fvalue | Pr(>F) p
Freedom
Pre/post-elastic
1 178.9 178.86 | 238.181 | <2e-16 | <.001
stiffness
Catalyst 1 6.2 6.20 8.258 | 0.00443 | <.001

20




2.3.4 Determination of Reaction Depth Using XRF

In the XRF analysis, a pseudo-orange color was utilized to denote phosphorous, where the
orange hue gradient represents the variation in phosphorous concentration. A brighter color
indicates a higher phosphorous concentration, which indicates the presence of HAP and
vice versa (see Figure 2-7a&b). As a result, the treated sample displayed an increased
phosphorous intensity across the surface (Figure 2-7b). In addition, a higher intensity of

the color was observed along the edges of the sample, indicating a higher phosphorous
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Figure 2-7: Pseudo-colored Images Showing Phosphorous Concentration in a.
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Figure 2-8: Intensity of Phosphorous with Location Across the Untreated and

Treated Samples.
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Then, the average intensity values were plotted against the position. The treated sample
showed higher phosphorous intensity in the interior, with an average value of 8 cps
compared to an average value of 5 cps corresponding to the untreated sample. Also, the
treated sample showed a noticeable increase in gradient towards the edges, with the effect
becoming more pronounced at a distance of 5 mm from the edge, as shown in Figure 2-8.
The level of phosphorous intensity reaches its peak at the superfacial layer when it comes in

direct contact with the solution, with values of up to 40 CPS recorded.

2.3.5 Characterization of Mineral Composition Using XRD and EDS

Figure 2-9 presents the XRD spectra of the untreated chalk and the treated chalk powder.
Both spectra have been plotted on a single figure to analyze the impact of the DAP
treatment on the baseline chalk mineralogy. The spectrum corresponding to the treated
chalk displays new peaks at approximately 20 values of 26, 32, 34, 46, 50, and 53,

annotated with black arrows in the plot.

Furthermore, according to the EDS analysis, the virgin sample had a high calcite content,
approaching purity with over +99% calcite present. In comparison, the treated
samples showed a significant increase in HAP percentage, representing approximately

20% of the extracted sample near the surface.
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Figure 2-9: XRD Spectra of Powder from Treated and Untreated Chalk Samples.

2.3.6  Morphological Changes Observed with SEM

Initially, a sample of untreated chalk was scanned to represent the unaltered calcite grain
structure, as illustrated in Figure 2-10a. The scans showed that individual grains are
distinct and exhibit differences in size and shape. Next, the treated samples were scanned
to visualize the DAP-induced alterations in the calcite. The SEM images revealed the
presence of heterogenous morphologies of HAP in shape and size, as shown in Figure
2-10b-e. The formed HAP shapes are a few hundred nanometers with various shapes,

including needle-like, rod-like, plate-like, and rose-like.
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Figure 2-10: Colorized SEM Images of a. Intact Separate Calcite Grains, b. Niddle-

shape HAP Crystals, c. Rose-shape HAP Crystals, d. Rod-shape HAP Crystals, e.

Spikey -shape HAP Crystals.

Figure 2-11a, 11c, and 11e display uncolored SEM images that reveal the host calcite
grains and the distinct HAP crystals of various shapes formed under different conditions.
In contrast, Figure 2-11b, 11d, and 11f show the same SEM images but with pseudo
coloring applied to highlight each HAP shape and differentiate them from the host calcite
grains. The HAP crystal formations were influenced by variations in the calcite grains' size,
shape, and orientation, resulting in different shapes under different pressure and
temperature conditions within the same chalk sample. However, certain HAP shapes were
more dominant at each pressure and temperature combination. For instance, needle-like,
platy hemisphere-like, and sheet-like HAP crystals were observed when chalk reacted with
DAP at 2,000 psi and temperatures of 25, 75, and 120 °C, respectively, as depicted in

Figures 11a, 11c, and 11e. The colorized images provide a clear depiction of the formation
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of needle-shaped HAP (in green), platy hemisphere-shaped HAP (in yellow), and sheet-
shaped HAP (in brown), particularly at the contact points between the calcite grains, which
appear faded blue, as shown in Figures 11b, 11d, and 11f, respectively. The behavior of
the samples treated at 1,000 psi and various temperatures closely resembled those treated
at 2,000 psi and different temperatures. The assortment of shapes and the most prominent
shapes exhibited remarkable similarity under these conditions. The samples subjected to
ambient pressure displayed miscellaneous shapes, with sheets being abundant at 25 °C and
needles being prominent at 120 °C. However, the crystals formed under these conditions

appeared smaller and more sparsely distributed.
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Figure 2-11: SEM Images of a. Treated Chalk Samples at 2,000 psi and 25 °C

Showing Calcite and Needle-like HAP, b. Colorized and Closer View of Image 11a,
c. Treated Chalk Samples at 2,000 psi and 75 oC, d. Colorized and Closer View of
Image 11c, e. Treated Chalk Samples at 2,000 psi and 120 °C, and f. Colorized and

Closer View of Image 11e
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2.4  Discussion

The effect of pressure on the elastic stiffness of the chalk samples was not as pronounced
as that of temperature, suggesting that temperature plays a more significant role in
controlling the chalk's reaction kinetics and resulting mechanical properties. Higher
temperatures improved the elastic stiffness as it positively affected the DAP-calcite
reaction, which was coherent with the literature. As with most chemical reactions,
increasing the temperature increases the reaction rate according to the Arrhenius equation
(Smith, 2008). On the contrary, there was no clear trend of the elastic stiffness distribution

with increasing the pressure from ambient to 2,000 psi.

There were two competing factors justifying the small effect of pressure. First, the DAP-
calcite reaction yielded carbonic acid (H2COs), as emphasized in Equation 1.

2H,0
10CaCO; + 6(NH,),HPO, + —> Ca,,(P0,)¢(0H), o
2.1

| +6(NH,),CO5 + 4H,CO5
However, carbonic acid is not a stable compound under normal conditions, and it typically

decomposes into carbon dioxide (CO>) and water (H20) through the following reaction:
H,CO; — CO, + H,0 (2.2)

Therefore, the partial pressure of carbon dioxide (CO2) can affect the equilibrium
position of the decomposition reaction (Darroudi & Searcy, 1981). According to Le
Chatelier's principle, increasing the partial pressure of CO; shifts the equilibrium of the
reaction in the direction that produces more CO>. This effect means that at higher CO-

pressures, the equilibrium will favor the left-hand side of the reaction (the solid CaCOs)
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and inhibit the decomposition of calcite. The effect of CO2 pressure on the decomposition
of calcite is related to the solubility of CO2 in water. When CO: is dissolved in water, it
forms carbonic acid (H2CO3), which can react with CaCOz to form soluble calcium
bicarbonate (Ca(HCO3).). This reaction reduces the concentration of carbonate ions (CO3z*
) in the solution and slows down calcite decomposition. Therefore, at higher CO. pressures,
more CO> can dissolve in water, leading to a higher concentration of carbonic acid and a
slower decomposition rate. Overall, while pressure does not significantly affect the
decomposition of calcite, the partial pressure of CO- can affect the reaction's equilibrium

position and the decomposition rate.

Additionally, this study indicates the critical role of reaction duration in determining the
mechanical characteristics of chalk. According to the results, extended reaction times
resulted in more pronounced improvements in the elastic stiffness of chalk samples,
suggesting that additional time may be required to achieve maximum mechanical
performance. Notably, even after 72 hrs. of reaction, the elastic stiffness did not achieve
an equilibrium state, implying that more time may yield greater improvement in the elastic
stiffness. Interestingly, these observations are consistent with earlier research conducted
by(Sassoni et al., 2011), who reported comparable reaction kinetics of Indiana limestone
treated with DAP solutions at different concentrations. Specifically, the elastic modulus of
dry samples attained maturity after two days in higher concentrations of 1 and 4.4 M, while
it took four days in concentrations of 0.1 and 0.5M at room temperature. Therefore, to
achieve optimal mechanical outcomes in chalk, careful consideration of the duration of
treatment and DAP concentration is essential. Although the utilization of residual effluents

from each cycle in the following cycle was implemented, the release of CO. gas had a
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significant impact on driving the reaction forward, leading to an increased stiffening effect.
This finding further reinforces the ongoing discourse surrounding the influence of CO2
partial pressure. Furthermore, this observation serves as compelling evidence,
substantiating the superiority of the cycled treatment, conducted for an identical duration
of 72 hrs., in augmenting the stiffening effect on the chalk compared to the continuous

treatment.

Furthermore, the conversion of calcium carbonate in the reaction is influenced by factors
other than temperature and reaction duration, including the liquid-solid (L/S) ratio,
precursor shape, and specific surface area. As per the literature, these parameters play a
crucial role in determining the efficiency of the reaction. For instance, (Ashokan et al.,
2022)) found that micron size calcium carbonate was consumed within 2 hrs via dissolution
precipitation reaction. The process involved adding the calcium carbonate to a solution of
DAP, where the Ca/P ratio was kept at 1.67, and the pH was maintained at 10. Compared
to calcium carbonate powder, the porous chalk reaction is expected to be slower due to the
limited surface area of the former. A larger surface area allows more reactants to come into

contact, resulting in a faster reaction.

Therefore, the rate of the DAP-CaCOz reaction needs to be optimized to achieve the desired
outcome for field applications. The catalytic effect observed in chemical reactions is
essentially an alternative to temperature's ability to provide additional energy to reactant
molecules; as temperature increases, reactant molecules gain more kinetic energy and
collide with greater frequency, leading to increased reaction rates. A catalyst provides an
alternative route to products with lower energy demand. This phenomenon is well-

documented in the academic literature and explains the relationship between temperature
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and reaction kinetics (Eliason & McMahon, 1981). As a result, the reactants form the
products more quickly. However, the effect of temperature on the DAP-calcite reaction
may also depend on other factors, such as the specific conditions of the reaction and the

catalytic agents present.

Since porous media have limited reactivity, introducing a catalyst is another way to
increase the reaction rate other than temperature. However, it was revealed that LNH has

a statistically minor effect on the treated chalk’s elastic stiffness.

The minor effectiveness of LNH on the DAP-calcite reaction can be attributed to various
factors. One possible reason is the insufficient concentration of the catalyst, which could
result in a suboptimal reaction rate. Specifically, the catalyst concentration of 5 g/L may

not be adequate to accelerate the reaction effectively.

The XRF findings suggest that HAP was precipitated throughout the sample due to its
permeability, allowing the DAP solution to permeate inside. Additionally, the
concentration of the precipitated HAP followed a gradient pattern. The concentration of
HAP was initially highest at the sample's surface and progressively decreased towards the
interior, eventually reaching a constant value beyond a distance of 5 mm from the surface.
The concentration gradient can be attributed to the larger volume of solution in direct
contact with the edges and the ease of the reaction at the edges compared to the pores
spaces. These results shed light on the behavior of HAP in porous samples and highlighted
the importance of considering permeability in such studies. The results agree with the study
by Possenti et al. (2020), who utilized Synchrotron radiation puX-ray diffraction to find the

depth of treatment. Their results show that the DAP consolidating treatment causes a
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noteworthy crystallization of Ca and P-bearing compounds several millimeters from the
treated limestone surface. Another study by Osticioli et al. (2017) investigated the extent
of penetration of ammonium oxalate and DAP on tablets of pure CaCO3 and degraded
marble samples. The results of the micro-Raman analysis show that a homogeneous
distribution of whewellite inside the substrates down to a depth of ~1 mm was detected,
which became larger in highly degraded regions of the marble substrate. In addition, ca-
phosphates in HAP were detected at greater depth (down to 2.5 mm), confirming better
consolidating properties of DAP with respect to ammonium oxalate. Anfosso et al.
(2023) reported successful treatment in improving the 'stones' strength up to a depth of 1
mm despite the low DAP concentration. They found that the treated Lecce Stone absorbed
less water than untreated ones, and their abrasion resistance was twice as much as the
untreated samples up to a depth of 1 mm. However, the abrasion resistance remained

constant below a depth of 1 mm, similar to the untreated specimens.

The peaks observed for HAP at XRD results are consistent with the characteristic peaks of
stoichiometric HAP concerning JCPDS file no. 9-432. The XRD findings are consistent
with previous studies in the literature (Chen & Shen, 2020). After analyzing the mineral
composition, it was determined that the powder obtained from the near surface of the
treated sample contains 20.6% of HAP. However, it should be noted that the amount of
HAP formed varies depending on the location where the powder was extracted from the
sample. Also, the XRD finding is consistent with the concentration gradient observed from
the XRF analysis. The XRF results indicate that the near-surface has a higher concentration
of phosphorous and, consequently, HAP. As a result, the quantification only reflects the

relative mineralogy amounts of the extracted piece and not the entire sample.
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The different observed HAP shapes were reported in the literature. For instance, Samarkin
et al. (2023) conducted a study where they observed the formation of rod-shaped crystals
at a temperature of 80 °C. However, in the current study, when pressure was applied, a
mixture of needles and rod-like structures was observed at a slightly lower temperature of
75 °C. This finding indicates that pressure might play a role in determining the type of
crystals formed. Furthermore, the abundance of minerals formed in this study was lower
than in their experiments conducted under normal atmospheric pressure. The observation
supports the notion that applying pressure has a negative impact on crystal formation.
Additionally, Lin et al. (2014) provided an overview of the latest techniques used to
produce calcium phosphate crystals (including HAP) with controlled sizes ranging from
nano- to macroscale, as well as varying shapes such as zero-dimensional particles and
spheres, one-dimensional rods, fibers, wires, and whiskers, two-dimensional sheets, disks,

plates, belts, ribbons, and flakes, and three-dimensional structures.

The reaction conditions, such as temperature, pressure, and reaction duration, can also
significantly influence the formation of HAP crystals with different morphologies. For
example, a high reaction temperature can lead to the formation of larger HAP crystals. In
comparison, a lower temperature can lead to the formation of smaller HAP crystals with
different morphologies (Kim & Ohtsuki, 2016). On top of that, the micro-heterogeneity of
the chalk samples is expected to promote the variation in newly formed minerals. Contrary
to the case of using a precursor, It was feasible to control the shape of the HAP crystals
generated under hydrothermal conditions by selecting starting materials that raise the level
of supersaturation in the solution (Goto et al., 2012) or selecting the calcite growth plane

(Kim et al., 2012). Moreover, Neira et al. (2009) achieved the desired morphology of
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the HAP crystals by precisely controlling the decomposition rate of urea and the initial

component concentration during the hydrothermal process.

In addition, the shape of the crystal can affect its mechanical strength (Dubey & Tomar,
2009). For example, plate-shaped crystals are generally stronger in compression than
needle-shaped crystals, which are stronger in tension. This difference in mechanical
strength can affect the overall mechanical properties of the material in which the crystals

are embedded, as illustrated in Figure 2-3.

2.5 Conclusion

The study explored the use of diammonium phosphate (DAP) as a consolidation agent to
improve the strength of weak carbonates for hydraulic fracturing applications. First, the
study investigates the effects of pressure, temperature, reaction duration, and catalyst
addition on the DAP-calcite reaction and hydroxyapatite (HAP) formation. The
experiments showed that temperature and reaction duration are the most critical factors
affecting the DAP-calcite reaction, while the pressure effect is minor. Also, the study used
XRF to investigate the consolidating phases' crystal chemistry and penetration depth after
treating a porous carbonate stone (Austin Chalk) with DAP. According to the
investigations, the formation of HAP was consistent throughout the entire sample, and its
concentration was found to increase in the last 5 mm towards the surface. The study yields
valuable insight into the newly formed HAP at different depths, shedding light on the
diffusion mechanism and reactivity of the substrate. The study's findings suggest that DAP
is a reliable agent for consolidating weak carbonates and is promising for improving

hydraulic fracture conductivity at reservoir conditions. The results can help optimize
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hydraulic fracturing operations in weak carbonate reservoirs, improving production rates

and overall well performance.
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CHAPTER 3

ENHANCING FRACTURE CONDUCTIVITY IN SOFT

CHALK FORMATIONS WITH DIAMMONIUM

PHOSPHATE TREATMENT: APOTENTIAL

SOLUTION FOR LONG-TERM PERFORMANCE

Abstract

This study aims to address the problem of soft carbonate fracture hydraulic conductivity
decline in innately fragile formations or after acid-fracturing stimulation by chemically
stiffening the rock surface using a diammonium hydrogen phosphate (DAP) solution. A
naturally weak carbonate, Austin chalk was chosen as an ideal specimen. Flat chalk
samples reduced elastic modulus (E*) and roughness were evaluated before and after aging
with 1M DAP for 72 hrs. at 75°C and 1000 psi. The fracture gas conductivity of DAP-aged
and untreated samples was measured at various flow rates and stresses while recording
sample compaction using linear variable differential transformers (LVDTSs). The study
found that DAP aging increased the E*of chalk specimens up to 330% of the original value,
improving their resistance to deformation and failure under stress by 200 psi. The hydraulic
conductivity of DAP-aged samples was at least twice that of untreated samples, with an

extended hydraulic fracture conductivity seven times higher than that of the untreated ones.
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Scanning electron microscopy (SEM) and dispersive X-ray spectroscopy (EDS) analysis
revealed that DAP reacted with the chalk to form hydroxyapatite (HAP), which binds the
calcite grains, yielding a stiffer, more deformation-resisting rock surface. Overall, the study
demonstrates the potential of chemically enhancing and extending the fracture hydraulic

conductivity of weak carbonates using DAP.

Keywords: Hydraulic Fracturing, Hydraulic Conductivity, Chalk, DAP Treatment,

Consolidation

3.1 Introduction

Significant hydrocarbon volumes contained in carbonate reservoirs are frequently
produced by acid fracturing, which boosts productivity (Kalfayan, 2007). Acid fracturing
stimulation is utilized to either bypass near-wellbore damage or increase the well contact
area with the formation (William et al., 1979). It entails pumping acid with enough pressure
to break down the formation (Schechter, 1991). Then, the acid etches the fracture surfaces
unevenly, where the etched fracture length depends on the acid's leak-off and reaction rates

(Muecke, 1982).

Acid-fracture conductivity measures the fracture capacity to deliver fluids and depends on
several factors related to the rock, acidization conditions, and closure stress (Malagon et
al., 2008). For example, factors pertaining to the rock include the dissolution pattern and
the rock's mechanical properties after the acid fracturing (Pournik et al., 2010). Rock can
be assessed mechanically in various ways. The rock embedment strength representing the
surface resistance to deformation under localized loads is plausible in hydraulic fracturing
applications. For instance, in the absence of acid-developed channels, (Nierode & Kruk,

1973) showed experimentally by Eq. 1 that weak carbonate hydraulic conductivity (kgw;)
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declines exponentially with the closure stress (o) while it increases with the rock
embedment strength (Sgg). Furthermore, for any rock type, the conductivity drop rate with
closure stress mostly depends on the rock's strength (Gomaa & Nasr-EI-Din, 2009;

Pournik et al., 2009).
kai = Cle_cz"c (31)

C; X103 = 13.9 — 1.3 In(Sgg) (3.2)

where the fracture permeability is denoted by k¢, w; represents the ideal width of the
fracture, C; is a constant that signifies the fracture conductivity when stress is zero, where

C, is another constant that indicates the conductivity decline rate with the closure stress.

Although acid's role in developing rough fracture surfaces is vital, it has a detrimental effect
on the rock's mechanical properties (Gong et al., 1999). Nugroho et al. (2022) found that
when 15% HCI was added to carbonate samples, the calcite amount was reduced by about
25% from the overall calcite content. Therefore, the higher acid concentration is not always
favorable as it could cause excessive etching, leading to a very limited flow capacity
(Zhang et al., 2020). Also, Melendez et al. (2007) found that the fracture conductivity is
less when acid reduces the rock embedment strength. Moreover, prolonged acid contact
with the rock may weaken it, reducing its hydraulic conductivity (Beg et al., 1998;
Asadollahpour et al., 2018). Naturally, chalk is soft; therefore, the acid softening is more
severe, causing a greater conductivity fall with closure stress (Tariq et al., 2021).
Furthermore, increased leakage rates into the rocks also lead to greater strength reduction

(Nasr-el-din et al., 2006).
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Many approaches were developed to optimize the acid fracture job or mitigate the acid
carbonate-destructive effects by manipulating the acid properties or the acidification
process. For example, thickening the acid to control the amount of acid leaked into the
carbonate yielded higher final conductivity (Almomen et al., 2014; Mehrjoo et al., 2022).
Also, emulsified acids with low fluid loss produce lengthy fractures with finite fracture
conductivities, which can be advantageous in wells with low closure stress or low
permeability (Novotny, 1977). However, the rock was weakened by higher emulsified acid
volume fractions, which led to a faster loss of conductivity in the fracture at high closure
pressures (Al-Mutairi et al., 2008). Foamed acid is another acid type proposed due to its
high viscosity, low fluid loss, and strong fracture-forming ability (Li et al., 2015). In
addition, closed fracture acidizing was practiced to promote the development of high-stress

enduring channels (Fredrickson, 1986).

The surface texture dominates hydraulic conductivity at low stress, but rock strength
becomes more important with higher stress. Therefore, Aljawad et al. (2020) suggested
improving the carbonate’s mechanical properties to extend the fracture conductivity
endurance. Samarkin et al. (2022) comprehensively reviewed the various methods for
enhancing the strength of the rocks and their uses in the petroleum industry. For example,
precipitating diverse calcium carbonate polymorphs (Lépez-Arce et al., 2010), calcium
hydroxide nanoparticles (Ossola et al., 2012), or calcium alkoxides (Ersan et al., 2020)
improves the rock's mechanical properties. Furthermore, DAP increased the elastic
modulus of limestone by up to 90% ( Sassoni et al., 2011), dynamic Young's modulus by
461% (Murru & Fort, 2020), and ultrasonic pulse velocity by up to 540% (Sassoni et al.,

2016; Sena da Fonseca et al., 2021) through HAP formation. Finally, Desouky et al. (2021)
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simulated the beneficial impact of improving carbonate mechanical characteristics on

improving hydraulic fracture conductivity.

Acid etching and consolidation agents can alter the carbonate's mechanical properties. This
alteration of carbonate mechanical properties reflects on its deformation when stressed. In
this context, the improved carbonate surface stiffness will reduce the carbonate strain,
making long-lasting fracture conductivity. Therefore, this study looked at the impact of
DAP as a stiffening agent for soft chalk specimens with different stiffness at reservoir
conditions. The E* measurement was analyzed rigorously from a statistical point of view.
In all experiments, the flatness of the samples was ensured to track the treatment impact on
the hydraulic conductivity. Also, the effect of stiffening on flat fracture hydraulic
conductivity was examined in the short run and over extended periods. Finally, the
compaction of treated and untreated samples was compared. This study is the first of its
kind to prove the concept of improving hydraulic fracture conductivity through rock

stiffening using the standard API conductivity cell.

3.2 Experimental Design

In this study, several laboratory tests were executed to determine the effectiveness of chalk
stiffening using DAP on generating lasting fracture hydraulic conductivity in flat Austin
chalk specimens. Chalk is a typical carbonate rock in its inherent heterogeneity. In this
study, we conducted experiments on samples based on both randomization and direct
assignment. The chalk samples are first split into two groups: the treatment group and the
control group. Then, while the control group was kept intact, the treatment samples were

treated with DAP under predefined conditions. After the DAP treatment, the remaining
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experiments for both groups were the same. Figure 3-1 gives a holistic view of the

experimental work, which will be discussed in more detail in the following sections.

" Conductivity,

Group 1 . Impulse
DAP Hammering & Deformation
T Roughness A & SEM
Impulse N '
Hammering & ‘ Comparison
Roughness ' = : : :

‘ . Group 2 " Conductivity,
. Control Group || Deformation & SEM

Figure 3-1: Flow chart of the experimental work.

3.2.1 Materials

Because Austin chalk is a weak carbonate and reacts with the DAP, it was chosen for this
study. Austin chalk is also naturally weaker than other carbonates, making stiffening by
the chemical treatment noticeable. Slabs of 3.40 cm x 7.62 cm x 17.78 cm were employed
for the experimental analyses, which were visually inspected to choose those with as few
vugs and fractures as possible. Moreover, they were selected flat to minimize the impact
of roughness. Proving the concept with rough samples is challenging as it will be difficult
to conclude if conductivity improvement was due to stiffening or roughness. DAP was
chosen as the consolidation agent in this study with a 1M concentration. It is prepared by

dissolving 132.06 g of the DAP salt in 1 L of deionized water.

3.2.2 Instruments and Procedure

As the fracture features highly impact the hydraulic conductivity, the fracture surface of

each chalk slab is scanned with the surface roughness analyzer (SRA) to get the roughness
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distribution. The texture of the sample surface is captured by a precise profilometer
utilizing the confocal microscopy technique. By staking 2D images, each with a minute
depth of focus, achieving a height resolution of a few micrometers is possible. A non-
destructive mechanical assessment of the rock slabs is essential for the samples to be
further analyzed. Therefore, AutoScan was adopted for rock mechanical properties
evaluation. It employs impulse hammering to map non-destructively the variability in
mechanical properties like E*. Eq. 3 defines the reduced elastic modulus, which exhibits a
strong correlation with the unconfined compressive strength (UCS) as determined by
scratch testing (Gramin et al., 2016). In addition, mechanical properties derived from the
AutoScan significantly correlated with those of the conventional triaxial test (Hussain et
al., 2019). AutoScan is easy, affordable, and quick in characterizing the rock's elastic
property, enabling repeated measurement after some mechanical properties-changing

intervention.

E

E=a-9

(3.3)

where E is the sample elastic modulus, and v is the sample Poisson’'s ratio.

In each conductivity experiment, the two samples representing the treatment group are
treated with the 1M DAP solution for 72 hrs in a cell pressurized to 1,000 psi and put in an
oven at 75 °C. The DAP treatment was done in an aging cell composed of steel with a
capacity of 3 liters. The samples are vacuumed, saturated, and aged in the cell for a specific

time.
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Visualization of the changes at the microscale provides important insights into how the
DAP works. Therefore, the scanning electron microscope (SEM) was employed to acquire
images at different magnifications. Small 1 cm cubes of untreated and treated chalk were
prepared for the SEM imaging. The SEM used in this study is the Gemini 450 SEM. The
device combines the capacity for advanced analytics as EDS with ultrahigh-resolution

images.

The ACM-3000 acid fracture conductivity system was used to evaluate the fracture
conductivity. The system's basic components are illustrated in Figure 3-2. It has a hast
alloy cell, top piston, bottom piston, jack, LVDTs, mass flow controller, back pressure
regulator, nitrogen gas source, and pressure gauges connected to the data acquisition
system. The Hastelloy cell accommodates the samples and allows gas flow through the
fracture at different stresses. The stresses are applied in the loading frame by the jack,
where the jack's force is transmitted and distributed by the top piston. Also, the top piston
movement due to sample deformation under stress is monitored by the LVTDs mounted

on them.

Furthermore, specific nitrogen flow is allowed by the mass flow controller, providing an
adequate nitrogen gas flow. Finally, applying back pressure by the back-pressure regulator
keeps a constant pressure in the flow path. Therefore, the pressure values can be gauged,

and conductivity can be evaluated by Eg. 4 (Wang, 2015).
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Figure 3-2: A schematic for the fracture conductivity apparatus.
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(3.4)

where M is molecular nitrogen mass, Z is the compressibility factor, which equals 1 in the
standard conditions, R is the universal gas constant, T is the room temperature, L is the
distance between pressure ports, q is the nitrogen flow rate, p is the nitrogen density, p is

the nitrogen viscosity in room temperature, hs is the length between pressure ports 1 and 3.
The pressure measured at the first port is p1, while pz is at the third port.

p1+Dp
Pcell = : 2 2 (35)

Ap=p; —p: (3.6)
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The conductivity kews is evaluated by changing the flow rate g and finding the reciprocal

Pcell ApM

of the slope when TRTL

is plotted versus %. Typically, the conductivity is calculated by
f

measuring p: and p at four different flow rates.

Sample preparation for conductivity measurement is crucial for the success of the
experiment. To artificially mimic the fracture whose conductivity will be measured, two
sister chalk slabs (Figure 3-3a) are put on top of each other (Figure 3-3b). After that, the
two slabs are attached by aluminum tape to prevent silicon from leaking between them.
Meanwhile, white and black liquid silicon is mixed in a 1:1 weight ratio. Then, the attached
slabs are put inside a steel mold, pouring the silicon mixture around the slabs to form a
sealing layer. The attached slabs are left in the mold for 24 hrs. for the silicon to polymerize,
as shown in Figure 3-4c. After removing the sample from the mold, a steel tool is used to
make three punctures along the fracture, where the pressure will be measured (Figure
3-3d). Two holes are made at both ends to allow the gas in and out of the fracture. The

fracture aperture is shown in Figure 3-3e.

After sample preparation, the sample sides and the cell's inner wall are lubricated with
grease to ease the insertion of the sample into the cell. A hydraulic jack forces the sample
into the cell until the holes align with the gas inlet, gas outlet, and pressure tabs openings.
The top and bottom pistons are placed above and below the sample to transmit loads from
the jack. The gas inlet is attached to the nitrogen gas source while the outlet is attached to
the back pressure, which keeps constant pressure during gas flow. In this work, the mass
flow controller maintains specific gas rates of 200 cc/min to 350 cc/min. Next, four linear

variable differential transformers (LVDTS) supports are screwed into the upper and lower
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pistons. Then, LVDTSs are attached to the supports to measure the deformation occurring

with the stress applied by the top jack.

The conductivity of the fracture is evaluated at different stresses, increased incrementally
by 100 psi up to 1,500 psi. Nitrogen gas is flown at each stress, and pressure sensors record

the stabilized pressures.

d) e) f)

Figure 3-3: Sample preparation for the conductivity experiment.

3.2.3 Statistical Analysis

Chalk pre-/post-treatment E* measurements and the baseline E* were examined using
analysis of variance (ANOVA) to assess their individual and combined effects on chalk E*
improvement. First, one-way ANOVA was utilized to check the hypotheses: (1) there is no

change in chalk E*after the treatment with DAP. (2) the chalk baseline E* does not affect
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the E* improvement. Furthermore, a two-way ANOVA test was carried out to examine the
hypothesis: There is no interaction between factors pre/post-E* and baseline E*. The
ANOVA test assumes that observations of each factor are normally distributed,
independent, and have equal variances. The assumptions were verified and relaxed if
needed. In addition, Tukey's post-hoc test was applied for pairwise comparisons when
ANOVA demonstrated significant differences. The R language (version 4.1.0; R Core
Team 2022) was used to conduct the statistical analyses within the RStudio environment

(version 2022.7.1.554: RStudio Team 2022).

3.3 Results and Discussion

3.3.1 Samples Characterization

Fully controlled experiments on the rocks are almost impossible. However, confounding
factors that impact hydraulic conductivity were minimized to the lowest possible level.
One major confounding factor is the roughness of the sample surface. Therefore, the
hydraulic conductivity experiments were based on well-finished flat Austin chalk samples.
Even though the samples appear flat, they are rough at the microscale. Thus, high-
resolution surface roughness was acquired using an extremely sensitive profilometer. The
profilometer recorded around 1x 108 data points from the sample surface and considered

the mean plane as a reference.

The SRA results revealed that the roughness of the samples used in this study fluctuated
around 0.2 mm. Additionally, the root-mean-square height and arithmetic mean
height were measured following ISO 25178, yielding values of 0.07 mm and 0.04 mm,

respectively. Therefore, the contribution of the roughness to the hydraulic conductivity is
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minimal, which is preferred. The similar and low roughness values were intended to

assume that the hydraulic conductivity of the fracture is a function of E* exclusively.

For example, in the first experiment, most surface asperities for all samples fall in £0.1 mm
from the mean plane, as arranged in Table 3-1. Moreover, Figure 3-4 shows the surface
texture and profiles of the surface along both axes for one of the samples used in the second
experiment. Also, the roughness was evaluated a second time for the samples subjected to
the DAP treatment to assess how the treatment affected the surface roughness. The post-
treatment roughness was highly similar to the one before the treatment, suggesting that the
treatment did not change the surface roughness significantly. Similar observations from the
rest of the treated samples confirmed that the DAP reaction did not significantly affect

surface roughness.

Table 3-1: Summary of the roughness measurements in mm for the samples used in

Experiment #2.

3T 3T 4T 4T
Sample 3C 4C
(before) | (after) | (before) | (after)
5t percentile (mm) -0.092 | -0.103 | -0.123 -0.096 -0.106 -0.084
95t percentile (mm) 0.079 | 0.093 | 0.105 0.08 0.089 0.072
5t-95th percentile range
0.171 | 0.196 | 0.235 0.175 0.195 0.156
(mm)

C: Control, T: Treatment
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Figure 3-4: Example of surface roughness measurement and profiles along the long
and short sides of 3C.

In order to quantify E* of each sample, the AutoScan was employed to measure E* on a

grid of 30 points, as illustrated in Figure 3-5. Collecting numerous values from each

sample is mandatory when porous and composite rock as chalk is involved.
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Figure 3-5: The chalk sample surface shows E* measurement grid.

Even though the samples in this study are from the same batch, they exhibit a wide variation

in mechanical properties. As measured by AutoScan, E* demonstrates this variation.
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Furthermore, the E* varies greatly, even within the same sample. Therefore, the variation
in E* was projected to cause variation in the measured hydraulic conductivity, and the
effect of the chemical treatment on conductivity, in this case, would be obscured.
Therefore, the obtained AutoScan measurements play two vital roles in the mechanical
assessment of the chalk samples. First, it gives E* distribution for each sample. Second, the
chalk samples would be grouped according to these values. The collected data from each
sample were averaged for a single-point estimate, and the standard deviation was also
calculated. Finally, E* means and standard deviations for all samples were plotted against
each other to visualize similar samples. As a result, most chalk samples fit in two
compacted clusters, and the rest are sparse over a wide range, as depicted in Figure 6.
Therefore, four samples were randomly chosen from each compacted cluster to comprise
control and treatment groups for each comparative hydraulic conductivity experiment. In
one of the experiments, we randomly selected the samples regardless of the clustering or

their initial E* before the hydraulic conductivity experiment.
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Figure 3-6: Clustering of heterogenous chalk samples by measuring E*.

3.3.2 Chemical Treatment and E* Improvement

This work aims to treat weak chalk samples with DAP to increase their fracture hydraulic
conductivity. The chalk can better withstand deformation from localized loads by creating
stronger minerals close to the chalk's surface because of the DAP reaction (Samarkin et al.,
2023). Equation 1 also shows that a substitution reaction transforms calcite from chalk into

HAP (Roy & Linnehan, 1974).

10CaCO; + 6(NH,),HPO, + 29 Ca;(P0,)s(OH), ©)
L +6(NH,),C05 + 4H,CO,
Hence, compared to untreated samples, stiffened chalk samples should have higher
hydraulic conductivity values under higher stress.
The first experiment was based on randomly selecting four chalk samples for the control

and treatment groups. Later, the DAP solution was applied to two samples. The randomized
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experiment is more realistic as it resembles the field condition with no control in the
downhole rocks. However, interpreting the results is challenging due to confounding
factors, i.e., E*. For example, the E* could vary and cover values as low as 1 GPa or as
high as 22.5 GPa, as shown in Figure 3-6.

For more solid conclusions about DAP treatment on hydraulic conductivity, E* of the
treatment and control groups was comparable in subsequent experiments. All the chalk
samples used in Experiment 2 had an average E* value of approximately 3.42 GPa. Figure
3-7 shows that the DAP treatment significantly increased the average E* of the treatment
samples in Experiment 2 to 7.41 and 9.53 GPa for 3T and 4T, respectively. This is an
increase of 117% for 3T and 177% for 4T. It is important to note that despite having the
same initial E* values and being aged under the same conditions, the treated samples did
not show the same E* improvement. This discrepancy can be attributed to the chalk's
heterogeneity. Due to the inherited heterogeneity in the chalk samples, this dispersion is
conceivable.

Another experiment was conducted on relatively softer chalk samples than in the previous
experiment. The initial average E* of the samples was around 2 GPs, shown in Figure 3-7
under Experiment 3. The average E* values of samples 5T and 6T improved significantly
with the DAP treatment. Sample 5T average E*increased from 2.36 GPa to 7.47 GPa, while
sample 6T average E*increased from 1.57 GPa to 6.77 GPa. The DAP treatment raised the
average values of samples 5T and 6T by 217% and 331%, respectively. The increase in the

case of weaker chalk is higher and more pronounced compared to the previous experiment.
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In Experiment 4, the selected samples' E* was comparable with an average value of 4.4
GPa. However, the post-treatment average E* was greatly enhanced by 102% for sample

7T and 121% for sample 8T, as shown in Figure 3-7.

Experiment #1 Experiment #2 Experiment #3 Experiment #4
204

151
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Figure 3-7: Distribution of E* measurements.
The results of AutoScan's evaluation of all samples' pre-and post-treatment E* are arranged

in Table 3-2. For Experiments 1,2 and 3, the short-term hydraulic conductivity was

measured, while the long-term hydraulic conductivity was measured in Experiment 4.
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Table 3-2: Statistical Summary of E*.

Group
Experiment |bration|Statistic
Control (GPa) Treatment (GPa)
1C 2C 1T 2T
1 (Random) | Short
puto |2.3+0.6|15.4+2.44 9.32+1.57 5.29+1.23
3C AC  |3T Before| 3T After |4T Before| 4T After
2 (Controlled)| Short
uto |(3.4+0.53.43+0.52|3.42+1.44(7.41+£1.81|3.42+1.01|9.53+£1.92
5C 6C  |5T Before| 5T After |6 T Before| 6T After
3 (Controlled)| Short
uto |2.7+0.5(1.42+0.33|2.36+£0.61|7.47+1.51|1.57+0.34 6.77+1.31
7C 8C 7T Before| 7T After |8T Before| 8T After
4 (Controlled)| Long
uto |4.6+£1.2|4.33+0.99/4.38+1.01/8.86+£1.52(4.37+£1.02(9.66+1.78

C: Control, T: Treatment

From the results shown in the table, all treated samples in controlled experiments had an

increase in E*. Also, it should be noted that the treatment yields more detectable outcomes

when applied to rocks with a lower initial E* coherent with what has been previously

described in the literature. For example, Samarkin et al. (2023) reported a notable

improvement in chalk E*, especially the weaker ones after DAP treatment.

3.3.3 Statistical Analysis

Experiment 2 has an intermediate baseline E* between the relatively lower baseline E* in

Experiment 3 and the relatively higher baseline E* in Experiment 4. The one-way ANOVA
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provided evidence that different experiments (each has a different baseline E*) are likely
not equal and statistically significant. Also, the pre/post-E* factor is statistically significant
(p < .001). Similarly, the two-way ANOVA showed the statistical significance of both
factors, i.e., experiment and pre/post-E*. However, there is not enough evidence to show

these two factors' interaction is significant, as arranged in Table 3-3.

Table 3-3: Summary of Two-way ANOVA Analysis.

Parameters DF | Sum Sq | Mean Sq | Fvalue | Pr(>F) | Significance
Experiment 2 315.2 157.6 75.510 | 2E-16 0
Pre/ post-E* 1 | 22765 | 2276.5 | 1090.553 | 2E-16 0
Experiment: Pre/ post-E* | 2 1.2 0.6 0.275 0.759 1
Residuals 354 | 739.0 2.1

After showing that there is no statistical significance of the different improvements in E*
from one experiment to another with the DAP treatment, there is no need to perform the
Tukey post-hoc test. Therefore, enough evidence does not exist to support that Experiments
1, 2, and 3 have different mean improvements. Furthermore, although the improvement in
percentage looks different, the increment in absolute mean E* values statistically does not
look different. Thus, no evidence going from a relatively high baseline E* to a relatively

low one results in more E* improvement increment.
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3.3.4 Hydraulic Conductivity and Deformation

In Experiment 1, across the stress range, the measured hydraulic conductivity of the treated
samples is much higher than that of the control group. Additionally, as the stress levels
increased, the hydraulic conductivity declined more gently in the treated sample.
Moreover, the difference in hydraulic conductivity grew larger with the stress, as appears
in Figure 3-8. The final hydraulic conductivity of the treated samples is roughly 100 mD.ft,

which is one order of magnitude higher than the untreated samples.
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Figure 3-8: Treated and Untreated Hydraulic Conductivity Comparison of

Experiment 1.

The difference in conductivity detected in the first experiment might be attributed to the
variation observed in the chalk E* because of the significant fluctuation in the chalk E*
observed in the first experiment. Therefore, the controlled experiments were conducted in

the subsequent experiments to determine the causation between the chemical treatment and
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the higher hydraulic conductivity. For example, the samples grouped previously based on

the E* would make a fair comparison as their initial stiffness is almost the same.

In Experiments 2 and 3, the hydraulic conductivity of different treated and untreated groups
was measured. It can be observed the initial hydraulic conductivity of the untreated samples
in Experiment 2 was higher. However, the conductivity of treated samples showed a more
gradual fall with increasing stress than the untreated samples due to the DAP treatment's
improvement in E*. As a result, at 1,000 psi, the treated samples' conductivity is more than
twice as high as the untreated samples. Beyond the 1,000 psi, the intact sample hydraulic
conductivity could not be measured due to rock failure. Nevertheless, the treated sample
could withstand stress up to 1,500 psi with even higher final hydraulic conductivity, as

illustrated in Figure 3-9 to the left.

An unusual drop in the conductivity trend of the intact samples beyond 800 psi suggested
that the sample failed at that point. The LVDTSs readings might give more insights into the

sample behavior under increasing stress.

In Experiment 3, the hydraulic conductivity of the treated pair was higher, as Figure 3-9
to the right shows. Likewise, the break in the conductivity trends manifests a sign of sample

cracking under stress.
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Figure 3-9: Comparison of Hydraulic Conductivity Between Treated and Untreated

Samples in Experiments 2 and 3.

The increase in E* after DAP treatment was observed when reading rock deformations. In
Figure 3-10, the LVDTs measurement of experiments 2 and 3 for both treated and
untreated groups was plotted. Initially, both groups exhibited perfectly linear deformation,
while the intact group had slightly higher deformation in Experiment 2. Then, the
deformation of the intact group abruptly dropped at 800 psi in Experiment 2 and at 400 psi
in Experiment 3, confirming the samples' failure observed in the hydraulic conductivity
trends. On the other hand, the treated samples failed beyond 1,000 psi in Experiment 2
compared to 600 psi in Experiment 3. Table 3-4 presents an overview of the failure onset

observed in the treated and untreated samples.
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Deformation (um)

Table 3-4: Failure Stress (psi) as Deduced from LVDT and Conductivity Trendlines.

Group
Experiment
Untreated Treated
#2 800 1000
#3 400 600

Additionally, the compaction of the treated samples was less and more gradual in both

experiments. For instance, the total compaction of the treated samples at 1,500 psi was

only1,375 um, which is 90% less than the 2,600 um deformation of the untreated samples.

Similar behavior was observed in Experiment 3 at 1,000 psi; the untreated sample's

deformation was 25% more than the treated one.
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Figure 3-10: Comparison of Compaction Between Treated and Untreated Samples.

In the last experiment, hydraulic conductivity was measured for an extended period. The

stress was raised gradually to 1,000 psi and kept constant until the experiment's end,

extending it to 160 hrs. As a result of the DAP treatment, the treated samples exhibited
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higher stable hydraulic conductivity, averaging around 93 mD.ft compared to only 13

mD.ft in the untreated sample, as seen in Figure 3-11.
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Figure 3-11: The Long-term Conductivity Comparison.

3.3.5 SEM and EDS

The DAP treatment's effect was obvious in the E*, hydraulic conductivity, and compaction
responses. All of the macroscale observations can be related to the changes DAP introduces
to the rock at the microscale level. In the case of untreated samples, the calcite grains appear
separate, as shown in Figure 3-12A. On the other hand, SEM images' investigation of
treated samples demonstrates the HAP formation, as shown in Figure 3-12B:D. The HAP
presence was inferred from the elemental analysis of surfaces (EDS), as demonstrated in
Figure 3-12B. Furthermore, employing the same technique for elemental quantification at
specified locations indicated the values of the constituent elements present in calcite and
HAP, which are presented in Table 3-5. The literature contains reports of both EDS
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analysis and the presence of HAP exhibiting comparable plate-like morphology (Ashokan

etal., 2022).

Table 3-5: Elements Composition by Weight (Wt.) Percent as measured by EDS at

locations Specified in Figure 12B.

Element Carbone Oxygen Calcium Phosphorous |  Silicon
(©) (0) (Ca) (P) (S)
Wt% @ X | 18.69+0.21 | 52.87+0.24 | 28.44+0.20 0 0
Wt% @ O | 16.92+0.23 | 44.83+0.27 | 36.83+0.24 1.13+0.09 | 0.29+0.09

HAP efficiently bound the calcite grains by precipitating at the grain-to-grain contact
points, as shown in Figure 12D. Previous studies showed that treated samples exhibit a
significant increase in the dynamic elastic modulus and tensile strength, which is attributed
to microcrack reduction and pore filling consequent to the formation of calcium phosphate

phases at grain boundaries (Sassoni et al., 2011).

Furthermore, the newly formed HAP has dendrite shapes sprouting from the host calcite
grains, interlocking them as visible with higher magnification in Figure 3-12D. Kim &
Ohtsuki (2016) observed the formation of similar-shaped HAP crystals on the surfaces of
the samples, and the size of HAP crystals increased with increasing processing
temperature. Thus, HAP's cementing-like effect in the chalk makes it stiffer than intact
chalk. Therefore, the deformation becomes less when stresses are applied to the samples.
Also, the asperities became stronger and less prone to failure in the treated samples
compared to the untreated samples at the same stress. Thus, the stronger asperities

supported the load and kept the fracture aperture open to the flow, contrary to the acid
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effect on rock compressive strength. Gong et al. (1999) reported that acidification weakens
the rock’s ability to withstand compression, which makes the surface asperities susceptible
to stress deformation. As a result of DAP consolidation, the hydraulic conductivity of the
samples subjected to DAP treatment will be higher. In field applications, the utilization of
DAP treatment as a secondary injection stage following acid injection has the potential to
yield significant benefits. By applying DAP treatment, the stiffness of the fracture surface
can be enhanced, which may lead to improved hydraulic fracture conductivity. This
enhancement is due to the fact that DAP treatment can promote the deposition of minerals
such as HAP onto the fracture surface, which can increase its overall strength and
durability. The acid injection will create channels and asperities that improve fracture

conductivity, while DAP will sustain long-term fracture conductivity.
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Figure 3-12: SEM image of A) intact chalk sample shows the calcite grains, B)

treated chalk with minerals identified with EDS, C) treated chalk sample shows the
host calcite grains and the newly formed HAP, and D) closer view of treated chalk

sample showing dendrite shape of HAP.

3.4 Conclusion

This study used DAP to consolidate the chalk by inducing HAP precipitation in an
exchange reaction with calcite minerals of the chalk samples. As a result, the samples
treated with the DAP achieved reduced elastic modulus improvement ranging from 100%
to 331% compared to the pre-treatment reduced elastic modulus. The ANOVA results
emphasize that baseline-reduced elastic modulus and pre/post-reduced elastic modulus

factors are statistically significant and greatly impact reduced elastic modulus mean values.
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However, they do not interact, and there is no evidence that relatively softer chalk samples

stiffened more than relatively stiffer chalk.

Consequently, improved reduced elastic modulus made the fracture surface more rigid,
leading to sustained hydraulic fracture conductivity. For example, in the first experiment,
where the samples were randomly selected, the final hydraulic conductivity of the treated

samples was 10 times that of the untreated ones.

Nevertheless, it is not recommended to randomly allocate samples to hydraulic
conductivity experiments to establish a cause-and-effect relationship, as it could be
confusing to understand the findings. Therefore, other controlled experiments were
conducted where the samples were selected to have similar initial reduced elastic modulus.
Similar to the randomized experiment, the final hydraulic conductivity in the controlled
experiments of the samples treated with the DAP is at least twice that of untreated ones.
Also, the reduction in hydraulic conductivity of treated samples with stress is less than that

of untreated samples in all short-term hydraulic conductivity experiments.

Moreover, the treated samples had higher Failure stress. Similarly, the treated samples
extended hydraulic conductivity is considerably higher than those of untreated samples.
The obtained results are promising and illustrate the efficacy of the DAP treatment of chalk
in sustainably improving the fracture hydraulic conductivity at conditions comparable to

the reservoir one.
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CHAPTER 4

DIAMMONIUM PHOSPHATE TREATMENT FOR

SUSTAINED HYDRAULIC/ACID FRACTURE

CONDUCTIVITY IN CHALK AND LIMESTONE

FORMATIONS

Abstract

The sustained conductivity of hydraulic/acid fractures is crucial for the continuous and
effective production of hydrocarbons. However, hydraulic fractures in soft carbonate
formations often experience a reduction in conductivity due to rock deformation and
creeping under in-situ stresses. One approach to resolve this issue is to stiffen the fracture
surfaces using a consolidating agent. This study examines the application of diammonium
hydrogen phosphate (DAP) as an additive to improve the hydraulic/acid fracture
conductivity in Indiana limestone and Austin chalk slabs. Initially, flat slabs of Indiana
limestone and Austin chalk were subjected to acidization using 15% and 10% hydrochloric
acid (HCI) for 10 and 5 minutes, respectively. The resulting surface texture changes were
measured using a profilometer. Subsequently, half of the samples underwent treatment in
1M DAP under 1000 psi and 75 °C for 72 hrs. The surface stiffness of the samples was

evaluated using nondestructive impulse hammering before and after acid injection and
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DAP treatment, while hydraulic/acid fracture conductivity was determined using an API
conductivity setup. Following acid injection, the experimental results demonstrate that the
stiffness of all the samples was diminished to different degrees. However, intact Indiana
limestone samples exhibited increased stiffness after treatment with DAP. Acidized
Indiana limestone samples showed partial restoration of their original stiffness with DAP
treatment. In contrast, DAP treatment fully restored the stiffness of Austin chalk samples
and further enhanced it, resulting in a 2 to 5-fold increase. The increased stiffness observed
in the treated samples had a direct impact on short and long-term conductivity. Treated
Indiana limestone fractures exhibited double the conductivity of untreated fractures. The
improvement in Austin chalk conductivity was even more significant after DAP treatment,
resulting in 7 to 8 times higher conductivity in the treated hydraulic/acid fractures. It is
worth noting that there was little to no correlation between surface roughness and

conductivity, highlighting the significant influence of fracture stiffness on conductivity.

Keywords: Acid Fracturing, Hydraulic Conductivity, Carbonate, DAP Treatment,

Consolidation

4.1 Introduction

Carbonate hydrocarbon reservoirs comprise approximately 70% of global oil and gas
resources (Guo et al., 2020). These reservoirs are highly valued due to their extensive size
and porous characteristics (Li et al., 2018). Given their acid solubility, carbonate
hydrocarbon reservoirs can be stimulated through conventional methods, such as matrix
acidizing or acid fracturing, based on their permeability range (Palharini Schwalbert et al.,
2020). At low reservoir permeability, acid fracturing is the preferred acid stimulation

method (Al-Enezi et al., 2017; Mofti et al., 2018; Xiao et al., 2019). Acid fracturing
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operation involves the injection of acid at a rate surpassing the breakdown pressure of the
carbonate formation, which generates rough acid fractures, resulting in the development of
acid fracture conductivity (Aljawad et al., 2019). Economides & Martin (2007) also
highlighted that acid fracturing is generally preferable in harder rock formations, as soft
formations deform, reducing or nullifying treatment effects. Therefore, acid fracturing is

commonly used in lower-permeability carbonate formations that are relatively stiff.

Acid fracture conductivity plays a vital role in acid fracturing operations as it determines
the capacity of a hydraulic fracture to deliver reservoir fluids to the wellbore. The
optimization of the fracturing process involves considering various factors, with the
ultimate success relying on the preservation of conductivity following fracture closure
under in situ stress conditions (Al-Ameri & Gamadi, 2020). Hence, laboratory
measurements and experiments have further explored the impact of acid parameters (acid
type, concentration, temperature, etching time, and injection rate), lithology, and closure
stress on fracture morphology and conductivity (Anderson & Fredrickson, 1989; Antelo et
al., 2009; Melendez et al., 2007; Nasr-el-din et al., 2008; Navarrete et al., 1998; Nierode et
al., 1972; Van Domelen et al., 1994). In addition, geometric characteristics of the acid-
etched fracture surface, such as roughness and etching patterns, have been meticulously
analyzed to elucidate their relationship with fracture conductivity (Gou et al., 2023; Lu et

al., 2017).

Accurately predicting fracture conductivity poses significant challenges due to the complex
interplay of wvarious factors, including lithology, rock strength, and closure
stress(Motamedi-Ghahfarokhi et al., 2018). Numerous studies have sought to develop

models and correlations for estimating fracture conductivity (Akbari et al., 2017). On the
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one hand, Rock strength is a key factor that influences fracture conductivity under different
closure stresses(Zhou et al., 2021). Furthermore, Nierode and Kruk (1973) have
highlighted the exponential impact of rock strength, specifically rock embedment strength,
on fracture conductivity. Weaker rocks exhibit a more rapid decline in conductivity.
Additionally, the distribution, geometry, and mechanical properties of roughness on the
fracture surface can also impact conductivity. Acid injection can modify these properties,

resulting in varying levels of emergent acid fracture conductivity (Lai et al., 2019).

It should be noted that conventional acid fracturing techniques can potentially lead to a
significant loss of conductivity, either due to excessive acid etching or due to the inherent
softness of the carbonate formation (Fredrickson, 1986). In addition, in deep and ultra-deep
carbonate reservoirs characterized by high closure stress and deep burial, acid-etched
fractures within these formations tend to have low conductivity and are prone to failure.
Consequently, well production post-acid fracturing might experience a rapid decline
(Ugursal et al., 2019). Thus, the ultimate success of acid fracture stimulation relies heavily
on preserving acid fracture conductivity under closure stress (Naik et al., 2020), which is

closely linked to the strength of the rock (Tariq et al., 2021).

The acid fracture can be sustained by a chemical treatment to increase the fracture's
hydraulic conductivity (DESOUKY et al., 2021d). One approach involves treating weak
carbonate samples with DAP, which promotes the formation of stronger minerals near the
surface, thereby improving the rock’s ability to withstand localized loads (Desouky et al.,
2023b, 2023c). This concept draws inspiration from successful efforts to enhance
deteriorated carbonate rocks for art preservation (AL-JAWAD et al., 2021), where certain

consolidants induce mineral substitution of calcite through dissolution-precipitation

67



reactions, transforming calcite into stiffer minerals (Samarkin et al., 2022). For instance,
Sassoni et al. (2011) demonstrated that DAP forms hydroxyapatite (HAP) in limestone,
causing the elastic modulus to increase by 90%. Also, Matteini et al. (2011) reported a
172% increase in dynamic Young's modulus and 27% in ultrasonic velocity after the
limestone DAP treatment. Thus, Desouky et al. (2023a) demonstrated that the application
of DAP solution to soft flat chalk samples resulted in a substantial enhancement of fracture
hydraulic conductivity, which was attributed to the improved mechanical properties of the

rock through the formation of HAP.

This article builds upon our prior research, which introduced a novel approach to improve
the sustainability of acid fracturing stimulation through chemical means, specifically in
soft carbonate reservoirs like chalk. In our previous study, we successfully enhanced the
stiffness of the chalk flat surface using DAP, leading to improved conductivity
preservation. However, this study expands upon that work by encompassing new carbonate
lithology, namely limestone, and addressing the practical challenges associated with the
hydraulic conductivity of acid-damaged carbonate rocks. Furthermore, the research
examined the roughness caused by acid etching and its potential influence on fracture
conductivity. The study outcomes have substantial practical implications, providing

valuable insights for designing acid treatments to include a consolidation stage.
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4.2  Methodology

4.2.1 Rock Samples

In the experimental phase, Indiana limestone and Austin Chalk rock slabs were utilized,
with standard dimensions of 3 inches in height, 1.34 inches in width, and 6.84 inches in
length. These dimensions are commonly employed for conducting conductivity
experiments. The porosity and permeability ranges for Austin Chalk samples are 8-15 mD
and 25-30%, respectively, while for Indiana Limestone samples, the ranges are 8-19 mD
for permeability and 14-18% for porosity. The samples were grouped based on their similar
initial stiffness to ensure consistency and minimize experimental variations resulting from
differences in initial stiffness. This grouping facilitated a systematic comparison between

the untreated and DAP-treated samples.

4.2.2 Roughness Measurements

The surface profiles of the rock samples were initially examined for all the samples. A
Surface Roughness Analyzer (KRUSS) equipped with confocal microscopy was utilized
to analyze the fracture surface. This technigue involves capturing a series of 2D images,
each with a limited depth of field, as the optics gradually descend with precise increments.

These images are then layered to generate a spatial representation of the surface.

The mean areal roughness profile (Sa) is used to evaluate surface roughness. It quantifies
the average distance between the highest peaks and lowest valleys on a surface, indicating
the overall roughness level. A higher Sa value indicates a rougher surface with larger
deviations in height, whereas a lower S, value suggests a smoother surface with smaller

height deviations. The reference point for S, is typically the surface's average plane or mean

69



height. By calculating the vertical distance between the surface's highest and lowest points
relative to this reference plane, the Sa value is determined. This standardized measurement

enables the evaluation of surface roughness independent of the overall surface height.

Sa is studied for its excellence in describing the orthogonal departure of the fracture edges

from a referenced characteristic plane and calculated as:

1 N M
S, = WZ Z 1Z(x0, ;)| @4.1)

i=1 j=1

where in the context of the measurement process, N represents the number of
measurements taken in the x direction, M represents the number of measurements taken in
the y direction, and Z represents the height of the specific point being measured. Moreover,
the fracture aperture was deduced by summing the S, of the two slabs that make up the

fracture.

4.2.3 Elastic Stiffness Measurements

The elastic stiffness of the slabs was measured using the AutoScan™ (New England
Research) device. This device operates on the principle of impulse hammering to determine
stiffness. The assessment of stiffness involves applying a predetermined force to the
surface of a rock sample using a standard mass and measuring the sample’s time response
to the applied force. Hence, the elastic stiffness, represented by Young's modulus, can be
quantified by analyzing the rock's response using established models (Gramin etal., 2016).
For every sample undergoing DAP treatment, acidization, or a combination of both, a set
of 30 elastic stiffness values was collected from the entire surface before and after each

intervention.
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4.2.4 Acid Etching

In this set of experiments, all Austin chalk and half of Indiana limestone samples underwent
acid etching. Before the acid etching process, measurements were taken to assess the
stiffness and roughness of the specimens, enabling subsequent comparisons with the etched
and DAP-treated states. The acid etching was carried out using the ACM-3000 acid fracture
conductivity system (FloxLab). For the etching process, a 10% HCI solution was used for
the Austin chalk specimens, while a 15% HCI solution was employed for the Indiana
limestone specimens. Two separate rock slabs were placed into the experimental cell, and
the acid was pumped through the 3 mm gap between the two specimens at a flow rate of
500 cc/min for 10 minutes in the case of Austin chalk and 5 minutes for the Indiana
limestone. Following the etching process, the fracture surface was thoroughly flushed with

an equivalent volume of 2% potassium chloride (KCI) brine, as illustrated in Figure 4-1.

After removing the samples from the apparatus, an additional rinsing step was performed
using deionized water to ensure the removal of any potential residual chemicals (Figure
4-4A\). Subsequently, the samples were dried for 24 hrs., and their roughness and stiffness
were measured again to compare with the initial state. Later, half of the acidized samples
underwent treatment with a DAP solution following the described procedures in the next

section.
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Figure 4-1: Illustration depicting the process of acid etching and subsequent brine

flushing.

4.2.5 Specimen's Chemical Treatment

Half of the rock samples underwent treatment using a 1M concentration solution of
Diammonium Phosphate (DAP). The treatment involved immersing the rock slabs in pairs
in a 3-liter stainless steel cell. To prepare the solution, 396.2 grams of DAP salt were
dissolved in 3 liters of deionized water. Before each treatment, the cell was subjected to a
24-hour vacuum with the rock samples inside. This step ensured the penetration of the
solution into the pore space of the rock samples, enhancing the stiffening effect. The
treatment was carried out at a temperature of 75°C and a pressure of 1,000 psi applied by
a sensitive pump for 72 hrs. Following the treatment, the samples were rinsed with

deionized water to eliminate any remnant treatment solution and dried for 24 hrs. at the
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same temperature as during treatment. The stiffness of these treated samples was then re-

evaluated to compare it with the initial and acidized conditions.

In the final preparation step for conductivity measurement, rock slab pairs were joined

using aluminum tape (Figure 4-4B) and molded with silicon resin to simulate a fracture,

as illustrated in Figure 4-4C.

Figure 4-2: A) Samples subjected to acidization B) Attachment of two sister samples
to synthesize the fracture C) Molded samples utilized in hydraulic conductivity

experiments.

4.2.6 Hydraulic Conductivity Measurements and Deformation

Conductivity experiments were conducted using nitrogen gas in the APl ACM-3000
device. For short-term conductivity measurements, the rock samples were subjected to
various stress levels in incremental steps. The average deformation of the samples at each
stress level was measured using four linear variable differential transformers (LVDTS).
Simultaneously, the gas was pumped at four different flow rates, ranging from 200 to 350
cc/min, with a 50 cc/min step size at each stress level, as illustrated in Figure 4-3. In the

short-term conductivity experiments, the applied stress ranged from 100 to 3,200 psi, with
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the maximum stress depending on the initial stiffness of the sample. In the long-term
conductivity experiments, a single stress value was applied and maintained for 6 days (144
hrs.), during which the conductivity was measured daily. The conductivity value was
determined by calculating the slope of the line generated using the four measurements. The
detailed procedure of sample preparation and hydraulic conductivity measurements can be

found in Figure 4-3 from our previous publication (Desouky et al., 2023a).

Jack l Pressure Gauges

Mass Flow
Controller

Back Pressure
Regulator

Bottom Piston

Figure 4-3: Measurement of gas conductivity of the acid fracture and samples’

deformations (Desouky et al., 2023a).

Detailed information about the rock samples, including their identification (ID),

acidization, DAP treatment, and maximum applied stress during conductivity

measurement, is presented in Table 4-1.
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The table also provides an overview of the experimental arrangement, specifically the
grouping of rocks based on their initial stiffness and lithology. Grouping the carbonate
samples is essential to address the heterogeneity of the samples and establish a foundation
for comparative analysis by selecting similar samples based on stiffness. Additionally,
dividing the samples into control and treatment groups within each similarly stiff group
serves the purpose of having a benchmark group against which the DAP-treated group can

be compared.

75



Table 4-1: Summary of samples' data and corresponding experimental conditions.

Initial | Maximum
Experiment/Sample Lithology|Stiffness Applied Acidization DAP Testeq .
ID ID (GPa) Stress Treatment|Conductivity
(GPa)
LS1 21.11
Exp. 1 X X Short/Long
LS2 20.91
3,200
LS3 21.02
Exp. 2 X v Short/Long
LS4 20.70
Limestone
LS5 24.20
Exp. 3 v X Short
LS6 24.37
2,800
LS7 23.98
Exp. 4 v v Short
LS8 24.21
Chl 14.00
Exp. 5 2,200 v X Short
Ch2 15.74
Ch3 12.94
Exp. 6 2,500 v v Short
Ch4 15.46
Chalk
Chb5 4.11
Exp. 7 800 v X Short/Long
Ché 4.48
Ch7 4.85
Exp. 8 2,000/1,400 v v Short/Long
Ch8 4.50

LS: limestone, Ch: chalk
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4.3 Results

4.3.1 Changes in Elastic Stiffness Following Acid Etching

The elastic stiffness of both Indiana limestone and Austin chalk spanned a wide range. For
example, the elastic stiffness of Indiana limestone varied between 20 and 28 GPa, as
depicted in Figure 4-4. The samples were grouped based on their elastic stiffness as
measured by AutoScan before conducting the comparative experiments to ensure a fair
comparison. The grouping allowed for the selection of similar samples for each

comparative study before and after acid etching or treatment with DAP.

Thus, the elastic stiffness of the available limestone samples was measured, and a mean
stiffness plot with a 95% confidence interval was generated. Samples with an initial
stiffness of 21 GPa, indicated by a dotted circle in Figure 4-4, were selected to compare
the conductivity of intact samples with that of DAP-treated ones. Similarly, another group
of samples with a similar initial elastic stiffness of 24 GPa, represented by a blue dotted
circle in Figure 4-4, was chosen to compare acid fracture conductivity between DAP-

treated and untreated samples.

The same procedure was followed for the Austin chalk samples, where samples with
approximately the same elastic stiffness were selected for each comparative conductivity

experiment, as summarized in Table 4-1.
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Figure 4-4: Mean stiffness 95% confidence interval of the limestone samples.

In Experiments 1 and 2, the samples had an average initial elastic stiffness value of
approximately 21 GPa. While the control group remained unchanged, the treatment group's
elastic stiffness increased to 31 GPa after the DAP treatment (i.e., Experiment 3). Notably,
LS3 and LS4 exhibited a substantial 49% and 47% increase in elastic stiffness,

respectively.

In Experiments 3 and 4, the samples underwent acidization first, significantly reducing
their initial elastic stiffness of 24 GPa. During each acid etching process, the bottom sample
placed in the API cell experienced the most pronounced reduction in strength. Among the
acid-etched Indiana limestone samples, LS6 and LS8 had their elastic stiffness lowered by
23% and 25%, while LS5 and LS7 suffered the greatest reduction with a decrease of 66%

and 55%, respectively.
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However, after the treatment of samples LS7 and LS8, their elastic stiffness was partially

restored. They showed an increase of 9% and 20%, respectively, as depicted in Figure 4-5.
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Figure 4-5: Comparison of initial Indiana limestone elastic stiffness and the impact

of acid and DAP treatment.

Likewise, the elastic stiffness of the Austin chalk samples decreased as a result of
acidization. In general, AutoScan measurements revealed that the acid treatment led to a
reduction in stiffness for all the etched samples. Specifically, sample Ch1 experienced a
12% decrease in stiffness, Ch2 decreased by 29%, Ch3 decreased by 4%, and Ch4
decreased by 41%. Notably, the samples used in Experiments 3 and 4, allocated for long-
term conductivity, exhibited more significant decreases in stiffness. Sample Ch5 decreased

by 52%, Ch6 decreased by 30%, Ch7 decreased by 39%, and Ch8 decreased by 78%.

However, the subsequent treatment with the DAP solution led to the restoration and even
enhancement of the initial stiffness levels. The elastic stiffness of samples Ch3, Ch4, Ch7,
and Ch8 increased after the DAP treatment. Figure 4-6 illustrates that the rock samples’
initial stiffness was restored and improved beyond their original stiffness levels. For
example, sample Ch3 showed a 46% improvement in stiffness compared to the state after
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acid treatment. Sample Ch4 exhibited a 71% improvement in stiffness. Additionally, there
was a significant enhancement in stiffness for samples Ch7 and Ch8, with remarkable

improvements of 334% and 575%, respectively.
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Figure 4-6: Comparison of initial Austin chalk elastic stiffness and the impact of
acid and DAP treatment.

4.3.2 Changes in Roughness Following Acid Etching

Examining the surface profiles of rocks before and after acidizing revealed significant
changes caused by the acid treatment. Comparing the measurements of S, provides clear
evidence of the impact of the acid treatment on the samples. Initially, the flat samples
exhibited an S, ranging from 0.02 to 0.03 mm. The machined samples exhibit a low S,,
indicating a precise and accurate finish. Moreover, the roughness values are distributed
normally around an average plane, as seen in Figure 4-7A to the right. Following the
acidizing process, there was a significant increase in the S, of the Indiana limestone
samples, with this increase being at least one order of magnitude. The Sa measurements

reached values as high as 0.71 mm, as illustrated in Figure 4-7B.
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Furthermore, the acid treatment led to the formation of irregularities on the surfaces of the
Indiana limestone samples, particularly evident in the presence of wormholes, as shown in
Figure 4-7B and Figure 4-7C. Also, the roughness distribution is skewed towards the
right, with negative values representing the presence of exceptionally deep valleys that
correspond to the wormholes observed. The concentration and sizes of these wormholes
were higher near the inlet, while the etching was more pronounced in that area.
Additionally, the bottom samples exhibited slightly more etching due to gravity, as

observed in Figure 4-7B.
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Figure 4-7: Areal mean roughness profile and histogram for A) Sample LS1 without

acidization, B) Sample LS5 after acidization, and C) Sample LS6 after acidization.
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The etching behavior of the Austin chalk samples shows distinct characteristics. Figure
4-8 illustrates that the sample AC5 edges have higher elevations than the middle portion.
In addition, sample AC6 exhibits a comparable but less pronounced etching in the middle
portion, along with the formation of wormholes that resemble those observed in the Indiana
limestone samples (Figure 4-8B). Notably, the AC6 roughness distribution is left-skewed,
accounting for the elevated edges observed during the etching process. The S, of all the

samples and the average fracture width are arranged in Table 4-2.
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Figure 4-8: Areal mean roughness profile and histogram for A) Sample Ac5 after

acidization and B) Sample Ac6 after acidization.
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Table 4-2: Summary of the roughness measurements.

Sample ID | Sa (mm) | Mean Fracture Width (mm) | Acidization

LS1 0.03

0.06 X
LS2 0.03
LS3 0.03

0.05 X
LS4 0.02
LS5 0.71

1.03 v
LS6 0.32
LS7 0.42

0.79 v
LS8 0.37
Chl 0.31

0.71 v
Ch2 0.4
Ch3 0.33

0.55 v
Ch4 0.22
Chb 0.62

1.12 v
Ché 0.5
Ch7 1.23

1.82 v
Ch8 0.59

LS: limestone, Ch: chalk
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Conductivity (mD.ft)

4.3.3 Hydraulic/Acid Conductivity

After being treated with DAP, the conductivity measurements of the Indiana limestone
samples demonstrated higher values than the untreated samples throughout the entire stress
application range, up to 3,200 psi, as illustrated in Figure 4-9A. For example, the treated
samples exhibited a conductivity of 168 m.D. In contrast, the untreated samples had a
conductivity of 97 m.D at 3,200 psi. This trend was similarly observed in the acidized
DAP-treated and acidized untreated limestone samples over the 2,800 psi stress application
range, as depicted in Figure 4-9B. At 2,000 psi, the conductivity of the treated acidized
samples was nearly double that of the acidized untreated limestone, with a value of 354
m.D compared to 176 m.D. Additionally, it was observed that the acidized samples
displayed higher conductivity values at the same stress levels in Experiments 3 and 4
compared to the corresponding conductivity values in the unacidized samples in Indiana

limestone Experiments 1 and 2.

B
3001 _.3000- >
...*_': 3
O '
£ 1000- \
= g
=
1001 S 300- ? :
© .
Condition 5 Condition E
- DAP-Treated o 100- Acidized
504 Untreated -~ Acidized & DAP-Treated
0 1000 2000 3000 0 1000 2000 3000
Stress (psi) Stress (psi)

Figure 4-9: Short-term fracture conductivity of Indiana limestone A) Experiments 1

and 2, and B) Experiments 3 and 4.
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Indiana limestone Experiments 1 and 2 were extended for 144 hrs. at a 3,200 psi stress to
assess the conductivity behavior over time. As depicted in Figure 4-10, the long-term
conductivity of the untreated limestone samples exhibited fluctuations around 80 m.D,
which is 50% lower than the treated samples, which displayed values of 120 m.D. Most
conductivity reduction occurred during the short-term conductivity experiment, and the
rate of decline decreased over time in a typical exponential pattern. Initially, the decline
was relatively rapid as the stress increased, eventually stabilizing at 3200 psi. However, as
time progressed, the rate of decline slowed down significantly or almost ceased altogether.
This observation implies that the most significant conductivity reduction occurs during the

early stages of stress ramping.

140+
Q 120 . . .
E N
> Condition
= o — DAP-Treated
O Untreated
-
o
|
Q
O 801
0 50 100 150

Time (hrs)

Figure 4-10: Long-term fracture conductivity of Indiana limestone Experiments 1

and 2.
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Similarly, the Austin chalk conductivity experiments indicated a noticeable difference
between the hydraulic conductivity of the untreated acid fracture and the acid fracture
treated with DAP. It can be noticed that the reduction in fracture conductivity was more
pronounced in the untreated rock samples compared to the treated ones. Under stress of
2,200 psi, the conductivity of the untreated fracture dropped to approximately 8 md-ft. In
contrast, the fracture treated with DAP maintained a conductivity of around 60 md-ft at the
same stress level. Additionally, the conductivity of the untreated fractures approached zero
at a stress of 2,500 psi, whereas the treated acid fracture sustained its conductivity (Figure

4-11A).

It should be noted that chalk samples with an average initial stiffness of 4-4.5 gigapascals
(GPa), which was reduced to 1.5-2 GPa, exhibited minimal conductivity at 800 psi stress
(Figure 4-11B), while the DAP-treated fracture with stiffness of 7-12 GPa maintained high
conductivity even under higher stresses. The acidized untreated sample cracked at 800 psi,

while the acidized and DAP treated could withstand up to 2,000 psi stress.
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Figure 4-11: Short-term acid fracture conductivity of Austin chalk A) Experiments

1 and 2, and B) Experiments 3 and 4.

The long-term conductivity experiments have demonstrated a positive trend in maintaining
enhanced conductivity due to the DAP treatment, as depicted in Figure 4-12. The acid-
etched and untreated chalk samples were subjected to a stress of 800 psi during the
experiments. At this stress level, the initial conductivity measurement was around 100
mD.ft at the start of the experiment. Over a constant stress period of 6 days, the
conductivity of the fracture decreased to 30 mD.ft. In contrast, the DAP-treated rock slabs
exhibited exceptionally high conductivity when subjected to the same 800 psi stress.
Therefore, a higher stress of 1400 psi was applied during the experiment and maintained
for 6 days to compare the two experiments' conductivity values. It is noteworthy that chalk
samples with an average initial stiffness ranging from 4 to 4.5 GPa typically exhibit limited
resistance to high stresses, particularly in the context of acid treatment. Subsequent to
acidization, the stiffness of the samples dropped to the range of 1.5-2 GPa, resulting in
minimal conductivity at stress levels of 800 psi. In contrast, the DAP-treated fracture,

characterized by an improved stiffness ranging from 7 to 12 GPa, maintained significantly
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higher conductivity even under elevated stress conditions. Notably, it is important to
emphasize that both samples possessed identical stiffness levels prior to the introduction

of acid injection and DAP treatment.
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Figure 4-12: Long-term acid fracture conductivity of Austin chalk Experiments 3

and 4.

4.3.4 Deformation

The average deformation of the samples at each stress level, obtained from the four
LVDTs, was calculated and plotted in Figure 4-13. Experiments 1 and 2 on unacidized
Indiana limestone samples showed no significant deformation difference between treated
and untreated (Figure 4-13A). Both exhibited a small deformation of roughly 150 microns
at 1500 psi. At stress levels exceeding 2500 psi, both the treated and untreated samples
experienced failure, indicating the importance of not surpassing this stress threshold in

subsequent experiments involving similar stiffness levels. However, in Experiments 3 and
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Deformation (um)

4 conducted on acidized samples of Indiana limestone, the recorded deformation was
higher than the unacidized samples, with the treated samples showing less deformation
(Figure 4-13B). At 1500 psi, the untreated samples in Experiment 3 exhibited a
deformation of 1200 microns, while the treated samples had a deformation of 950 microns.
The deformation trend was mostly linear for all stress values beyond 400 psi until the

samples displayed signs of crack initiation, if any.
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Figure 4-13: Deformation of the samples under stresses for Indiana limestone A)

Experiments 1 and 2, and B) Experiments 3 and 4.

Likewise, untreated rock samples exhibited more significant deformation when subjected
to applied stress than the DAP-treated samples. Figure 4-14 illustrates that at 1500 psi, the
treated samples showed a deformation of 1355 microns, whereas the untreated acidized
chalk samples experienced a deformation of 2800 microns. In general, the deformation
between the acidized chalk samples is greater than what was observed in the acidized

limestone samples.
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Figure 4-14: Deformation of the samples under stresses for Austin chalk

Discussion

Experiments 1 and 2.

Rock stiffness, which varies among the samples, has a significant impact on fracture

conductivity. (Figure 4-4). Clustering the samples could minimize these variations,

enabling a fair and unbiased comparison of the results obtained. This approach ensured that

similar stiff, flat samples were initially grouped, allowing for a more accurate assessment

even when stochastic processes such as acid etching and DAP treatment were involved.

The acid etching process resulted in alterations in the surface morphology of the initially

flat carbonate rocks. Therefore, the profilometer scans aimed to capture and describe the

surface's essential topographic characteristics and functionality. The profilometer scans

emphasized increased roughness, hence a larger calculated average fracture width.

However, despite the potentially substantial roughness, its impact on conductivity was not
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significant to explain the Indiana limestone conductivity values under low-stress
conditions. For instance, when comparing the conductivity of DAP-treated (Experiment 2)
and untreated samples (Experiment 1) in Indiana limestone, wider fracture aperture was
associated with lower initial conductivity at 100 psi. The observation is plausible as most
of the roughness comes from sparse unconnected pits on the limestone fracture surface.
Thus, distinguishing between connected and isolated features is as important as analyzing

the surface's texture, shape, and orientation (Jiang et al., 2007).

Conversely, in the comparative Experiments 1 and 2 conducted on Austin chalk, higher
average width corresponded to higher initial conductivity at the same stress. The acid
etching of Austin chalk resulted in sparse pits resembling those found in Indiana limestone,
along with a universally shallow channel. Despite being difficult to detect, the presence of
this shallow channel in the direction of gas flow contributed to higher conductivity. While
some studies suggest a correlation between initial conductivity and the calculated fracture
width based on dissolved rock quantity (Nierode & Kruk, 1973), others argue that it
depends on the dissolution pattern, which was considered a more accurate approach (Lu et
al., 2017; Pournik, 2008). According to Pournik’s findings, a correlation exists between the
width of a fracture and the presence of asperities. Specifically, when the fracture width is
larger, having a higher number of asperities is advantageous for hydraulic conductivity.
This relationship enables the fracture to effectively utilize its increased width, leading to a

lower contact ratio between the surfaces and higher hydraulic fracture conductivity.

Nevertheless, a more general association can be made between the direction of roughness
and the flow direction. Hence, the central shallow channels parallel to the gas flow

direction explain the acidized Austin chalk's higher initial conductivity at low stresses.
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However, the higher initial acid fracture conductivity did not translate into higher
conductivity under stress, as evidenced by the findings of Rodrigues and Medeiros (2011).
The results also agreed with (Gou et al., 2021), who stated that having excessive dissolved
rock is advantageous for achieving high initial conductivity; however, when subjected to
medium and high closure stress, the retention rate of conductivity is the lowest. Therefore,
it is plausible to extend the discussion to the behavior of the fracture under the stress

application.

The strain results indicate that acidizing increased the normal deformability of fractures
compared to non-acidized fractures, as the comparison is shown in Figure 4-13. This
increase is primarily attributed to the enlargement of the initial aperture and the reduction
in the strength properties of the rock. Moreover, when comparing fractures that have
undergone treatment following the same acidification conditions, it was observed that
fractures with higher normal stiffness corresponding to the treated samples exhibited
greater resistance to deformation, as shown in Figure 4-13B and Figure 4-14. The
observation was consistent for the different lithologies involved in the study, i.e., limestone
and chalk. In turn, The ability of fractures to resist deformation is a critical factor in
determining acid fracture conductivity, especially when increasing the applied stress.
Fractures with higher resistance to deformation, attributed to greater rock stiffness, exhibit
improved acid fracture conductivity. The enhanced acid fracture conductivity of the treated
samples was attributed to their higher stiffness, which helped preserve the integrity of the
fracture when subjected to stress. The improved acid fracture conductivity prevented
excessive fracture closure and enabled a continuous fluid flow. The results are consistent

with our previous publication results and the literature (Asadollahpour et al., 2018).
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Furthermore, the increased stiffness of the DAP-treated samples resulted in reduced creep
over an extended period, leading to higher long-term fracture conductivity. The treated
acidized Indiana limestone, and Austin chalk exhibited improved acid fracture conductivity
throughout the extended experiment duration of up to 144 hrs., as the stiffness of these

lithologies was enhanced following the DAP treatment.

The dissolution of minerals by acid resulted in a decrease in the elastic stiffness of the
rocks, as observed in the AutoScan results, which is consistent with previous research
findings. Gong et al. (1999) noted that while acid is essential for creating rough fracture
surfaces, it has a detrimental effect on the mechanical properties of the rock. Additionally,
Nugroho et al. (2022) found that adding 15% HCI to carbonate samples led to a reduction
of approximately 25% in the overall calcite content. Consequently, higher acid
concentrations caused excessive etching, limiting the flow capacity (Zhang et al., 2020).
Furthermore, Melendez et al. (2007) discovered that the fracture conductivity decreases

when acid weakens the embedment strength of the rock.

On the other hand, the DAP treatment was found to enhance the stiffness of the rocks,
which aligns with the existing literature. Matteini et al. (2011) explained that DAP
treatments consolidate limestone materials by inducing compositional changes. These
changes often result in hydroxyapatite (HAP) formation as the primary mineral phase,
effectively binding the grains together, as discussed previously in our publication (Desouky
etal., 2023a). Overall, the acid treatment reduced the stiffness of the carbonate rocks in the
study, leading to lower fracture conductivity over both short and long durations. However,
the DAP treatment had the potential to partially or fully restore the stiffness and even

enhance it beyond the initial value, resulting in improved fracture conductivity.
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45 Conclusion

In this study, a series of experiments were conducted to simulate the behavior of acid
etching and investigate the effects of DAP treatment on fracture conductivity. The
roughness and stiffness were also measured at the initial and acid-etched stages. The acid
etching process increased the roughness of the fractures, which enhanced acid conductivity
only when aligned with the flow direction. Also, acid etching significantly reduced sample
stiffness by up to 80% in some cases. However, DAP treatment under high temperature
and pressure conditions restored and improved the initial stiffness beyond its original state.
Some samples showed a stiffness improvement of 4 to 6 times compared to their acid-
etched condition. The increased stiffness enhanced short-term and long-term acid fracture
conductivity. In the case of DAP-treated Indiana limestone, the conductivity was observed
to be 50-100% higher compared to intact fractures. Notably, DAP-treated fractures in the
Austin chalk formation demonstrated an even more remarkable improvement in
conductivity, reaching levels up to 7 to 8 times higher than untreated fractures. These
treated samples also demonstrated improved resistance to deformation under applied
stresses, indicating enhanced overall strength. Furthermore, acid etching increased the
deformability of fractures, resulting in more deformation, exhibiting lower stiffness and
lower hydraulic conductivity, especially at high stress levels. The relationship between
fracture stiffness and hydraulic conductivity revealed that fractures with higher stiffness
had greater conductivity. The DAP treatment mitigated the acid's effects, reducing
deformability and increasing conductivity, and the effect is more pronounced when in the
softer rock, i.e., Austin chalk. These findings offer valuable insights for implementing this

technique in carbonate reservoir stimulation.



CHAPTER S

CONCLUSION, FUTURE WORK, AND

RECOMMENDATION

5.1 Conclusion

The study indicates that the application of DAP treatment is successful in enhancing the
stiffness of weak carbonates and improving the conductivity of hydraulic fractures under

reservoir conditions. The key findings of the study are as follows:

Temperature and reaction duration are critical factors influencing the DAP-calcite

reaction, while the pressure effect is minor. The study determined that the optimal

conditions for the reaction were 1000 psi and 75 °C over 72 hrs. using a 1M DAP.

- The study provides valuable insights into the diffusion and reactivity of the
substrate, shedding light on the newly formed HAP at different depths.

- The formation of HAP through the DAP-calcite reaction was consistent throughout
the carbonate samples, with higher concentrations observed closer to the surface.

- Acid etching resulted in a substantial decrease in the elastic modulus of Austin
chalk by up to 78% and Indiana limestone by up to 66%.

- DAP treatment significantly improved the elastic modulus of Austin chalk samples,

ranging from 100% to 575%, with a more pronounced stiffening effect observed in

acidized samples with lower elastic modulus.
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- In contrast, the DAP treatment of Indiana limestone samples showed a less
significant improvement in elastic modulus, ranging from 9% to 49%, with a
stronger stiffening effect observed in intact samples.

- The DAP treatment led to an increase in the elastic modulus, resulting in a more
rigid fracture surface and long-lasting hydraulic/acid fracture conductivity in both
Indiana limestone and Austin chalk samples.

- Controlled experiments show that the hydraulic/acid conductivity of Indiana
limestone DAP-treated samples is at least twice that of untreated samples, with
reduced sensitivity to stress.

- Furthermore, the enhancement in conductivity of the hydraulic/acid fractures in
Austin chalk was particularly notable, with conductivity levels reaching 7 to 8 times
higher than untreated fractures.

- DAP treatment mitigated the deformability caused by acid etching, leading to
increased fracture stiffness and improved hydraulic conductivity.

- The findings offer valuable insights for the application of DAP treatment in
carbonate reservoir stimulation, optimizing hydraulic fracturing operations and

enhancing production rates.

5.2  Future Work

Based on the promising outcomes of the study, several areas can be further explored and

investigated as follows:

- It is necessary to uncover catalysts that promote the reaction between DAP and

calcite to accelerate the stiffening process.
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5.3

Alternative chemicals can be examined to explore their potential for achieving more
favorable outcomes in terms of carbonate stiffening.

The potential application of the stiffening achieved through DAP treatment can be
explored in various petroleum engineering contexts, such as the stabilization of

boreholes drilled in soft formations like chalk.

Recommendation

It is advisable to take into account some considerations during field trials to achieve

comparable positive results in field applications and replicate the findings of the study, for

example:

It is suggested to implement the stiffening innovation described in this study as a
supplementary step during acid stimulation operations.

A comparative analysis should be conducted during field trials to assess the
effectiveness of the DAP treatment in real field conditions. This analysis could
involve comparing different stages within a single multistage fractured well or
evaluating similar wells to evaluate the impact of the treatment in actual field
situations.

The application of the treatment is particularly beneficial in soft formations such as
chalk or limestone that have been damaged by acid.

Conducting a preliminary study of the carbonate formation is recommended to
assess the calcite content present in the formation.

It is important to utilize the exact composition of DAP in the treatment that was

used in the laboratory to achieve positive results.
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