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ABSTRACT

Wellbore instability in chalk formations poses significant challenges during drilling and production due
to low rock strength, fluid sensitivity, and creep. This study investigates the efficacy of diammonium
phosphate (DAP) as a chemical consolidating agent to enhance chalk mechanical properties under
simulated reservoir conditions. Austin Chalk core samples were treated with a 1 M DAP solution at 75 °C
and 1000 psi confining pressure for 72 h to promote hydroxyapatite precipitation. Triaxial loading tests
compared the treated and untreated specimens. Results demonstrated that the DAP treatment improved
the confined compressive strength by 16%-8% across confining pressures (400-1600 psi). Mohr-Coulomb
failure envelopes revealed a cohesion increase from 600 psi (untreated) to 1350 psi (treated), with
unconfined compressive strength doubling to 3200 psi. These enhancements, attributed to hydroxy-
apatite cementation, indicate DAP’s potential to mitigate wellbore failure by strengthening the forma-
tion itself. The findings advance chemical stabilization strategies for chalk, offering a novel solution to

reduce non-productive time and improve long-term well integrity in carbonate reservoirs.
© 2026 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Chalk formations present a notoriously difficult drilling envi-
ronment due to their weak mechanical strength and pronounced
time-dependent behavior. Chalk is a soft, high-porosity (up to
~40%-50%) biogenic limestone with minimal natural cementation,
meaning the rock framework has low strength and can deform
under relatively low stresses [1,2]. As a result, when a well is
drilled in chalk, the wellbore often struggles to withstand the
stress concentration in its periphery. This leads to common well-
bore instability problems such as hole enlargement, collapse, and
stuck pipe. In particular, chalk’s tendency to creep (plastically
deform over time under constant stress) can cause progressive
wellbore closure or “shrinkage” even after drilling, as the rock
slowly yields around the borehole [3]. Field experience in soft
North Sea chalk reservoirs (e.g. Valhall) has highlighted these
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issues, where ongoing reservoir compaction and subsidence
exacerbate borehole stability problems during drilling and pro-
duction [4]. Furthermore, chalk is highly fluid-sensitive — exposure
to water-based fluids significantly weakens the rock’s strength.
Laboratory and field studies have shown that water-saturated
chalk is mechanically much weaker than dry or oil-saturated
chalk [5]. This “water weakening” effect is attributed to chemical
interactions at the calcite surface (e.g. dissolution or ion ex-
change), and has been observed to increase chalk compaction and
deformation when chalk comes into contact with invading water
[1]. In practice, simply drilling with freshwater mud can lead to
rapid dispersion of chalk cuttings and enlargement of the well-
bore, as the weakly cemented grains disintegrate upon contact
with the fluid [6]. Chalk’s low strength, creep, and fluid sensitivity
make wellbore integrity difficult to maintain. Without proper
precautions, uncased holes can deform or collapse over time-
—especially in horizontal sections—requiring operators to
manage chalk’s geomechanical and chemical risks carefully for
safe, cost-effective drilling.
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Wellbore stability in chalk is determined by the balance be-
tween in-situ stresses and the formation’s low strength. Shear
failures typically occur when the circumferential (i.e., hoop)
stresses exceed the rock’s compressive strength and cause wall
breakouts—or by tensile failure, when high mud pressure exceeds
the rock’s tensile strength, leading to fractures and lost circulation.
This necessitates maintaining mud pressure within a very narrow
window—high enough to counteract shear collapse, yet low
enough to avoid tensile failure. Additionally, factors such as the
magnitude and anisotropy of in-situ stresses, as well as variations
in pore pressure and effective stress, critically influence wellbore
stability. For instance, underbalanced drilling may elevate effective
stress on the borehole wall and trigger shear failure, whereas
excessive mud weight can raise pore pressure and increase the risk
of tensile fracture [7].

During production from chalk reservoirs, pore pressure deple-
tion can further alter the stress balance and lead to delayed
instability or sanding around boreholes [3]. Drilling fluids play a
critical role in chalk stability. Water-based fluids can weaken chalk
chemically and through filtrate invasion, reducing effective stress
or triggering clay swelling. Inhibitive additives (e.g., salt, glycol,
silicate) help counteract this by drawing out water or blocking
pores through precipitation [6]. Time-dependent deformation
(creep)is a key concern in chalk. Even initially stable wellbores can
fail over time under constant stress. CT-scanned lab tests show
delayed borehole breakouts due to viscous deformation, con-
firming that chalk lacks true long-term static strength—failure can
occur at lower stresses over time and must be considered in sta-
bility planning [3]. In summary, chalk wellbore stability depends
on rock strength, in-situ stresses, pore pressures, fluid in-
teractions, and time-dependent creep. Effective management re-
quires addressing all these factors, including mud weight, fluid
chemistry, and chalk’s deformation behavior.

Industry practitioners primarily mitigate chalk wellbore
instability via mud weight optimization. Engineers use geo-
mechanical models and rock strength data to set the drilling fluid
density such that mud pressure is high enough to support the
chalk and prevent shear failure, yet remains below the fracture
initiation threshold [7]. In practice, this often translates to slightly
overbalanced drilling, ensuring that the wellbore pressure exceeds
formation pressure to maintain stability. However, mud pressure
alone is not a panacea; excessive overbalance can cause hydraulic
fractures or induced losses in chalk, while too low a mud weight
risks immediate collapse. Thus, mud programs are often coupled
with real-time monitoring and adjustments to respond to chalk’s
behavior.

Another key mitigation approach is an appropriate casing
program and well design. Because chalk intervals are prone to
time-dependent degradation, operators typically minimize the
open-hole exposure time of chalk by drilling these sections as
quickly as possible and setting casing (or liners) soon after pene-
trating the chalk. By isolating the chalk behind casing, the wellbore
is mechanically supported before significant creep or fluid-
induced damage can occur. In some cases of extended reach or
horizontal wells, special liners (e.g. slotted liners or expandable
tubulars) may be run across long open-hole chalk sections to
provide continuous support and prevent collapse. Good wellbore
trajectory planning can also help; for instance, avoiding steep
inclination changes or trajectories that intersect unfavorable stress
directions can reduce breakout severity in chalk [8].

Advances in drilling fluid design have improved chalk stability
management. While oil-based muds (OBMs) offer good inhibition,
environmental and economic factors have driven interest in water-
based muds (WBMs). Silicate-based WBMs, such as potassium
silicate, have proven effective by reacting with calcium ions to

Petroleum 12 (2026) 254-262

form a protective gel on chalk surfaces, reducing particle disper-
sion and maintaining borehole integrity [6,9]. Field trials showed
significantly extended borehole stability—up to 56 day-
s—compared to 3-4 days with conventional glycol WBMs [10]. The
chalk cuttings returned to the surface were large and firm (even
showing intact drill-bit markings), a stark contrast to the finely
ground, milky cuttings typically seen with regular water muds [6].
These results indicate that chemical inhibition can substantially
slow down the time-dependent degradation of chalk. Other con-
ventional methods to improve chalk stability include use of
calcium-enriched muds (to saturate the fluid with Ca®* ions and
reduce dissolution of chalk), polymer viscosifiers and fluid loss
agents to minimize filtrate invasion, and even particulate plugging
agents to bridge pore throats. In summary, standard mitigation
combines mechanical solutions (optimal mud weight, prompt
casing, supportive liners) and chemical solutions (specially
formulated drilling fluids) to manage chalk instability [3]. These
practices, guided by modeling and field data, have enabled drilling
through chalk but face limits as mud weight and fluid chemistry
can’t be adjusted indefinitely without risks. This has driven in-
terest in in situ methods to directly enhance chalk strength.

An emerging approach to stabilize weak formations like chalk
is chemical consolidation, wherein a reagent is introduced to the
rock to precipitate a strengthening mineral in situ. The concept is
akin to treatments used in civil engineering and cultural heritage
conservation to harden deteriorated limestone and marble. In fact,
many early studies on chemical consolidation of carbonates were
conducted in the context of preserving stone monuments [11-13].
Chemicals such as alkoxysilanes (e.g. tetraethyl orthosilicate,
TEOS), lime, and various phosphates have been tested as con-
solidants to increase the strength and durability of porous car-
bonate [14-16]. For instance, TEOS (which polymerizes into a silica
gel) has been used to bind grains in limestones, yielding im-
provements like a 63% increase in dynamic elastic modulus and
126% increase in tensile strength in one study [17]. However, sili-
cate treatments can have drawbacks on calcitic substrates,
including limited penetration, shrinkage cracking of the silica gel,
and incompatibility with wet conditions [17]. These limitations
have prompted the search for alternative consolidants that form
more integrally with the carbonate matrix.

One particularly promising consolidant for carbonate rocks is
phosphate-based solutions, specifically those that induce the for-
mation of calcium phosphate cements within the pore structure.
Diammonium phosphate (DAP) has emerged as an effective agent
in this category. When DAP solution is introduced to calcium
carbonate rock, it reacts to form hydroxyapatite (Cajo(PO4)s(OH)3)
— a calcium phosphate mineral that can serve as a bonding agent
between grains according to Eq. (1) [18-23].

10CaC0;+6(NH,4),HPO4+2H,0-Cao(PO4)g(OH), |

1
+6(NHy4),C05+4H,CO5 (1)

Hydroxyapatite is the same mineral that makes up bone and
tooth enamel, and it is much less soluble and more mechanically
robust than calcite. Researchers have found that DAP-based
treatments can deposit hydroxyapatite along grain contacts and
within pore spaces, effectively “cementing” the chalk or limestone
and increasing its strength [23,24]. In the field of heritage con-
servation, DAP has been successfully used to consolidate marble
and limestone artifacts: for example, Sassoni and coworkers [25]
demonstrated that a hydroxyapatite treatment achieved compa-
rable strengthening to TEOS in a porous limestone, while causing
less reduction in porosity and maintaining better compatibility
with the stone’s moisture transport properties. Also, this miner-
alogical transformation was demonstrated in our previous work,
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where X-ray diffraction (XRD) and scanning electron microscopy
(SEM) analyses confirmed hydroxyapatite formation and associ-
ated strengthening in chalk [26]. Moreover, many other studies in
the past have confirmed the efficacy of DAP for carbonate
consolidation grains [18-22,27]. Possenti and others [19] showed
via X-ray diffraction that treating limestone with diammonium
hydrogen phosphate produces newly formed calcium phosphate
phases that enhance the stone’s surface hardness. Researchers
have reported improvements in mechanical metrics such as sur-
face hardness, ultrasonic wave velocity, and compressive strength
in various carbonate materials after DAP treatment [22,23,28].

The use of DAP to strengthen weak reservoirs has gained in-
terest in petroleum engineering. Laboratory studies on chalk and
limestone have shown notable strength improvements after
different chemical treatments. For instance, Researchers found
that injecting certain consolidating solutions (like zinc or fluoride
compounds) into weak carbonate samples improved their hard-
ness by roughly 20% as measured by impulse hammer tests
[29,30]. Moreover, Samarkin er al [23]. observed a 22%-24% rise in
compressive strength and up to 115% gain in Young’s modulus in
chalk treated with DAP at elevated temperatures. These im-
provements result from hydroxyapatite formation within the pore
structure. Crucially, phosphate-based treatments like DAP
enhance stiffness with minimal impact on permeability, unlike
silica-based alternatives which tend to clog pores [17]. Thus, DAP
offers a promising balance between strengthening rock and pre-
serving flow capacity. Overall, recent studies confirm the feasi-
bility of DAP-induced chemical consolidation for improving the
mechanical stability of carbonate formations.

This study investigates DAP treatment under simulated down-
hole conditions to mitigate wellbore instability in chalk. The core
hypothesis is that in situ chemical consolidation (i.e., converting
chalk to a harder calcium phosphate phase) can enhance resistance
to failure during drilling and production. Unlike prior studies, DAP is
applied to chalk cores under elevated pressure and temperature to
mimic reservoir conditions. Treated samples are evaluated for
changes in mechanical and petrophysical properties. The process is
expected to form hydroxyapatite in pore spaces, boosting strength
and stiffness without significantly reducing porosity.

The goal is to establish DAP consolidation as a practical method
for stabilizing chalk wellbores by strengthening the formation it-
self. This could benefit long-term well integrity, particularly in
open-hole or delayed-casing scenarios. By increasing resilience to
stress and fluid exposure, DAP may reduce wellbore collapse and
drilling non-productive time, offering a novel approach to well-
bore stabilization in chalk and other weak carbonate formations.

2. Experimental approach
2.1. Materials

Nineteen Austin Chalk core plugs used in this study were ac-
quired from Kocurek Industries. The samples were extracted from
the Austin Chalk Formation outcrop, a well-known Upper Creta-
ceous carbonate reservoir. The core plugs were carefully selected to
ensure homogeneity and minimal visible fractures or imperfections,
with dimensions standardized for experimental consistency. The
Austin Chalk’s unique lithology, comprising primarily calcite with
minor clay and silica content, makes it an ideal candidate for
investigating mechanical and acoustic properties in carbonate rocks.

2.2. Experimental procedures

Chalk cores, cored into plugs 1.5 inches in diameter, were first
prepared by end-face grinding to ensure flat, uniform surfaces for
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subsequent testing. The 1.5-inch diameter cores were prepared in
accordance with standard requirements, maintaining a length-to-
diameter (L/D) ratio of 2. The cut plugs underwent end-face
grinding to ensure that the top and bottom surfaces met the
required parallelism tolerance and surface roughness limits. The
specimens were processed to comply with the following standards:
ASTM D4543-19 where the ends were cut parallel to each other and
perpendicular to the longitudinal axis, the end surfaces did not
deviate from perpendicularity to the axis by more than 0.25°. with
surface grinding or lapping ensuring flatness within a tolerance of
0.001 inches (25 pm). The specimens were visually inspected to
confirm that no grains exceeded 0.1 times the plug’s diameter in size.

Chalk exhibits inherent anisotropy and heterogeneity, and the
Austin Chalk is no exception. Accurate characterization of the
samples was essential for classification, aiming to minimize
property variations between paired specimens—each consisting of
one treated sample and a corresponding untreated benchmark.

Sample dimensions were measured with a precision caliper,
and weights were recorded using a high-accuracy balance.
Porosity was determined using a helium porosimeter, and
permeability was assessed with a nitrogen permeameter. Grain
density was calculated from porosity measurements, while bulk
density (p) was derived from both geometric and porosity-based
methods. Unconfined compressional (V) and shear (V) wave ve-
locities were measured using the New England Research (NER)
benchtop sonic velocity device, and used to compute dynamic
Young’s modulus (E) and Poisson’s ratio (v) via the following
standard relations:

3V2 — 42
Eg=pV2= P > 2
d=PVs Vg _ UV? ( )
VZ _2v2
vg=—7> : (3)

diz(vg—vsz)

All plugs underwent initial non-destructive acoustic testing,
porosity—permeability measurements, and high-resolution CT
scans to detect internal heterogeneities such as microcracks or
density anomalies. Samples showing inconsistencies in the CT
images were further examined using micro-CT (uCT). Based on
these combined assessments, eight defect-free plugs were
selected. A principal component analysis (PCA) was then con-
ducted using the collected physical parameters to verify the
grouping of samples with similar characteristics. PCA is a statis-
tical technique used to reduce the dimensionality of multivariate
datasets while preserving as much variability as possible. It
transforms the original correlated variables into a new set of un-
correlated variables called principal components, ordered by the
amount of variance they explain in the dataset. In a typical PCA
plot, the first principal component (dimension 1) captures the
greatest variance among the variables, while the second principal
component (dimension 2) accounts for the second highest amount
of variance, orthogonal to the first. Together, Dim1 and Dim2 often
explain a large portion of the dataset’s total variability, making
them useful for visualizing patterns, groupings, or correlations
within the data.

The Austin Chalk core samples were treated in a Hastelloy steel
cell. The cell was first evacuated, after which a 1 M DAP solution
was injected. The temperature was then raised to 75 °C and the
confining pressure increased to 1000 psi. Samples were left to soak
in the solution for 72 h to promote hydroxyapatite precipitation.
After treatment, they were removed, thoroughly rinsed with
deionized water to eliminate residual DAP solution, and dried at
60 °C for 24 h.
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Subsequent mechanical evaluation was carried out using an NER
Autolab 1500 testing system. As shown in Fig. 1, the triaxial cell is
equipped with linear variable differential transformers (LVDTs) and
ultrasonic transducers for deformation and acoustic measurements.
Each plug was jacketed and fixed within a loading cell where hy-
drostatic oil pressurization was employed to apply confining pres-
sures at predetermined levels (400, 800, 1200, and 1600 psi), ramping
at a rate of 77 psi/min. Axial loading was then applied at a constant
rate of 3 mm/h until failure, while simultaneous measurements of
axial and radial deformations were recorded with the high-sensitivity
LVDTs. The data from these static tests allowed the calculation of
Young’s modulus, Poisson’s ratio, and confined compressive strength
(CCS) according to ASTM D7012-23. Finally, Mohr-Coulomb failure
envelopes were constructed from the CCS data to illustrate the me-
chanical behavior of untreated versus DAP-treated chalk.

2.3. Mohr-Coulomb criteria

To construct the Mohr-Coulomb failure envelope, the peak
stresses from triaxial compression tests at various confining
pressures were utilized. For each tested confining pressure, a Mohr
circle was plotted by marking the maximum (¢1) and minimum
(e3) principal stresses. The peak shear stress (z) and corresponding
normal stress (o) were identified from each circle. Subsequently,
the Mohr-Coulomb failure envelope was established as the best-fit
straight-line tangent to the Mohr circles. The slope of this line
provides the internal friction angle (¢), and the y-intercept cor-
responds to the cohesion (c) of the tested rock. This linear failure
criterion relates the shear strength to the effective normal stress
through the fundamental relation:

T=C+ op tan ¢

(4)

By repeating this process across multiple confining pressures, a
reliable strength envelope was determined, facilitating the com-
parison of strength characteristics under different conditions. A
comprehensive discussion of the Mohr—Coulomb strength crite-
rion is available in numerous rock mechanics textbooks [31,32].

3. Results
3.1. Characterization

Samples A.Ch#1, A.Ch#2, and A.Ch#11 fractured during
porosity and permeability measurements. Additionally, samples

Triaxial cell Sample assembly

Pore pressure Ultrasonic
outlet port transducer
receiver
Axial LVDT | Axial LVDT 2
Rock sample/ Radial LVDT
core plug
Pore pressure Ultrasonic
inlet port transducer
source

Fig. 1. Triaxial cell and sample assembly showing LVDTSs, ultrasonic transducers, and
pore pressure ports for rock deformation and acoustic measurements.
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A.Ch#3 to A.Ch#6 exhibited unreasonable V},, and Vs values, with
Vp/Vs ratios much lower than typical for carbonates; notably,
A.Ch#4 and A.Ch#5 even showed negative Poisson’s ratios.
Negative dynamic Poisson’s ratio may result from picking the S-
wave too early; values above ~1800 m/s for similar formations
likely need reprocessing. Furthermore, CT and pCT imaging
revealed minor defects in samples A.Ch#7 and A.Ch#12, as marked
by an oval in the pCT image. Consequently, these samples were
excluded from further analysis. All the measured and calculated
data during the samples’ characterization stage was tabulated in
Table 1.

Representative cross-sections from sample A.Ch#16 are pre-
sented in Fig. 2(a). The color scale reflects X-ray attenuation, which
corresponds primarily to density variations within the chalk ma-
trix. In this figure, the predominantly uniform orange-red colora-
tion indicates minimal contrast and suggests the sample is
generally homogeneous. No significant cracks, voids, or large-scale
inclusions are evident in any of the slices, implying there are no
major internal anomalies.

Moreover, each slice exhibits consistent circular geometry, and
the attenuation profile remains relatively uniform throughout the
core’s radial and axial dimensions. Subtle variations in color in-
tensity are interpreted as natural minor porosity fluctuations,
which are expected in chalk of this type. Samples displaying more
pronounced color variations or suspicious features at the macro-
scale were flagged for additional micro-CT analysis, see Fig. 2(b).
The higher-resolution micro-CT scans confirmed the absence of
large or interconnected microfractures in most cases, thus vali-
dating the sample selection protocol. As a result, only cores
exhibiting uniform internal structures were retained for further
mechanical testing, ensuring that the data reflect intrinsic chalk
properties rather than artifacts arising from cracks or other
structural discontinuities.

3.2. Classification via PCA

PCA was conducted on the remaining chalk samples to reduce
dimensionality and classify them based on the measured and
derived properties (e.g., porosity, permeability, grain density, ve-
locity measurements, and elastic moduli). Before performing the
PCA, highly correlated features were identified and filtered out,
ensuring only one representative variable remained in each
correlated group. Fig. 3 (variables — PCA) depicts the correlation
circle, where each arrow corresponds to one feature; arrows
pointing in the same direction indicate strong correlation, such as
the alignment between V,, and grain density. The length of each
arrow (or its cos [2] value) shows how well the variable is repre-
sented in the principal components—variables with higher cos [2]
values in Dimensions 1 and 2 are better described by those axes.

Fig. 4(b) (individuals — PCA) demonstrates how the samples
cluster in the space defined by the first two principal components,
which together capture over 70% of the total variance, as indicated
by the scree plot in Fig. 4(a). Samples plotting closely together
share similar geomechanical characteristics, reflecting common-
alities in both scalar and directional properties. This PCA-based
classification in Fig. 4(a) thus provides a clearer understanding of
how chalk plugs vary in terms of porosity, permeability, density,
wave velocities, and mechanical parameters, guiding the selection
of samples with comparable attributes for subsequent testing and
analysis.

The PCA results revealed clear clustering of samples based on
their porosity, permeability, density, and dynamic elastic proper-
ties, indicating that variability within the dataset could be
captured by a small number of principal components. Samples
positioned closely together in PCA space share similar
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Table 1
Compiled data during characterization.
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Sample Porosity Permeability Grain density V, Vs1 Vs Average Vs Vp/Vsratio Bulk density M/V Bulk density pg(1-¢) Young's Modulus Poisson ratio
A.Ch#3 21.62 18.24 2.66 3930 2962 2326 2644 1.49 1.96 2.08 29.83 0.09
A.Ch#4 21.66 22.08 2.65 3314 2064 2882 2473 1.34 1.96 2.08 20.90 -0.13
A.Ch#5 23.69 24.04 2.65 2736 2459 2413 2436 1.12 1.90 2.02 -9.29 —-1.41
ACh#6 2048 14.94 2.63 3457 2247 2369 2308 1.50 1.98 2.09 23.21 0.10
A.Ch#8 24.39 43.19 2.65 3431 1874 1762 1818 1.89 1.86 1.98 16.06 0.30
A.Ch#9 24.21 40.08 2.65 3583 1923 1833 1878 1.91 1.88 2.01 17.38 0.31
A.Ch#10 18.29 10.89 2.66 3468 1726 1774 1750 1.98 1.89 2.01 15.39 0.33
A.Ch#12 23.33 29.87 2.66 3464 1873 1777 1825 1.90 2.04 2.17 17.78 0.31
A.Ch#13 25.58 40.00 2.65 3097 1810 1799 1804.5 1.72 191 2.04 15.44 0.24
A.Ch#14 24.23 63.50 2.65 3340 1837 1776 1806.5 1.85 1.85 1.97 15.63 0.29
A.Ch#15 24.28 41.54 2.65 3117 1730 1703 1716.5 1.82 1.88 2.01 14.20 0.28
A.Ch#16 22.51 26.21 2.65 3603 1924 1806 1865 1.93 1.86 2.00 17.06 0.32
A.Ch#17 23.33 29.15 2.66 3260 1740 1878 1809 1.80 1.95 2.06 16.29 0.28
A.Ch#18 23.68 35.92 2.66 3483 1892 1765 1828.5 1.90 1.91 2.04 16.68 0.31
A.Ch#19 23.62 25.24 2.66 3438 1878 1883 1880.5 1.83 191 2.03 17.42 0.29
Scree plot
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Table 2 summarizes how anisotropy was addressed and the
criteria used for selecting sister samples. Faulty samples were first
excluded, after which the remaining specimens were paired based
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Table 2
Sample pairing and allocation to control and treatment groups at designated
confining pressures.

Control Treatment Confining (psi)
A.Ch#14 A.Ch#15 400

A.Ch#13 A.Ch#17 800

A.Ch#16 A.Ch#18 1200

A.Ch#9 A.Ch#19 1600

on similar scalar properties (e.g., porosity) and directional char-
acteristics (e.g., permeability and velocity measurements). Each
pair now consists of two comparable samples: one is allocated to
the treatment group and the other serves as a benchmark in the
loading test conducted at a specified confining pressure.

3.3. Triaxial loading tests

In Fig. 5, four triaxial loading tests were conducted at confining
pressures of 400, 800, 1200, and 1600 psi, with the control samples
shown in blue and the DAP-treated samples in orange. All tests
exhibit a predominantly ductile response, although the yield and
peak stresses are consistently higher in the treated plugs at each
confining pressure. Notably, only the treated sample at 400 psi
displays a pronounced stress softening beyond its peak load,
whereas at 1600 psi both the untreated and treated specimens
demonstrate a stress hardening behavior under increasing strain.
Overall, these comparisons highlight that while ductility is main-
tained across all samples, the DAP treatment raises both yield and
ultimate stresses.

In the Mohr-Coulomb analysis appearing in Fig. 6, while the
friction angle for the controls averaged around 16°, the treated
samples exhibited a lower value of about 10°, accompanied by a
marked increase in cohesion—from roughly 600 psi in the control
group to 1350 psi in the treated group. The strength increase
observed in the treatment group seems mainly driven by an in-
crease in cohesion. Meanwhile, the treated group’s lower internal
friction angle results in a gentler rise in shear stress as effective
normal stress increases, compared to the control group. Notably,
the unconfined compressive strength (UCS) as estimated at no
confining stress increased from approximately 1600 psi in the
control group to 3200 psi in the treated group.

4. Discussion

Chalk is inherently anisotropic as proved experimentally by
Papamichos et al. [33], and the Austin Chalk samples showed this
behavior as well, as seen from their hydrostatic loading responses.
The ratio of radial to axial compliance for isotropic samples,
derived from the relations:

de
Ci111 +Ci133 :d—: (5)
(3311 +C3333 = A (6)
den
dey ~1 (7)
do

where the C; terms represents components of the elastic compli-

ance matrix, which describing how the material deforms elasti-
cally under hydrostatic stress. Specifically, dg;‘. and d‘% denote the

axial and radial compliances, expressed as the rate of strain e
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change with respect to the applied hydrostatic stress o. It was
approximately similar across most paired samples. For example,
ACh#14 and ACh#15 had values of 0.7 and 0.6, respectively given
rise to their anisotropy. This trend aligns with results from seven
hydrostatic compression tests conducted in the Valhall field,
where radial compliance was consistently found to be lower than
axial compliance during the initial loading phase (Danish
Geotechnical Institute, 2003, p. 30). This supports that the initial
sample classification successfully grouped samples with similar
anisotropic characteristics. It's important to note that the goal
wasn’t to eliminate anisotropy, but to match samples with similar
degrees of it. While the original pairing was based on general
similarity, organizing samples by unconfined dynamic Young’s
modulus and applying higher confining pressures to stiffer sam-
ples may yield a more consistent and interpretable set of Mohr-
Coulomb failure envelopes.

Shao and Henry [34] conducted an experimental study on white
porous chalk under confining pressures indicating that the me-
chanical behavior of the chalk exhibits characteristics intermediate
between those of typical soils and rocks. They developed an elas-
toplastic model for porous rocks like chalk, incorporating two plastic
mechanisms: pore collapse and deviatoric distortion. The model also
includes a nonlinear elastic formulation to capture modulus changes
with hydrostatic pressure. Additionally, experimental findings sug-
gest that viscous effects play a significant role in chalk deformation,
as demonstrated by the elasto-viscoplastic model proposed by Collin
et al. [35] based on triaxial tests conducted at different stress rates.
Despite its limitations, the Mohr—Coulomb criterion is a commonly
used baseline model for estimating the strength of rocks at low
confining stress [36], but it does not capture time-dependent
deformation or creep. More advanced models, such as Perzyna or
Duvaut-Lions, incorporate strain rate effects to better represent
viscoplastic behavior [37]. Nonetheless, Mohr—Coulomb remains
applicable and useful for comparison in our study.

Mechanical testing revealed that diammonium phosphate
treatment markedly improves the elastic stiffness of chalk. DAP-
treated chalk samples. Samarkin et al., [23] for example, found
that treating chalk with DAP more than doubled its Young’s
modulus in unconfined tests, attributing this to the formation of
new minerals that reinforce the rock’s framework. Our results,
while somewhat more moderate, are in the same direction and
confirm that even under confined conditions DAP induces a
meaningful strength gains of the chalk framework. Treated sam-
ples showed about a 16%-81% increase in compressive strength
(peak stress) relative to their untreated counterparts under the
same confining pressures 0. This improvement in strength is
substantial for a material as weak as chalk, and it indicates that the
treated chalk can sustain higher stresses before failing. The Mohr-
Coulomb failure envelope for DAP-treated chalk shifted upward
relative to untreated chalk, demonstrating higher shear resistance
across the range of confining pressures. In practical terms, the
cohesion of the chalk (y-axis intercept of the failure envelope)
appears to have increased with treatment, as evidenced by the
overall higher strength at low confining stresses. An upward shift
of the failure envelope means that under identical stress condi-
tions, a treated chalk wellbore has a greater safety margin against
failure. Ultimately, the ability of DAP to measurably raise both the
elastic modulus and compressive strength of chalk confirms its
efficacy as a strengthening treatment for chalk formations.

There may also be a chemical strengthening effect at the grain
contacts: the phosphate solution could dissolve tiny amounts of
calcite and re-precipitate it as interlocking crystals, effectively
“healing” micro-cracks or weaknesses in the chalk. These miner-
alogical and microstructural changes have been previously char-
acterized in detail in our earlier work [26], where XRD and SEM
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Fig. 5. Comparative stress-strain responses of DAP-treated and control chalk samples at confining pressures of 400, 800, 1200, and 1600 psi.

imaging confirmed extensive HAP precipitation and interparticle
cementation. The net result of these mineralogical changes is a
chalk that behaves more like a well-cemented carbonate rock than
a friable, unconsolidated one. Notably, this outcome is the opposite
of the typical effect of pure water interaction with chalk. It is well
documented that exposure to water alone usually weakens chalk,
as water infiltrating chalk can induce physicochemical weakening
mechanisms 0[5]. For example, water can create an “adsorption
pressure” at grain contacts (due to molecular attraction of water to
calcite surfaces) that effectively pries the grains apart, similar to an
internal pore pressure, thereby reducing the chalk’s cohesive
strength [1]. In contrast, the DAP treatment uses an aqueous SO-
lution but one that deposits a strengthening solid matrix within
the chalk. Any initial softening from water exposure is counter-
acted and overtaken by the growth of hydroxyapatite cement. In
effect, DAP treatment turns the typically deleterious water-chalk
interaction on its head - instead of weakening the rock, the spe-
cific chemistry leads to a net strengthening [38]. This is a crucial
distinction that highlights the active role of the phosphate additive
in enhancing chalk integrity.

DAP-induced strength improvements in chalk reduce the risk of
wellbore collapse and breakouts during drilling by enhancing
stiffness and resistance to compressive failure. This is particularly
important in managing chalk’s natural weakness and time-
dependent creep, which otherwise lead to enlargement or
collapse when hoop stresses exceed rock strength [39,40].

By chemically consolidating the chalk, DAP treatment effec-
tively raises the failure threshold, meaning a treated wellbore can
tolerate higher stress concentrations before failing. This could
allow drilling with lower mud weights or provide a larger safe

window between pore pressure and fracture pressure. It mirrors
the intent of other chemical wellbore stabilization methods (for
instance, silicate-based drilling fluids have been used to
strengthen borehole walls in problematic formations [9]. DAP
could be applied in a similar fashion - for example, as a soaking
treatment or an additive in drilling mud to create a thin stabilized
zone in the near-wellbore chalk. During Production: Once the well
is completed, the treated chalk’s improved properties would help
it withstand the changes in stress and pore pressure that occur
during production. Chalk reservoirs under depletion tend to
compact and subside, sometimes causing casing deformation or
loss of well integrity. Water injection, while maintaining pressure,
can exacerbate chalk weakening as discussed. A DAP-treated zone
around the wellbore would be more resistant to such compaction
and creep. The increase in chalk stiffness means less strain accu-
mulation over time for a given stress (i.e. reduced viscoplastic
deformation), which can prolong the stability of the wellbore ge-
ometry. The strengthening of grain contacts (higher cohesion) also
reduces the likelihood of grain disaggregation and sanding into the
well. Overall, by shifting the rock’s behavior toward that of a more
competent limestone, the DAP treatment provides a buffer against
common chalk problems like wellbore ovalization, collapse, and
excessive diameter growth. There is a potential trade-off to
consider: the mineral precipitation that improves strength may
slightly reduce permeability in the treated region. However, for
wellbore stability purposes, a thin ring of lower permeability
around the well is an acceptable compromise if it prevents cata-
strophic failure. In fact, a stabilized perimeter could act like a
pseudo-lining of the hole. Field deployment of such chemical
consolidation would require careful delivery (ensuring the DAP
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Fig. 6. The Mohr circles and Mohr-Coulomb failure envelopes constructed from a)
treated and b) untreated samples using triaxial peak stress data.

solution penetrates sufficiently and reacts in-situ), but the positive
outcomes from this study suggest it is a viable approach. Also, real-
time use may be limited by DAP curing time versus drilling speed,
potentially causing non-productive time. However, the clear gains
in compressive strength from our tests demonstrate that DAP can
significantly upgrade the mechanical robustness of chalk. This
enhancement directly addresses the root causes of chalk wellbore
instability — low strength and high creep tendency — by providing a
means to artificially increase strength. In summary, DAP treatment
shows promise as a novel wellbore strengthening technique for
chalk reservoirs, offering a way to mitigate instability during
drilling and production by chemically transforming a weak for-
mation into a more stable, rock-solid state.

5. Conclusions

This study demonstrated that diammonium phosphate (DAP)
treatment substantially enhances the mechanical performance of
chalk under conditions relevant to drilling and production. Treated
samples exhibited consistent gains in yield and peak strength
across confining pressures of 400-1600 psi, with improvements in
confined compressive strength ranging from 16% to 81%. The un-
confined compressive strength (UCS) doubled from 1600 psi in
untreated samples to 3200 psi in treated ones. Mohr-Coulomb
analysis showed a marked increase in cohesion (from ~600 psi to
~1350 psi), highlighting the treatment’s effectiveness in
strengthening the material primarily through increased bonding
at grain contacts.

These mechanical improvements are attributed to hydroxyap-
atite precipitation within the pore space and at grain interfaces
during DAP treatment, which transforms chalk into a more rock-
solid state. Unlike water weakening, which degrades chalk
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through adsorption pressure and dissolution, DAP-induced
mineralization provides a chemical consolidation effect that en-
hances the formation’s structural integrity.

From a field perspective, these improvements are directly
relevant to wellbore stability. A stronger, stiffer formation can
better resist collapse and breakout during drilling and is less
susceptible to compaction and creep during production. The re-
sults affirm the potential of DAP as a practical and effective
chemical solution to stabilize weak chalk formations, reduce non-
productive time, and maintain well integrity in carbonate
reservoirs.
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