Rock Mechanics and Rock Engineering
https://doi.org/10.1007/500603-019-02032-y

ORIGINAL PAPER q

Check for
updates

Experimental Investigation of the Effect of Salt Precipitation
on the Physical and Mechanical Properties of a Tight Sandstone

Dujie Zhang™?® - Yili Kang' - A. P. S. Selvadurai? - Lijun You'

Received: 30 April 2019 / Accepted: 10 December 2019
© Springer-Verlag GmbH Austria, part of Springer Nature 2019

Abstract

Salt precipitation in rocks is a strongly coupled physico-chemical process, which has implications on natural gas extraction
efficiency. The paper examines the effect of salt precipitation on porosity, permeability, permeability-stress sensitivity and
elastic wave velocities of the rock matrix in tight sandstone with high salinity. Results show that the porosity and permeability
decrease significantly after salt precipitation, and the permeability-stress sensitivity was aggravated by the salt precipitation.
Following salt precipitation, the elastic wave velocities decreased significantly, the dynamic Young’s modulus of the rock
decreased, and the dynamic Poisson’s ratio increased. Microstructural analysis suggests that following salt precipitation,
the smaller pores and pore throats become the main seepage channels. The crystalline salt was deposited in the pores, the
micro-fractures and on the surface of clay minerals, which not only reduces porosity and permeability, but contributes to the
development of secondary cracks that weaken the rock matrix.
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1 Introduction

Salt precipitation is a common phenomenon encountered
in many engineering endeavours, including the control of
water loss from land surfaces (Scanlon et al. 1997), protec-
tion of pavements, roads and historical monuments (Flatt
2002; Espinosa-Marzal and Scherer 2010), and various
geochemical issues related to intact geological formations
(Shahidzadeh-Bonn et al. 2010). The mechanism for salt
precipitation in deep geological formations is more complex
than those encountered on surficial soils. For example, CO,
sequestration (Rathnaweera et al. 2015; Zhou et al. 2016),
enhanced geothermal systems (Borgia et al. 2012; Cui et al.
2018), and natural gas production (Cui et al. 2016) are all
situations, where salt precipitation can influence injectivity
and productivity if salt precipitation causes alterations to the
porosity and permeability of the geologic medium.
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Field observations of salt deposition in gas wells indi-
cated that salt crystals can gather in the wellbore and per-
foration zone, which affects the reservoir yield during gas
production (Kleinitz et al. 2001). With reference to natural
gas extraction, the gas reservoir can be divided into three
zones depending on the degree of water evaporation: the
Precipitation Zone, the Water Movement Zone and the In-
situ Zone, as shown in Fig. 1. In the Precipitation Zone, the
pressure declines around the wellbore causing an increase
in the molar water content of the flow space, which leads to
evaporation of water. When the solubility of the dissolved
ions exceeds the critical solubility, salt deposition occurs
(Van Dorp et al. 2009). In the Water Movement Zone, the
irreducible formation water and the invasive filtrate of the
water-based working fluids move to the Precipitation Zone
due to the high osmotic potential and residual capillary
forces (Miri and Hellevang 2016). This zone changes with
the development of the gas reservoir. In the In-situ Zone,
the gas reservoir is in its original state, and there is no salt
precipitation or formation water movement.

The Precipitation Zone is the area that is most affected
by salt precipitation. In this zone, salt precipitation has been
considered as the cause of permeability reduction in some
gas fields and as a potential problem in many others (Kirk
and Dobbs 2002; Kim et al. 2012). Work has been conducted
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Fig. 1 Schematic diagram of salt precipitation during gas production
in tight sandstone gas reservoirs. a The view of the damaged regions
induced by salt precipitation at the gas reservoir scale, b the division
of the Precipitation Zone, the Water Movement Zone and the In-situ

on the kinetics and the influencing parameters of salt precipi-
tation to clarify the mechanism of salt precipitation in hydro-
carbon-bearing porous rocks. Espinosa-Marzal and Scherer
(2013) and Tang et al. (2015) showed that the pore clogging
induced by salt precipitation is affected by the type of salt
(NaCl, KCl, Na,SO, and MgSO,) and the pore structure of
the host rock. Ott et al. (2014) observed the capillary-driven
transport of formation water and the respective solutes at
the pore scale. They observed that the transport of solute
between porosity classes determines the distribution of the
deposited salt in the pore space and the relationship between
permeability and porosity for flow-through drying. Le and
Mahadevan (2011) developed a model for evaporation in
productive gas wells, including the effect of capillary pres-
sure, and suggested that the higher the capillary pressure, the
more salt is crystallized and precipitated, resulting in a larger
permeability reduction for the gas well. When salt minerals
are precipitated in confined pores, the induced crystallization
stress can potentially damage the gas reservoir (Winkler and
Singer 1972; Rijniers et al. 2005). Noiriel et al. (2010) inves-
tigated the effects of sodium chloride precipitation induced
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by water evaporation on fractures in sandstone; their results
showed that fracture networks were formed by nucleation
of micro-fractures in the region, where water evaporation
occurred. The extent and degree of salt damage in porous
rocks caused by crystallization pressure could be a func-
tion of many processes and parameters including the crystal
liquid interfacial free energy, the solution super saturation,
the growth rate of crystals, the localization of precipitation
and the mechanical response of the host rock and its in situ
stress state (Noiriel et al. 2010; Flatt et al. 2014; Zheng et al.
2015). The change in the rock mesostructure due to salt pre-
cipitation alters the mechanical properties of the reservoir
rock; this is reflected in the gas well production, because
it influences the stress-sensitivity permeability of the gas
reServoir.

Recently, high-pressure/high-temperature and high yield
tight sandstone gas reservoirs containing high-salinity brine
have been developed and the corresponding problem of salt
precipitation has become more evident. Investigations to
assess the influence of salt precipitation on the properties
of a tight sandstone gas reservoirs are, however, scarce.
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The ultra-deep (>7000 m) tight sandstone gas reservoirs
with high salinity brine located in the Tarim Basin, were
investigated to determine the effect of salt precipitation on
the physical and mechanical properties of a tight sandstone
with high salinity formation water. First, the porosity and
permeability of the matrix before and after salt precipita-
tion were investigated in a laboratory setting. Then, the
permeability-stress sensitivity and the elastic wave veloci-
ties of the rock were measured. In addition, high-pressure
mercury injection tests and Scanning Electron Microscopy
were used to analyze the microstructural changes that fol-
lowed salt precipitation.

2 Materials and Methods
2.1 Materials

Fourteen tight sandstone core samples (2.54 cm in diam-
eter and 3.00-6.00 cm in length) were recovered from
typical ultra-deep tight sandstone gas reservoirs in the K
gas field, Tarim Basin, China. The porosity of the sam-
ples ranged from 1 to 5%, and the gas permeability was
0.01~0.035% 107> um?. The basic physical properties of
the samples that were tested are as shown in Table 1. The
salinity of the in situ brine in the tight gas reservoirs was
approximately 200,000 mg/L ~210,000 mg/L. To ensure
the consistency of the experiments, the brine solution used
in this research was prepared in the laboratory according
to the ion constitution of the formation water obtained
from the K gas reservoirs. The composition of the brine
solution is NaHCO; (243.6 mg/L), Na,SO, (604.9 mg/L),
NaCl (171,497.0 mg/L), MgCl, (3744.0 mg/L) and CaCl,
(28,837.8 mg/L) (Zhang et al. 2018).

2.2 Water Saturation and Salt Precipitation

As mentioned in the Induction, the water saturation of
the in situ samples is variable. If the oil and gas reservoir
contains bottom water or product formation water from
oil and gas production, the in situ water saturation of the
formation could reach up to 100%. Therefore, the samples
were prepared with water saturations of 10%, 20%, 40%,
60% and 100%. The accuracy of the targeted saturations is
0.1%. A spontaneous capillary water imbibition experiment
(Dehghanpour et al. 2013) was performed to establish the
initial water saturation of the samples with 10%, 20%, 40%
and 60% water saturation. For fully saturated samples, fluid
was evacuated with a vacuum pump for 12 h in an autoclave
body, and brine was allowed to fill the autoclave body. The
liquid pressure was then increased to 20 MPa for 24 h to
make sure that the sample was completely saturated with
brine. Salt precipitation experiments were then conducted.
In salt precipitation experiments, it is necessary for evapo-
ration to occur on the rock surface during salt precipita-
tion, i.e., the samples were allowed to dry from all sides.
Therefore, it is not possible to consider the in situ stress
and real pore pressure values during salt precipitation. If
the temperature of the experiment is set as the real value
without the real gas pressure, the high temperatures would
promote the transformation of the clay minerals; for exam-
ple, montmorillonite can be transformed into illite and anal-
cime, and kaolinite can be transformed to montmorillonite
and analcime due to the water sensitivity of the clay min-
eral, whereas illite is relatively stable. Such transformations
of the clay minerals would cause significant changes in the
pore structure (Zhuang et al. 2018), resulting in changes to
the porosity and permeability of the sample, which would
influence the experimental results of salt precipitation. To

Table 1 The basic physical

Sample no. Depth (m) Length (mm) Diameter (mm) Porosity (%) Permeability Pore volume (ml)

properties of the experimental (x 1073 pm?)

samples
KS1-7 773338  51.01 24.78 4.79 0.0155 1.178
KS1-15 7850.46  49.98 24.78 4.04 0.0349 0.973
KS5-4 7755.45  49.58 24.70 3.71 0.0241 0.881
KS5-5 775832  23.25 24.50 3.56 0.0229 0.390
KS3-4 7898.96  45.52 24.72 1.69 0.0305 0.369
KS3-9 7907.43  54.38 24.72 1.93 0.0208 0.503
KS4-1 7651.73  53.12 24.78 2.79 0.0127 0.714
KS6-7 7564.73  51.70 24.92 2.13 0.0135 0.537
KS5-12 7792.28  50.90 24.84 2.80 0.0172 0.690
KS5-14 779437  31.22 24.50 2.58 0.0182 0.380
KS5-13 7793.57 5022 24.72 2.66 0.0162 0.641
KS5-15 7795.01  47.63 24.60 293 0.0141 0.663
KS1-17 7851.82  47.05 24.25 2.81 0.0128 0.610
KS1-23 797177 46.56 24.25 3.40 0.0329 0.731

@ Springer



D.Zhang et al.

investigate more accurately the effect of salt precipitation on
the physical and mechanical properties of a tight sandstone,
salt precipitation experiments was conducted. A schematic
of the salt precipitation experiments and use of the sample
for microstructural observations is shown in Fig. 2. Detailed
experimental procedures of salt precipitation are as follows:
(1) the sample with an initial water saturation was placed
in air oven; (2) the sample was kept vaporized at 60 °C and
at ambient pressure until no further changes in the weight
of the sample were observed; and (3) the salt precipitation
experiment was completed, and the samples were removed
for other experiments.

2.3 Porosity, Permeability and Permeability-stress
Sensitivity Measurements

The experimental research focused on the laboratory
estimation of porosity, permeability and permeability-
stress sensitivity alterations in a cylindrical sandstone
sample before and after salt precipitation: (1) Nitrogen
was used to determine the porosity of the samples under a

For mercury porosimetry

! [For salt precipitation |
before salt precipitation

[ Saturated formation water |

[ Salt precipitation experiments |

Break sample, for SEM and
mercury porosimetry after
salt precipitation

Fig.2 Schematic of the water saturation experiment, salt precipita-
tion experiments and use of the sample for microstructural observa-
tions

constant confining pressure (3 MPa) (according to Boyle’s
law, P,V, = P,V,). (2) For the permeability testing, the
samples were tested under a fixed confining pressure
(3 MPa), an inlet pressure of 1.6 MPa and an outlet pres-
sure of 0.6 MPa to minimize gas slippage effects (Tian
et al. 2018). The gas permeability was measured using
99.9% pure dry nitrogen gas supplied at room temperature
(25 °C). The gas flow rate was measured using a Sevenstar
DO07-11CM semi-conductor flow meter (0.005 mL/min).
A schematic view of the experimental facility is shown
in Fig. 3.

(3) Two untreated tight sandstone samples and two
samples after salt precipitation (initial water saturation
100%) were selected for the permeability-stress sensitivity
experiments. The experimental procedures for permeabil-
ity-stress sensitivity testing are similar to those used for
permeability testing, but with variable all-round confining
pressure. Confining pressures of 3 MPa, 5 MPa, 10 MPa,
15 MPa, 20 MPa, 25 MPa and 30 MPa were applied and
removed quasi-statically. The isotropic effective stress o
was obtained based on Biot’s effective stress principle
(Biot 1941); from rock mechanics experiments, the aver-
age Biot coefficient of these matrix samples was set to
0.38 (Selvadurai 2018; Selvadurai et al. 2018), and the
corresponding effective stress was calculated using Eq. 1:

oc=P, —aP, (1)

where o is the effective stress, MPa; P, is the confining pres-
sure, MPa; P; is the pore pressure, MPa; « is the Biot coef-
ficient. Xu et al. (2018) assumed that the seepage in the
sample was a plate flow, allowing them to define the stress
sensitivity coefficient parameter. The physical meaning of
the stress sensitivity coefficient is the degree of change in the
equivalent seepage channel aperture with an increase in the
effective stress. Therefore, in this paper, the stress sensitivity
coefficient (S;) is used to evaluate the change in permeabil-
ity under confining pressure, and is expressed as follows:

Confining pressure system

i Pressure sensor

®_

Core holder

Electric pulse
generator

L ][]
noa

Oscilloscope

@ Pressure sensor
|ackpressu
valve

High-precision
semiconductor flow meter

Date gathering

Fig.3 Schematic view of the experimental facility for measuring permeability, permeability-stress sensitivity and acoustic wave velocity
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1-+/K;/ Ky &

B log,o(6;/0¢)

si

where K|, is the initial permeability, X 1072 pm?; K; is the
permeability in the ith test point (i=1, 2, 3...), x 107 um?;
oy is the initial effective stress, MPa; o, is the effective stress
in the ith test point, MPa.

2.4 Measurement of Elastic Wave Velocities

Elastic wave velocities [Compressional waves (P-waves) and
shear waves (S-waves)] were induced by an electric pulse
generator. The rise duration of the generator was a maximum
of 0.2 ms. The frequency of P-waves and S-waves emitted
by the electric pulse generator was 960 kHz and 620 kHz,
respectively, with an accuracy of 0.1 ps. This generator was
connected to transmitter/receptor transducers. The sample
was placed between the transducers in a core holder sub-
jected to 3 MPa of confining pressure. A RIGOL DS1052E
oscilloscope (10 ns-time resolution) was used to register the
signals. The experimental was performed at room tempera-
ture (25 °C).

2.5 Microstructural Observations

Any microstructural variations, the morphology and location
of crystalline salt in the rock masses after salt precipita-
tion were identified using a Scanning Electron Microscope
(SEM). The SEM (Quanta 250, FEI) was used in a low
vacuum mode to capture the changes in the tight sandstone
micro-structure, and the test accuracy ranged from 100 nm
to 3 500 pm. The pore size distribution of the sample was
measured using a high-pressure mercury porosimeter (Pore-
Master 60GT, Quantachrome Instruments). The measured
pore size ranged from 1.8 nm to 150 pm, and the maxi-
mum mercury injection pressure was 400 MPa. It should
be emphasized that the salt experiment samples and the

(a)

mercury porosimetry samples were not the same sample,
but were taken from the same core plug. As shown in Fig. 2,
the core plug was divided into Part A and Part B. Part A was
used to conduct the mercury porosimetry experiment before
salt precipitation. Part B was used to conduct the salt pre-
cipitation experiment and the follow-up evaluation experi-
ments; the sample length of Part B was close to 50 mm.
After the follow-up evaluation experiment was completed,
Part B was prepared for the mercury porosimetry experiment
after salt precipitation.

3 Results and Discussion
3.1 Porosity and Permeability Changes

Typical photos of the tight sandstone sample before and
after the test are shown in Fig. 4. The alteration of porosity
and permeability after salt precipitation obtained from our
laboratory investigations are shown in Table 2 and Fig. 5. As
shown in Table 2, the pore volume, porosity and permeabil-
ity of the samples with different initial water saturation were
reduced after salt precipitation, indicating that the porosity
decrease by 1.62% ~ 14.53%, with an average of 8.27%, and
the permeability can decrease by 10.04% ~ 64.70%, with an
average of 32.83%.

Figure 5a presents the change in the porosity—perme-
ability relationship of the specimens before and after salt
precipitation. The figure demonstrates that most of the data
points shift to the lower left, which indicates that salt pre-
cipitation causes a significant reduction in the porosity and
permeability of the samples. The near linear relationship
between porosity reduction (100%-¢ g, precipitation’® X 100
%) and permeability reduction (100%-Ky_precipitation’k X 10
0%) is displayed in Fig. 5b. In particular, when the porosity
reduction of the sample exceeds 7%, the permeability reduc-
tion is accelerated, a finding that is new and less than the
critical porosity reduction given in a previous investigation

(b)

Fig.4 Typical photos of a tight sandstone sample before and after the test. a Before salt precipitation; b after salt precipitation
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Table 2 Porosity and permeability alteration of the samples after salt precipitation

Sample no. Depth (m) Sy (%) Dsattprecipitation (%) Ksale-precipitation Porosity reduc- Permeability Pore volume after salt
(x1073 pm?) tion (%) reduction (%) precipitation (cm®)
KS5-4 7755.45 10 3.59 0.0211 3.28 12.41 0.817
KS5-5 7758.32 10 3.50 0.0206 1.62 10.04 0.368
KS3-4 7898.96 20 1.59 0.0249 5.79 18.30 0.314
KS3-9 7907.43 20 1.83 0.0175 5.13 1591 0.412
KS4-1 7651.73 20 2.61 0.0110 6.62 13.79 0.617
KS6-7 7564.73 20 1.98 0.0115 6.86 15.12 0.484
KS5-12 7792.28 40 2.60 0.0110 7.21 35.84 0.461
KS5-14 7794.37 40 2.35 0.0109 9.07 39.95 0.269
KS5-13 7793.57 60 2.34 0.0076 12.11 52.94 0.371
KS5-15 7795.01 60 2.53 0.0066 13.69 53.19 0.373
KS1-17 7851.82 100 2.43 0.0049 13.38 61.71 0.285
KS1-23 7971.77 100 291 0.0116 14.53 64.74 0.376
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Fig.5 a Porosity—permeability relationship before and after salt pre- with different initial water saturation, ¢ the effect of water saturation
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permeability reduction relationship before and after salt precipitation with different initial water saturation
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(Tang et al. 2015). Preliminary analysis suggests that both
the porosity and permeability of the samples used in this
research are less than the values cited in the literature, and
natural micro-fractures, as opposed to micro-fracture cre-
ated by salt precipitation, play a more important role in gas
seepage. Part of the porosity reduction followed salt pre-
cipitation is due to a reduction in the fracture space (frac-
ture width). According to the cubic law (Witherspoon et al.
1980; Liu et al. 2000), small changes in the fracture space
(fracture width) will induce large changes in fracture per-
meability. Therefore, the influence of the porosity reduction
on the reduction of permeability is more noticeable in the
tight sandstone samples tested. In addition, Fig. 5c shows
the porosity and permeability reduction in samples at differ-
ent water saturation levels after salt precipitation. When the
water saturation levels in the samples were 10%, 20%, 40%,
60% and 100%, the average porosity reductions were 2.25%,
6.10%, 8.14%, 12.90% and 13.96%, respectively. At the same
saturation levels, the average permeability reductions were

0.040
(@)  KS1-15-Untreated sample
0.035 -
—— Loading
0.030 - —&— Unloading
0.025
a B
é 0.020
=
0.015 |
0.010 -
0.005 -
0.000 -
1 1 1 1 1 1
0 5 10 15 20 25 30
Effective stress(MPa)
0.014 T .
| (c) KS1-23-After salt precipitation
0.012 |
I —— Loading
o010 L —@— Unloading
~ 0.008 |-
= I
g
= 0.006 |-
0.004 |-
0.002 |-
0'000 C " " " " " "
0 5 10 15 20 25 30

Effective stress(MPa)

Fig.6 The changes of permeability-stress sensitivity before and after
salt precipitation. a Permeability evaluation of KS1-15 under differ-
ent effective stresses, b the fitted result for the relationship between
normalized permeability and normalized effective stress for KS1-15,

11.23%, 15.78%, 37.90%, 53.07% and 63.23%, respectively.
It can be seen that as the initial water saturation increases,
the reduction of porosity and permeability also increases.
The reduction of permeability increases nonlinearly with
the increase of water saturation, whereas the increase in
the reduction of porosity is linear. The growth trend of the
permeability reduction is more pronounced than that of the
reduction of porosity.

3.2 Change of Permeability-Stress Sensitivity

The alterations to the porosity and permeability due to salt
precipitation cause changes in the permeability stress sensi-
tivity (Li et al. 2013). In general, porosity and permeability
changes in the Precipitation Zone is large. Meanwhile, the
variation of the effective stress in this region is also obvious
during gas production. Figure 6 presents the representative
evolution of permeability as a function of the effective stress
during the loading and unloading pressurization phases for

L1
Lol ‘(b) KS1-15-Untreated sample
0.9 o ~
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¢ permeability evaluation of KS1-23 under different effective stresses,
d the fitted result for the relationship between normalized permeabil-
ity and normalized effective stress for KS1-23
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an untreated tight sandstone sample (KS1-15) and a sam-
ple tested after salt precipitation (KS1-23). The irreducible
permeability reduction with effective stress is similar to that
observed by Selvadurai and Glowacki (2008) and Gtowacki
and Selvadurai (2016) for intact Indiana limestone and by
Selvadurai (2015) for fractured granite. As we can see, the
permeability reduction patterns for the sample after salt pre-
cipitation are similar to that of the untreated sample, but
there is a pattern of deterioration compared to the untreated
samples.

Table 3 presents a summary of the stress sensitivity coef-
ficient changes of the samples before and after salt precipi-
tation. Results indicate that the average stress sensitivity
coefficients of the untreated specimens during the loading
and unloading phases were 0.55 and 0.48, respectively. The
average stress sensitivity coefficients of the samples after
salt precipitation during the loading and unloading phases
were 0.89 and 0.82, respectively. The results indicate that
the degree of permeability-stress sensitivity damage of the
tight sandstone is increased after salt precipitation. As con-
sequence, the permeability-stress sensitivity changes could
result in additional production losses during the same pro-
duction time, and it is important to understand the mecha-
nism of the permeability-stress sensitivity changes to control
such losses. A preliminary analysis suggests that the perme-
ability of the samples decreases after salt precipitation, and
the size of the seepage channels in the rock are likely to be
reduced, which leads to a permeability reduction under an
almost identical deformation induced by confining pressure.
A more detailed mechanism is discussed below based on the
results of microstructural observations.

3.3 Variations of Elastic Wave Velocities

Figure 7a, b shows the variation in the elastic wave veloci-
ties of the tight sandstone samples before and after salt
precipitation, and indicates that (1) the longitudinal wave
velocity (V) decreases significantly after salt precipitation,
and (2) the drop ranges from 5.01 to 14.66%, with an aver-
age of 10.12%. Similarly, the shear wave velocity (V) also
decreases after salt precipitation, and the drop ranges from

8.70 to 23.02%, with an average of 15.91%. The drop range
of the longitudinal wave velocity increased as the water
saturation level increased; however, the downward trend in
shear wave velocity was not obvious with changes in the
water saturation level. Young’s modulus (E) and Poisson’s
ratio (v) are important indictors related to the mechani-
cal properties of rock (Davis and Selvadurai 1996; Villar-
raga et al. 2018), and usually they includes static data and
dynamic data. Due to non-destructive property of the tests,
the dynamic Young’s modulus and the dynamic Poisson’s
ratio, i.e., Young’s modulus and Poisson’s ratio calculated
by the elastic wave velocity, were select to characterize the
changes in the rock mechanical properties after salt precipi-
tation. The bulk density of the sample p (kg/m?), V, (km/s)
and V, (km/s) can be used to calculate E (MPa) and v, as
follows (Jaeger et al. 2009):

2 2 2
v2(3vz-412)

) (v2-2v2)
- 2(v§ _ V3> @

The dynamic Young’s modulus and the dynamic Pois-
son’s ratio before and after salt precipitation were calculated
based on the obtained ultrasonic data. In this research, the
average density of the tight sandstone was 2550 kg/m?>. Fig-
ure 7c, d shows the evolution of E and v after salt precipi-
tation for the samples at different initial water saturations
(KS5-12 and KS5-14 with 40% water saturation; KS5-13
and KS5-15 with 60% water saturation; KS1-17 and KS1-
23 with 100% water saturation). As shown in Fig. 7c, after
salt precipitation the dynamic Young’s modulus of the sam-
ples decreases significantly, with an average of a 14.60%
reduction. The difference in E before and after salt precipi-
tation increases significantly as the initial water saturation
increases. The average reduction of E in the samples with
40%, 60% and 100% water saturation was 5.35%, 17.05%

Table 3 Permeability stress

e . Untreated samples
sensitivity experimental

Samples after salt precipitation

results before and after salt Sample no.  Depth (m)  Confining pres- S Sample no  Depth (m)  Confining pres- S
precipitation sure condition sure condition
KS1-7 7733.38 Loading 051 KS1-17 7851.82 Loading 0.90
Unloading 0.42 Unloading 0.83
KS1-15 7850.46 Loading 0.58 KS1-23 7971.77 Loading 0.87
Unloading 0.54 Unloading 0.81
Average - Loading 0.55  Average - Loading 0.89
Unloading 0.48 Unloading 0.82
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Fig.7 a The change in the velocity of the longitudinal wave before
and after salt precipitation, b the change in the velocity of the shear
wave before and after salt precipitation, ¢ the change in the dynamic

and 21.41%, respectively. As shown in Fig. 7d, the dynamic
Poisson’s ratio increases after salt precipitation, with an
average increase of 9.85%. The dynamic Poisson’s ratio
increase in the samples with 40%, 60% and 100% water
saturation is 2.29%, 14.31% and 12.94%, respectively, and
it appears that the amount of precipitated crystalline salt has
little influence on the changes in v.

3.4 Microstructural Analysis
3.4.1 Pore Distribution Analysis

The capillary pressures and pore characterization param-
eters of the tight sandstone before and after salt precipita-
tion were measured using a high-pressure mercury injection
test. Based on the assumption of cylindrical pores, the pore
size distribution can be calculated by the Washburn equation
(Yao and Liu. 2012): R, = (— 20 cos 8)/P,, where P, is the
absolute injection pressure, R, is the pore radius (pm) when
mercury enters at a pressure of P, (MPa); € is the contact

Il Before salt precipitation
I After salt precipitaiton

ssp ®

Shear wave velocity(km/s)
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028 - —@— After salt precipitation
5]
g
» 024
=
=3
2
3
& 0.20
2
]
<
]
>
2 016

0.12 |-

1 i 1 i 1 i 1 i 1 i 1 1
KS5-12 KS5-14 KS5-13  KS5-15 KS1-17  KS1-23

Young’s modulus before and after salt precipitation, d the change in
the dynamic Poisson’s ratio before and after salt precipitation

angle between mercury and the pore surface; and o is the
interfacial tension of mercury. Therefore, it is not difficult
to find that if the injection curve has a high slope and a
very small flat section, only a small proportion of the pores
have the same diameter; the higher the slope and the smaller
flat section, the smaller the proportion of the pores with the
same diameter, i.e., intense heterogeneity of the pore-throat
size. Figure 8 shows the representative curves for mercury
intrusion and evacuation of the samples. There is only a
very small flat section in the mercury injection curves before
and after salt precipitation, which indicates that the pore-
throat size is predominantly heterogeneous. Meanwhile, the
curves shift to the top right after salt precipitation, which
indicates that, to achieve the same mercury saturation, the
injection pressure has to be higher. Furthermore, the slope
of the curve is smaller after salt precipitation, indicating that
the heterogeneity of the pore throat becomes greater after
salt precipitation. As shown in Table 4, the average thresh-
old pressure of the samples before and after salt precipita-
tion was 1.31 MPa and 1.21 MPa, respectively. The average
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Fig.8 The mercury intrusion and evacuation curves of tight sandstone before and after salt precipitation

Table 4 Parameters of pore throat structure of the samples before and after salt precipitation by high-pressure mercury injection test

Cores Threshold pres- Median saturation ~ Average pore throat Uniformity Sorting coefficient Efficiency of
sure (MPa) pressure (MPa) Radius (pm) coefficients mercury withdrawal
(%)
KS1-17-1 before 1.43 22.83 0.0322 0.1844 2.3420 52.49
KS1-17-1 after 0.75 40.94 0.0180 0.3088 3.3591 46.87
KS1-23-1 before 1.18 16.24 0.0452 0.1877 2.2618 34.00
KS1-23-1 after 1.66 19.34 0.0380 0.1925 2.2895 24.45

median saturation pressure before and after salt precipita-
tion was 19.54 MPa and 30.14 MPa, respectively. Also, the
corresponding median pore-throat radius is 0.0387 pm and
0.0280 pm. The average efficiency of mercury withdrawal
before and after salt precipitation is 43.25% and 35.66%,
respectively. The low mercury recovery efficiency indicates
that the samples consisted of a system of large body pores
interconnected by very narrow pore throats (Lai et al. 2018),
and the dimension ratio of these pore throats become larger
after salt precipitation as evidenced by the lower average
efficiency of mercury withdrawal. On the whole, the average
pore throat radius decreases significantly, and the pore throat
geometries become more complex after salt precipitation.
Figure 9 presents the corresponding permeability con-
tribution ratio due to different pore radii in tight sandstone
before and after salt precipitation. The curves of the per-
meability contribution ratio shift to the lower left after salt
precipitation, and the maximum permeability contribution
ratio decreases significantly. In other words, the effect of
the bigger pores on the seepage of rock samples is reduced,

@ Springer

and the permeability contribution of the bigger pore throat
becomes smaller. On the other hand, a great number of the
small pores become the main seepage channel after salt pre-
cipitation. It is likely that the larger pores and pore throats
are separated into smaller ones because of salt precipita-
tion, so that eventually, the smaller pores and pore-throats
become the main seepage channels. As a corollary, the per-
meability of the samples would decrease dramatically after
salt precipitation (Yun et al. 2009), which was observed in
the experimental results of permeability alteration shown in
Fig. 5c in Sect. 3.1.

3.4.2 Image Analysis of Crystalline Salt

Both type and crystallization position of the crystalline
salt are vital when examining the impact of salt precipi-
tation on the physical, mechanical and transport proper-
ties of the tight sandstone. Results of Energy Dispersive
X-Ray Spectroscopy (EDX) analysis after salt precipita-
tion are shown in Fig. 10a, where a mass of crystalline salt
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is clearly seen on the fracture surface of the samples. As
determined by the EDX analysis, carbon, nitrogen, oxygen,
sodium, chlorine and calcium were present in the crystal-
line salt, with high percentages of both sodium and chlo-
rine. Therefore, after taking into account the composition
of the brine solution as shown in Table 1, the preliminary
analysis suggests that the main type of salt that crystallized
in the samples was sodium chloride. Furthermore, Fig. 10b
shows that crystalline salt stacks that developed on the
surface of clay minerals (an illite/smectite interstratified
mineral in this figure) are widely distributed. Clay miner-
als are mainly observed in the pore throats and fractures,
and therefore, the stacked crystalline salt reduces both the
porosity and permeability of the material. These results
explain the porosity and permeability reduction of the tight
sandstone after salt precipitation.

In addition, Steiger (2005) indicates that the crystal-
lization pressure induced by inorganic salt is negatively
correlated with the molar volume of inorganic salts. Due
to its smaller molar volume than common double salt,
the crystallization pressure induced by NaCl is the larg-
est. Therefore, it is easy to conclude that sodium chloride
can cause deformation and damage to sandstone due to
drying-induced salt crystallization pressure. Figure 10c
shows micro-fracture that was obstructed by the layered
crystalline salt. Based on the theory of fracture mechanics,
the stress intensity factor induced by the crystalline salt
located in the tip of the fracture easily exceeds the critical
stress intensity factor of the fracture, causing secondary
cracks (Coussy 2006), and this possibility has been dem-
onstrated by Ju (2014).

3.5 Physico-Chemical Coupling Mechanism Analysis
To obtain a more accurate analysis, the fracture tip
strength factor induced by salt precipitation was modeled

Zhang et al. (2019). The simplified mechanical model is
shown in Fig. 11.

Ay

~1

Fig. 11 The distribution of crystallization stress in the wedge fracture
(Ju 2014)
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The formula for calculating the stress intensity factor
is as follows:

I
1/2
YcL 1 <L+l) dl.

K
L-1

l =
tan (@/2)v/zL ) L1

where y is interfacial free energy of sodium chloride, J/
m?; L is the distance between the tip of fracture and the
location of salt precipitation, m; / is the length of the crys-
talline salt, m, « is the fracture opening angle, °; K| is the
stress intensity factor, MPa m!”2. For a fracture of 1 m long
or shorter, K; induced by salt precipitation easily exceeded
the fracture toughness of tight sandstone. In other words,
micro-fracture in the tight sandstone sample will propagate
under the action of salt precipitation, which will increase
the amount of damage in the tight sandstone sample. Conse-
quently, the mechanical properties of the samples decrease.
The experimental results given in Sect. 3.3 show that the
impact of salt precipitation on the dynamic Young’s modu-
lus and dynamic Poisson’s ratio was significant, which is in
agreement with the SEM image analysis results. Meanwhile,
due to the reduction of the Young’s modulus and Poisson’s
ratio, the specimens tested after salt precipitation were more
prone to deformation (Glowacki and Selvadurai 2016; Zhu
et al. 2018).

()

4 Conclusion

Representative samples from ultra-deep tight sandstone gas
reservoirs with high-salinity brine obtained from the Tarim
Basin, were used in the research to investigate changes to
the physical and mechanical properties caused by salt pre-
cipitation resulting from the evaporation of the formation
water. The main finding of this research can be summarized
as follows:

Both porosity and permeability of the tight sandstone
decrease significantly after salt precipitation (Porosity
reduction of 1.62% ~ 14.53%, with an average of 8.27%;
permeability reduction of 10.04% ~ 64.70%, with an aver-
age of 32.83%). When the reduction in the porosity of the
sample exceeds 7%, the permeability reduction is notice-
able. The higher the initial water saturation, the larger the
range of the porosity and permeability loss. The degree of
permeability-stress sensitivity damage in the tight sandstone
was increased after salt precipitation. The average stress sen-
sitivity coefficients of the samples after salt precipitation
during the loading and unloading phases were 0.89 and 0.82,
respectively, while the average stress sensitivity coefficients
of the untreated samples during the loading and unloading
phases were 0.55 and 0.48, respectively.
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The elastic wave velocities of the tight sandstone
decreased significantly after salt precipitation. The ultra-
sonic spectrum analysis suggested that the dynamic Young’s
modulus of the rock decreased by 14.60% on average, and
the dynamic Poisson’s ratio increased by 9.85% on aver-
age, which indicates that salt precipitation has a tendency
to weaken the rock matrix.

The microstructural analysis suggests that the main type
of salt crystallized is sodium chloride; the smaller pores and
throats become the main seepage channel after salt precipita-
tion, because the crystalline salt is mainly deposited on the
surface of any particles and in the pores and natural micro-
fractures. Salt precipitation and subsequent occlusion of the
pore spaces not only reduces the porosity and permeability,
but also creates secondary cracks, leading to a weakened
rock matrix. The changes in the seepage channels and rock
mechanical strength can help to explain the deterioration
of the permeability-stress sensitivity after salt precipitation.
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