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This paper examines the damage caused by slickwater fracturing fluid to the microscopic pore structure of tight sandstone in the
Chang 7 member in the Ordos Basin. A submicron CT in situ displacement system was used to analyze and graphically
represent changes in pores in core samples following fracturing fluid damage. The results show the following: (1) the damage
caused by slickwater fracturing fluid to tight sandstone fractures mainly occurs in the early stage of fluid incursion. The damage
is characterized by a decrease in the effective pore volume, increase in the number of pores, and insignificant subsequent
damage. The main causes of pore damage by slickwater fracturing fluid are retention of slickwater in the liquid phase and
hydration swelling of clay minerals in the pores. (2) After the high pressure intrusion of slickwater fluid, the pore size of large-
size intergranular pores increases, and there is no obvious damage after water flooding. However, fractures and small dissolution
pores in the cores are the main areas of fluid retention after fracturing fluid invasion due to their small flowing radius and
complex structure. These are the locations where damage mostly occurs.

1. Introduction

There are enormous resource reserves in tight sandstone res-
ervoirs in China. With conventional oil and gas resources
decreasing year on year, this type of reservoir has become
an important replacement resource for current petroleum
industry development [1, 2]. Due to the extremely low per-
meability of rocks in this type of reservoir, volume fracturing
of horizontal wells with slickwater is the primary method for
industrial development [3]. Currently, volume fracturing in
horizontal wells generally adopts the operation mode of
“thousands of cubic meters of sand, tens of thousands of
cubic meters of fracturing fluid.” The volume of fracturing
fluid injected into horizontal wells is much higher than that

into ordinary vertical wells. Reduction in the permeability
of reservoir rock and corresponding impact on the produc-
tion of oil wells is inevitable once a reservoir has been
invaded by slickwater fracturing fluid [4–6].

Evaluation of the degree of damage cause by fracturing
fluid to reservoir rocks has generally been based on the mea-
surement of the permeability of core samples. Due to the
strong heterogeneity of extremely low porosity structures in
tight sandstones, macroscopic core experiments tend to
encounter a number of problems such as large differences
in experimental results, poor quantification, and difficult in
visualization. It is therefore difficult to quantitatively charac-
terize the damage caused to rock pores by fracturing fluid
invasion at different time intervals [7–10]. A more accurate
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experimental method is urgently required to fully understand
the microscopic characteristics of slickwater fracturing fluid
incursion and its relationship to pore-scale damage in tight
sandstones [11]. In recent years, with continuous improve-
ment of the accuracy of CT (Computed Tomography) scan-
ning, it has become possible to explore pore phenomena in
tight sandstone at a submicron scale [12–14]. High-
precision Computed Tomography has the characteristics of
intuitive quantification, visualization, and nondestructive-
ness, the technology, so it has been increasingly applied in
the field of microscale research in petroleum engineering
[15–19]. Currently, this technology is mostly used for quan-
titative characterization of the pore structures of low-
permeability cores and determination of the characteristics
of oil-water displacement and seepage. There have been few
studies on the microscopic characteristics of slickwater dam-
age to pores in tight low-permeability sandstones, despite the
need to deepen the understanding of this process [20–32].

This paper takes the tight sandstone of Chang 7 Member
in the Ordos Basin as the research object. A ZEISS high-
precision CT in situ displacement system was used to carry
out microscopic examination of fracturing fluid damage in
a core from the Chang 7 member. With the pore volume
expansion ratio as the evaluation index, a quantitative visual-
ization study was conducted to determine the characteristics
of damage caused by invasion of slickwater fracturing fluid to
various types of pores—such as fractures, intergranular
pores, and micropores—using high-precision original scan
grayscale images. The research results provide a crucial
experimental basis for deepening understanding of the
microscopic characteristics of damage caused by incursion
of slickwater fracturing fluid in tight sandstone reservoirs
and later EOR.

2. Experimental Methods and Samples

2.1. Experimental Core Data. For this study, a core from the
tight oil reservoir of the Chang 7 Member in the northern

part of the Ordos Basin in Shaanxi Province was selected
for sealed coring. The core had an air permeability of 0:408
× 10-3 μm2 and a porosity of 8.86%.

2.2. Principal Experimental Instruments and Materials

(1) Main instruments: Zeiss submicron CT (510
VERSA), in situ displacement system (including tem-
perature control system), CT scanning carbon fiber
core holder are used as the main instruments. The
experimental device is shown in Figure 1

(2) Main materials: core from the Chang 7 Member and
formation water (salinity 95300mg/L, water type
CaCl2) containing EM30S type slickwater filtrate
(Table 1) are the main materials used.

2.3. Experimental Methods. Since the pore size of tight sand-
stone is mostly micron or below submicron, radial displace-
ment of over 1mm or rotation or tilt of more than 1 degree
of the rock sample during the scanning process will cause dif-
ficulty in accurately comparing the core sample’s pores
before and after CT scanning

The in situ displacement system used for this study effec-
tively avoids this problem and is capable of obtaining high-
quality data. The specific experimental steps are as follows:

(1) CT scanning of core samples after saturation with
formation water:

(i) Step 1: a core section with a diameter of 10mm and
length of 30mm is placed in a carbon fiber core
holder and fixed on the CT scanning stage.

(ii) Step 2: the ambient temperature of the holder is set
at 45°C, and the confining pressure at 20MPa. The
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Figure 1: Experimental setup.
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vacuum pump of the displacement system is turned
on, then stopped after 8 hours.

(iii) Step 3: the microinjection pump and the inlet valve
are opened. After 12 h of saturation with formation
water, the pump is stopped and the inlet valve is
closed.

(iv) Step 4: the system is set as follows: the scanning volt-
age is 70KV, the power is 5W, the power of the
objective lens is 4x, and resolution is 1.03μm. Image
scanning is initiated to obtain graphic information
of the pore structure of each slabbed core.

(2) CT scanning is carried out at different time intervals
after fracturing fluid invasion:

(i) Step 1: the microinjection pump and the inlet valve
are opened to force the slickwater fracturing fluid fil-
trate into the core. The pump is stopped after 9 h,
and the inlet valve is closed.

(ii) Step 2: graphic information of the pore structure of
cores after 9 h of fracturing fluid invasion is obtained
with the system settings as above.

(iii) Step 3: graphic information of the pore structure of
cores after is obtained after 24 h and again after
72 h of fracturing fluid invasion, essentially by
repeating step 2.
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Figure 2: Variations in the pore volume of cores at different times (Note: (a) snapshot after saturation with formation water; (b) 9 h after
fracturing fluid invasion; (c) 24 h after fracturing fluid invasion; (d) 72 h after fracturing fluid invasion; (e) 24 h after subsequent water flooding).

Table 2: Statistics of pore volume and number of pores in the core
at different times.

Sample status
Number of

pores
Total pore volume

(μm3)

Saturated formation water 77193 594370

9 h after fracturing fluid
invasion

117164 427345

24 h after fracturing fluid
invasion

117606 410365

72 h after fracturing fluid
invasion

116054 405365

24 h after formation water
flooding

110650 468085

Table 1: Slickwater fracturing fluid formula and filtrate parameters.

Fracturing fluid types System composition Viscosity (MPa·s) Interfacial tension
(mN·m-1)

Slickwater
0.06%EM30S friction reducer +0.5%TOS-1 clay

stabilizer of oil wells 8.55 2.26
Gel breaker: liquid inventory 4/104 APS added into slickwater
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(3) CT scanning after subsequent formation water injec-
tion: the microinjection pump and the inlet valve are
opened, with the pump being stopped after 10PV for-
mation water has been injected. After 24 h, the system
is again set as above to obtain a graphical “snapshot”
of the pore structure of the core at that moment.

(4) CT scan data processing:

(i) Step 1: the pore volume of the core is extracted using
the Otsu algorithm.

(ii) Step 2: changes in pore diameters before and after
fracturing fluid invasion are obtained by calculating
pixel points.

3. Results and Discussion

3.1. Influence of Fracturing Fluid Intrusion on the Total Pore
Volume of Cores. Based on the experimental procedure set
out in 2.2 supra, the CT scan images obtained at 9 h, 24 h,
and 72 h after saturation with formation water, fracturing
fluid invasion, and subsequent water flooding were systemat-
ically compared. The number of pores and the characteristics
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Figure 3: Characteristics of mineral size changes of typical intergranular pores at different stages (Note: (a) snapshot following saturation
with formation water; (b) 9 h after fracturing fluid invasion; (c) 24 h after fracturing fluid invasion; (d) 72 h after fracturing fluid invasion;
(e) 24 h after subsequent water flooding).

Table 3: Changes of typical intergranular pore size over time.

State Pore diameter (μm) Expansion ratio (%) Gray value of intergranular pore

Saturated formation water 7.261 — 4536

9 h after fracturing fluid invasion 7.638 5.19 4853

24 h after fracturing fluid invasion 8.632 18.88 5240

72 h after fracturing fluid invasion 9.277 27.77 5760

24 h after formation water flooding 7.282 2.96 4570
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of volume changes in the core at different times are shown in
Figure 2 and Table 2.

Figure 2 and Table 2 show the following: first, the number
of pores in tight sandstone initially increases with fracturing
fluid invasion and then stabilizes; second, the pore volume of
tight sandstone initially decreases and then stabilizes with
fracturing fluid invasion, and the volume decrease mainly
occurs in the early stage of fracturing fluid invasion; third,
after fracturing fluid invasion and subsequent water flooding,
the total pore volume was partially restored but struggled to
return to its original state. After slickwater fracturing fluid
invasion, the damage rate to the pore volume of the tight
sandstone was about 21.13%.

Analysis indicates that the main cause of this phenome-
non is that, under the condition of high pressure immersion
in fracturing fluid, some weakly cemented rock particles are
dispersed, resulting in an increase in the number of pores.
However, pores plugged by fracturing fluid invasion,
together with the hydration and expansion of clay minerals,
lead to an overall decrease in total pore volume.

3.2. Influence of Fracturing Fluid Invasion on Intergranular
Pores in the Core. Second, the intergranular pores in the

experimental core samples were analyzed. The effects of frac-
turing fluid damage on the pores and fractures of cores at dif-
ferent times were compared. A representative intergranular
pore with obvious characteristics was selected from the scan
data as the analysis object, and the results are shown in
Figure 3 and Table 3.

Figure 3 and Table 3 show that intergranular pore diam-
eters increase after fracturing fluid filtrate invasion under
high pressure. At an interval of 72 h after saturation with
the fracturing fluid, the size of the studied pore had increased
from 14.521μm to 18.554μm, an increase of 27.77%. After
subsequent water flooding, this type of pore can return to
its original size, indicating that high-pressure invasion of
fracturing fluid has the effect of expanding intergranular
pores but does not cause significant damage to this type of
pore.

3.3. Influence of Fracturing Fluid Invasion on Fractures in the
Core. To clarify the damage that the fracturing fluid caused to
different types of pores in the core, fractures in the
experimental core samples were studied to compare the
impact of fracturing fluid on the fractures in the cores at dif-
ferent time intervals. A representative fracture with obvious
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Figure 4: Changes in the degree of openness of typical pores and fractures at different times (Note: (a) snapshot following initial saturation
with formation water; (b) 9 h after fracturing fluid invasion; (c) 24 h after fracturing fluid invasion; (d) 72 h after fracturing fluid invasion; (e)
24 h after subsequent water flooding).
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characteristics was selected from the scan data as the analysis
object, and the results are shown in Figure 4 and Table 4.

It can be seen from Figure 4 and Table 4 that the width of
pores and fractures increases with the invasion time of frac-
turing fluid and that the gray value of the image increases.
This indicates that the intrusion volume of fracturing fluid
increases, resulting in a continuous decrease in the effective
openness degree of fractures. After saturation by fracturing
fluid for 72h, the fractures at the measuring point tend to
be closed. However, after subsequent water flooding, the gray
values of the fractures continue to decrease. This indicates
that the invading fracturing fluid filtrate has been discharged
and that the gray value can be restored to the same value as at

the moment of saturation with formation water. This sug-
gests that, although slickwater fracturing fluid causes consid-
erable damage to the pores and fractures of tight rocks, the
damage can be greatly reduced by subsequent water flooding.

3.4. Impact of Fracturing Fluid Invasion on Dissolved Pores in
the Core. Finally, the dissolved pores in the experimental core
samples were analyzed to compare the influence of fracturing
fluid on the dissolved pores in the cores at different times. A
representative fracture with obvious characteristics was
selected from the scan data as the analysis object and the
results are shown in Figure 5 and Table 5.
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Figure 5: Size changes of typical micropores in different stages (Note: (a) snapshot following saturation with formation water; (b) 9 h after
fracturing fluid invasion; (c) 24 h after fracturing fluid invasion; (d) 72 h after fracturing fluid invasion; (e) 24 h after subsequent water
flooding).

Table 4: Variation of fracture width changes over time.

State Openness degree (μm) Rate of change of openness degree (%) Image; gray in the fracture area

Saturated formation water 2.554 — 5338

9 h after fracturing fluid invasion 1.309 48.77 6139

24 h after fracturing fluid invasion 1.092 57.24 6671

72 h after fracturing fluid invasion 0 100.00 7952

24 h after formation water flooding 2.5625 — 5449
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It can be seen from Figure 4 and Table 4 that the diame-
ters of dissolved pores in the core decrease constantly with
slickwater fracturing fluid invasion. The minerals expand
rapidly between 0 and 24 hours of saturation, but the mineral
swelling tends to be gentle between 24 and 72 hours after sat-
uration. The pore diameter is reduced from 12.566μm to
1.088μm 72h after saturation—a reduction of 91%. The
change in gray value shows that, after subsequent water
flooding, the invading fracturing fluid in intergranular pores
is discharged. Therefore, although the effective pore diameter
is increased, the initial level is not easily recovered, indicating
that, for dissolved pores with greater percolation resistance
and smaller pore diameter, fracturing fluid is more likely to
be retained. This is the principal factor that causes reservoir
damage.

4. Conclusions

(1) Damage to tight sandstone fractures caused by slick-
water fracturing fluid mainly occurs in the early stage
of fluid incursion. The damage is characterized by a
decrease in the effective pore volume, increase in
the number of pores, and insignificant later damage.
The principal cause of damage caused to pores in
core samples by slickwater fracturing fluid is reten-
tion of slickwater in the liquid phase and hydration
swelling of clay minerals in the pores

(2) After high pressure intrusion of slickwater fluid, the
pore size of large-size intergranular pores increases,
and there is no obvious damage after water flooding.
However, fractures and small dissolution pores in the
cores are the primary areas of fluid retention after
fracturing fluid invasion due to their small flowing
radius and complex structure. It is here that core
damage occurs
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