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Abstract: Tight sandstone reservoirs are often produced by shutting in the well and inducing
imbibition. However, by adopting current reservoir classifications, the heterogeneity of reservoirs
cannot be properly treated. Based upon the analysis of the imbibition curves and mercury intrusion
porosimetry tests, Chang-7 tight sandstone reservoirs were classified into three categories according
to the newly proposed standards. Imbibition tests demonstrated that for the first category, imbibition
and drainage occurred continuously and never reached the plateau within the experiment duration.
It was suggested that a longer shut-in time favors the production of oil. For the second category,
a steady state for imbibition was reached and a shut-in time as short as three days resulted in a
high imbibition rate. For the third category, a plateau was reached for the first time and imbibition
restarted until a steady state was reached. The average shut-in time for the third category was eight
days. Compatibility between reservoir characteristics and a soaking development regime based upon
the proposed classification methods effectively enhances the oil recovery efficiency of formations
with distinct petrophysical properties. This provides insight into the classification methods of tight
sandstone reservoirs.

Keywords: tight sandstone; reservoir classification; spontaneous imbibition curve; shut-in time

1. Introduction

The demand for crude oil grows rapidly in pace with the continuous development of industry.
Oil production from conventional resources is declining gradually, yet unconventional resources
demonstrate great potential [1,2]. Specifically, tight oil and shale oil reserves are estimated as
2570 billion barrels, while tight gas [3], coalbed methane, and shale gas reserves are approximately
2300 billion barrels of oil equivalent (BOE) [4,5]. This could alleviate the concerns about the future
energy scarcity [6]. In China, tight oil reserves are widely distributed in the Ordos, Junggar, Sichuan,
and Songliao Basins, with an estimated 147 billion barrels in total [7,8].

Tight oil and gas are adsorbed or are free inside source rocks or neighboring reservoir rocks
such as tight sandstone or carbonate that have not undergone long-distance migration [9]. Despite
the large potential of unconventional resources like tight oil and gas, the exploration and production
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of such reservoirs are still challenging, owing to their characteristics such as low permeability and
low porosity [10,11]. To improve the production efficiency, volume fracturing for vertical wells and
multi-stage fracturing for horizontal wells are the key research areas [12]. Tight formations are usually
highly heterogeneous, complicated regarding pore-throat structure, and possess low natural energy
to drive production. During practical production processes, issues like high production pressure
differential, rapid decline of production rate, and low primary recovery efficiency are more common
compared with production from conventional reservoirs [13]. Additionally, the water intake capacity of
injection wells is relatively low, while the threshold and injection pressures are relatively high. Owing
to the reservoir heterogeneity, the recovery of trapped oil inside micropores is difficult, resulting in
low waterflooding efficiency. Therefore, for tight reservoirs with highly heterogeneous formations,
differential development regimes are desired in order to improve oil recovery efficiency [14]. A great
amount of work has been done in the past regarding this particular issue. Computed tomography
(CT) scanning has been applied to establish the criteria for reservoir classifications based upon
the shape of the pores using three-dimensional images [15], while Claes et al. adopted the CT
scanning technique and discovered five types of pore-throat configuration that were regarded as the
classification criteria [16]. Zhao et al. developed classification standards for reservoir simulation based
on microscopic pore-throat characteristics via mercury intrusion porosimetry (MIP) experiments and
observations through the microscope [17]. Chen et al. experimentally studied the threshold pressure
gradient, overburden pressure sensitivity, median pore-throat radius, and waterflooding efficiency to
obtain the characteristics of injection and production processes for different reservoirs [18]. Zhao et al.
performed experiments using core samples and thin sections, combined with techniques such as
using a scanning electron microscope (SEM) and X-ray diffraction (XRD). The quality of the reservoirs
has been distinguished by the lithology, microscale pore-throat configuration, and other physical
properties [19]. Meanwhile, reservoir simulations were applied to characterize the classification
parameters of reservoirs and determine the classification coefficients, as well as the classification
domains according to their production capacity [20]. Dai et al. applied the fuzzy clustering method
and proposed a new classification standard by considering sandstone thickness, sand ratio, porosity,
and permeability as classification parameters [21]. The proposed classification standards only consider
and evaluate the characteristics of the formations, but cannot solve the issues encountered during the
development of tight reservoirs [22–24].

The capillary effect becomes prominent in tight reservoirs due to small pore-throat size. By taking
advantage of this feature, capillary force can therefore be considered as the driving force with which
to displace oil in the pores by imbibition during production processes when the shut-in method is
applied. Imbibition between fractures and the matrix of fractured reservoirs was investigated, and
it was discovered that the oil recovery was greatly improved by the exchange between water in
the fractures and oil in the matrix [25–27]. Bertoncello et al. investigated a spontaneous imbibition
phenomenon during flowback after fracturing in single wells in the early stage, and showed that
early productivity can be enhanced by a well resting period [28]. Mohammad et al. examined the
aspects influencing imbibition in oil-wet fractured cores with CT scanning. Wettability and oil viscosity
are considered as the major influencing factors, and thus oil recovery from the reservoir they were
studying could be improved by injecting steam, low-salinity water, and surfactant [29]. It has also been
proposed that factors impacting the recovery efficiency of tight reservoirs are: wettability > brine, and
salinity > residual oil saturation [30–33]. Ali Habibi et al. suggested that the position for imbibition is
random inside the same core, and that by soaking the core sample in brine solution the affinity between
rock and fluids can be promoted, which further affects the wettability [34]. Additionally, other work
demonstrates that brine solution has an impact on the oil recovery of weak water-wet and mixed-wet
cores, with the recovery up to 38–46% [35]. M.K. Valluri et al. revealed that the interactions between
the ultra-tight cores and Na+, Ca2+ ions enhanced the recovery efficiency of tight reservoirs [36].
Q. Lan et al. explored the relationship between water loss via imbibition and soaking time of tight
sandstone reservoirs. They showed that the variation of illite content had a negligible effect on the
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imbibition. Water loss increased as clay content increased, whereas the imbibition rate declined when
the total organic carbon (TOC) content increased [37]. Techniques like orthogonal experimental design
(allows investigation of multiple influencing factors), MIP, nuclear magnetic resonance (NMR), and
CT scanning were applied to investigate the factors affecting the imbibition rate of tight oil reservoirs.
Results illustrated that pore-throat connectivity dominates the imbibition process, and sub-micron
pores are mainly responsible for this process [38]. Moreover, nitrogen absorption and the Amott
test have been applied in combination with MIP and NMR analysis to examine the aspects affecting
imbibition, which are: reservoir quality, maximum connected pore-throat size, specific surface area,
and relative wettability index [39]. Surfactant is regarded as another significant aspect influencing
imbibition. Studies have demonstrated that anionic surfactant is superior to cationic and nonionic
surfactants, with regard to the ability to modify the rock wettability [40–42].

The research detailed above solely focused upon the influence of single or multiple aspects of
the imbibition process within a limited region, yet the evaluation of the compatibility between the
characteristics of reservoirs and the shut-in production through imbibition has been overlooked.
Therefore, in this work, imbibition experiments were performed using real core samples with
diverse physical properties, and the characteristics of imbibition were assessed via NMR and MIP
experiments. We concentrated on the issue that differentiated reservoir development cannot be
successfully implemented by the current reservoir classification method, and therefore established
a new classification method for tight sandstone reservoirs, coordinating imbibition with the shut-in
production method that favorably promotes the production efficiency.

2. Experimental Setup

2.1. Spontaneous Imbibition Tests

Cores retrieved from Yanchang Formation Chang-7 tight sandstone reservoirs were utilized to
conduct spontaneous imbibition tests. These core samples were extracted from nine wells in six
different regions, with a depth span of 500 m. They were therefore considered appropriate to represent
the characteristics of the reservoir formation within a certain block. The average length and diameter
of cores were 4.37 cm and 2.52 cm, respectively. The porosity of the cores ranged from 4.40% to 9.61%,
with an average of 6.92%. The permeability of the cores ranged from 0.039 mD to 0.313 mD, with an
average of 0.129 mD. Detailed properties of the cores are listed in Table 1. The materials used were:
distilled water, CaCl2 brine solution (15,000 mg/L), and paraffin oil of 1.87 mPa·s in viscosity (with
red dye).

Table 1. Basic physical properties of the core samples.

No. Depth, m Length, cm Diameter, cm Porosity, % Permeability, mD

1 1671.8 4.380 2.532 9.61 0.313
2 1674.25 4.392 2.530 8.48 0.174
3 1680.5 4.340 2.532 6.26 0.107
4 1737.24 4.364 2.516 7.39 0.084
5 1837.8 4.378 2.500 7.54 0.134
6 2149.76 4.386 2.500 6.10 0.054
7 2136.75 4.510 2.516 4.40 0.039
8 2424 4.342 2.514 5.86 0.093
9 2458.7 4.260 2.514 5.55 0.062

10 2035.18 4.406 2.520 5.71 0.078
11 2043.81 4.306 2.520 9.28 0.287
12 2074.4 4.330 2.522 8.53 0.189
13 2083 4.386 2.518 6.88 0.145
14 2207 4.394 2.518 5.30 0.059

Prior to the imbibition tests, all cores were cleaned multiple times using a mixture of toluene
and methanol, and then dried. The cores were then vacuumed and saturated with formation brine,
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followed by the saturation of oil. The cores saturated with oil were aged in a beaker containing oil.
A schematic of the experimental setup is illustrated in Figure 1. To start the imbibition tests, a saturated
core was fully immersed in a beaker containing distilled water. The weights of the cores during the
imbibition process were measured and recorded accurately using a scale (Mettler Toledo MS204).
The variation in the weight throughout the experiment process was interpreted as the amount of oil
recovered via imbibition. Distilled water was slowly imbibed into the core, while paraffin oil was
expelled, as shown in Figure 2. Measurement errors were regarded negligible throughout the 240 h
imbibition process.

Figure 1. Schematic of the experimental setup of the imbibition tests.

Figure 2. Pictures showing oil discharge during imbibition using cores No. 1, 5, and 14, respectively.

2.2. Mercury Intrusion Porosimetry Tests

To further explore the distribution of micropores and throats within the core samples, conventional
MIP was subsequently performed for all cores. Mercury does not wet most minerals, therefore mercury
enters the pore space only when the pressure exerted is equal to the capillary pressure. Figure 3
illustrates the experimental setup for MIP.

Cleaned core samples were placed inside the chamber, sealed, and vacuumed. The mercury was
then injected by applying pressure, Pc. In the meantime, the volume of injected mercury was recorded
as VHg. Mercury saturation (SHg) was calculated by the following equation: SHg = VHg/(ΦVf), where



Energies 2018, 11, 2619 5 of 13

Φ is the porosity of the core sample and Vf is the apparent volume of the core. When the pressure
reached the maximum, it was lowered gradually, allowing the mercury to extrude. A capillary pressure
curve was plotted with the volume of mercury injected versus the corresponding pressure.

Figure 3. Experimental setup of the mercury intrusion porosimetry test.

3. Results and Discussions

3.1. Imbibition Tests

The recovery of oil during imbibition using 14 core samples with distinct physical properties
is illustrated in Figure 4. To better compare the imbibition characteristics, the incremental weight
of the cores was normalized (normalized incremental weight = periodically measured incremental
weight/total incremental weight). The results are summarized in Table 2.

Figure 4. Incremental weight of the core by imbibition over 240 h. Three types of curve were identified.



Energies 2018, 11, 2619 6 of 13

Table 2. Summary of the properties of the core samples and imbibition experiment results.

No. Porosity, % Permeability, mD Oil Recovery, % Time Required to Reach Plateau, h

1 9.61 0.313 25.94 240
2 8.48 0.174 16.43 240
3 6.26 0.107 14.76 48
4 7.39 0.084 13.07 36
5 7.54 0.134 20.45 96
6 6.10 0.054 12.43 216
7 4.40 0.039 9.81 216
8 5.86 0.093 15.76 48
9 5.55 0.062 9.3 168

10 5.71 0.078 14.56 144
11 9.28 0.287 23.55 240
12 8.53 0.189 18.34 240
13 6.88 0.145 15.34 72
14 5.30 0.059 11.23 192

From the pictures taken during the imbibition experiments shown in Figure 2, it can be observed
that for different cores, the quantity of expelled oil droplets was different. The amount of displaced
oil droplets from cores No.1 and No.5 was significantly greater than that from core No.14. Namely,
the latter core had a lower permeability, leading to a greater resistance to oil displacement. Therefore,
we can assume that the higher the permeability, the higher the imbibition rate.

Imbibition curves for 14 core samples were plotted, with the incremental weight of the core
sample against the imbibition duration. The pattern of the curves can be divided into three categories.
Type I includes cores No.1, 2, 11, and 12. Figure 4a shows the imbibition curves of Type I cores. During
the experiment, the imbibition and drainage processes occurred continuously, as indicated by the fact
that the increased rate of the incremental weight was always greater than 0.1 g per 100 h. In this case,
a plateau or steady state—which was defined as the point where the imbibition rate or the incremental
weight is minimal and close to zero—was never reached. Type II includes cores No.3, 4, 5, 8, 10, and 13.
As shown in Figure 4b, with the progression of the experiment, the imbibition rate was initially high
and then gradually decreased until eventually it reached a plateau. The slope of the “plateau” was
always smaller than 0.1 g per 100 h. Type III includes cores No.6, 7, 9, and 14. In Figure 4c it can
be observed that as the experiment progressed, after a period of time the imbibition rate gradually
stabilized and maintained for a certain duration, after which point the cores underwent another
imbibition activity, and eventually reached a steady state. Details of the imbibition experiments are
shown in Table 2.

To correlate the imbibition characteristics with the physical properties of the cores, Figure 5
demonstrates the scatter plots of permeability against imbibition recovery, and time required to reach
a plateau (defined as imbibition time), respectively. Classification according to the aforementioned
imbibition characteristic distinguishes the different types of cores shown in Figure 5. In Figure 5a, it is
shown that the greater the permeability, the higher the imbibition recovery, which verifies the results
obtained in Figure 2. From Figure 5b it can be observed that the relationship between permeability and
time required to reach the steady state displayed a bifurcation configuration. When the permeability
was less than 0.18 mD, the duration decreased as the permeability increased, and a plateau was never
reached when the permeability was greater than 0.18 mD. The type I cores possessed high permeability
and good pore-throat connectivity results in a negligible capillary effect. Therefore, the displacement of
oil occurred continuously, and it was difficult to reach a steady state. The high recovery rate for Type I
cores was due to the imbibition and gravitational effect. For Type II cores, permeability was lower than
in those of Type I, and the pore-throat size was relatively small. The capillary effect driving imbibition
to occur was significant, which took less time to reach a stable state and a relatively high imbibition
rate. The permeability of Type III cores was low, and the pore-throat size was much smaller than in the
Type I and II cores. As a result, the capillary effect dominated and motivated the displacement of oil.
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However, the flow resistance was large, which slowed the movement of oil and water and in turn led
to a longer period of time required to reach a steady state and a poor recovery.

Figure 5. The relationship between permeability and: (a) oil recovery from imbibition; (b) time required
for the imbibition inside core samples to reach a plateau.

The imbibition process is closely associated with the petrophysical properties of the cores,
and therefore SEM images were taken to closely examine the microscale pore-throat configuration.
Three images are shown in Figure 6, representing each category of core. The image of core No.2 clearly
displays a pore space with clay minerals such as illite adhering to the surface. Some pore space can be
observed in core No.3, yet the intergranular pore was filled with clay minerals such as illite. Whereas
core No.7 possessed much less pore space than the other two core types, due to an attachment of
clays like illite and smectite. As a result, Type I cores possessing larger pore space allowed fluids
to flow freely inside the rock, meaning that imbibition continuously occurred and required a longer
time to reach the “plateau”. Type II cores possessed smaller pores, leading to a stronger capillary
effect which facilitated imbibition. It therefore takes less time to reach a steady state for imbibition.
Type III cores were relatively tight and therefore fluids could be easily imbibed via capillary forces, yet
were difficult to expel due to a large flow resistance. Pores can be “blocked” and “unblocked” as the
pressure inside is sufficient to re-mobilize the fluids. As a consequence, the imbibition curve of Type III
cores demonstrated multiple stages. An analysis of the SEM images further supports the interpretation
of the imbibition curves for the three types of cores.

Figure 6. Scanning electron microscope (SEM) images of the core samples.

3.2. Mercury Intrusion Porosimetry Tests

From MIP tests, the capillary pressure curves of all 14 cores were obtained and are displayed in
Figure 7. These can be roughly categorized into three types: the residual mercury saturation greater
than 60%, between 20–60%, and less than 20%. Furthermore, they directly relate to the aforementioned
classifications based upon imbibition characteristics.
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Figure 7. Capillary pressure curve for 14 core samples via mercury intrusion porosimetry.

For Type I cores, the permeability was relatively high and the pore-throat connectivity was better.
During the imbibition process, the capillary effect was less prominent due to larger pore size, and
therefore the imbibition process was slow and required a longer time to reach a steady state. Mercury
was the non-wetting phase, and during the removal of mercury the capillary force drove the recovery.
For the first category, a large residual mercury saturation indicated smaller capillary forces. Therefore,
the resistance to imbibition and drainage was low, although imbibition occurred slowly due to the
lack of driving forces. Compared to the first category, the residual mercury saturation of the second
category was less, as the capillary effect was stronger. As a result, imbibition was favored and expelled
oil was easily migrated, owing to a relatively large pore size. It therefore took less time to reach the
steady state of imbibition. For the third category, residual mercury saturation was less compared with
previous cases, implying that the capillary effect was prominent and the water phase was imbibed
into the core sample due to strong capillary forces. Nevertheless, Type III cores possessed small
pores, and the migration of displaced oil was limited because of a greater flow resistance. In this case,
“water lock” was highly likely to occur. As illustrated in Figure 4c, with the progress of imbibition,
oil was accumulated inside larger pores and throats and when the displacement pressure was greater
than the resistance, and “water lock” was eliminated, leading to an increase in oil production. This
explains the second increase in oil production for core No.6. Afterwards, imbibition gradually reached
a steady state.

Pore-throat size distribution was another important result obtained from MIP tests. As displayed
in Figure 8, distributions of the pore-throat size for three types of core samples were significantly
different. For Type I cores, the red line demonstrates a single peak, implying that the pore-throat size
mainly lies in the range of 0.086–0.173 µm, thus the capillary effect was less intense within relatively
large pores. A wider range of pores and throats was available for fluid to flow inside the cores.
In accordance with the Type I imbibition curve, imbibition occurred continuously, but it took much
longer to reach the plateau. For Type II cores, double peaks with a similar distribution frequency
were observed, with one peak representing pores smaller than 0.02 µm and the other representing
pores larger than 0.02 µm. Namely, for this type of core, smaller pores motivated imbibition to occur,
whereas larger pores provided pathways for oil displacement. As a consequence, oil could be steadily
and effectively recovered by imbibition. Type III cores were relatively tight, with pore-throat size
majorly distributed in a narrower range of 0.007–0.015 µm, and less pore space could be occupied by
fluids—as displayed in Figure 8. Although the capillary effect was significant, fluid flow was restricted
inside the narrow space because of a large flow resistance. Pores and throats can be easily blocked
during oil displacement, leading to the first cessation of imbibition. However, after the fluid breaks
through the blocked pathways, imbibition takes place once again until the plateau is reached. The pore
size distributions obtained from MIP tests further verify the interpretation of the imbibition curves
shown in Figure 4.
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Figure 8. Distribution of the average pore-throat size for different types of cores.

3.3. Classification Standard

According to the imbibition curves and capillary curves, tight sandstone cores were divided into
three types. To further explore the relationship between imbibition and the intrinsic properties of the
cores, the permeability of the cores versus their porosity was plotted (Figure 9), and the data points
also fell into three categories. In general, a linear relationship between permeability and porosity was
displayed, yet the slope varied for different types of cores.

Figure 9. The relationship between the permeability and porosity of the core samples.

For the first type of core, the permeability was mainly greater than 0.15 mD and the porosity
ranged from 8% to 10%. The variation in porosity was minor compared with the change in permeability.
For this type of reservoir, the pores are relatively large, with good connectivity, and the porosity is
directly related to the permeability of the formation. A longer shut-in time leads to a higher oil recovery
rate. The increase in oil recovery is likely attributable to the exchange between oil and water, rather
than imbibition. For the second type, the permeability was mainly distributed from 0.08 to 0.15 mD,
and the porosity ranged from 5% to 8%. Smaller pores and larger pores were interconnected and
matched well. This type of reservoir is most suitable for adopting imbibition as the recovery method.
It demands a shorter shut-in time and reaches the plateau at a high imbibition rate in a relatively short
duration. In the laboratory study, the average shut-in time was three days. For the third core type, the
permeability of the reservoir was below 0.08 mD, and the porosity ranged from 4% to 7%. As shown
in Figure 9, an increase in porosity had less impact on the permeability, indicating that for this type
of formation the pore-throat ratio and connectivity are the key factors, and not porosity. This type
of reservoir requires a longer shut-in time if imbibition is regarded as the oil recovery mechanism.
After the state is reached in which oil production no longer increases, an extension of the shut-in time
leads to another stage of production until it reaches the steady state. Within the scope of the laboratory
study, the average shut-in time was eight days.
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Imbibition and the shut-in method are of great importance to the development of low-permeability
or tight sandstone reservoirs. Previously proposed reservoir classification methods are solely based
upon the geological characteristics or microscale pore-throat configurations, without considering the
imbibition characteristics [15,23]. As for the study of imbibition, the most attention has been paid
to the mechanisms and aspects impacting imbibition [29,39]. Additionally, reservoir development
regimes have mostly been established for conventional reservoirs [17,21]. The shut-in method plays an
important role in the development of low-permeability or tight reservoirs, yet the classification
has rarely been built upon the development regime combining imbibition and shut-in method.
The compatibility between the shut-in time and oil recovery cannot be satisfied simply through
a classification method based upon the geological features of the reservoir. Issues like an excessive
or insufficient shut-in duration could emerge, which potentially induce formation contamination,
resulting in inefficient production. In this work, imbibition experiments were conducted using real
core samples demonstrating differential properties. Imbibition behaviors were thoroughly analyzed
incorporating the impact of the intrinsic properties of the cores, by which a new classification method
was established, identifying the correlation between the imbibition characteristics, the petrophysical
properties of the rock, and the shut-in method. The proposed development regime is compatible
with the reservoir characteristics by involving the investigation of imbibition behaviors. Namely,
different types of reservoirs correspond to their specific shut-in time and recovery method. This will
effectively improve the ultimate recovery of reservoirs with differential physical properties. As a result,
a classification method can be easily established by analyzing the basic petrophysical parameters of
the reservoir and recognizing different imbibition patterns. This can be subsequently applied to the
development of a production strategy like shut-in time, which provides a new and facile approach to
characterizing reservoirs and developing appropriate production methods. In this work, imbibition
experiments were performed via a conventional weight method under laboratory conditions instead of
reservoir conditions. Subsequent work can therefore be improved by simulating imbibition under high
temperatures and high pressures in order to provide a more realistic correlation between imbibition and
oil recovery. Additionally, the shut-in method can be further optimized by quantifying the relationship
between imbibition and oil recovery to achieve a higher production efficiency.

4. Conclusions

In this work, a new classification method for Chang-7 tight sandstone reservoirs was established
based upon imbibition experiments. Conclusions are drawn as follows:

(1) Three types of formation were identified. For the first type, reservoir permeability was above 0.15
mD and its porosity ranged from 8 to 10%. The capillary effect was less intense, and imbibition
and drainage occurred continuously without ever reaching a plateau within the experiment
duration. A longer time was required to reach a steady state of imbibition, and therefore a longer
shut-in time will yield a higher oil recovery. For the practical reservoir development, the optimal
shut-in time should be determined while also considering the cost.

(2) For the second category, reservoir permeability ranged from 0.08 to 0.15 mD, and the porosity
was between 5% and 8%. This type of core displayed a strong imbibition effect. The aqueous
phase quickly entered the matrix and displaced the oil, requiring less time to reach the plateau.
This type of reservoir is most suitable for adopting imbibition as the recovery method, owing to a
relatively shorter shut-in time and a greater oil recovery efficiency. The average shut-in time was
experimentally determined as three days under laboratory conditions.

(3) For the third category, reservoir permeability was mainly below 0.08 mD, and the porosity ranged
from 4% to 7%. The capillary effect was prominent, leading to vigorous imbibition activity. Water
was readily imbibed into the matrix, yet oil was difficult to expel due to a large resistance within
small pores. It is highly likely that “water block” will occur. However, when the displacement
pressure surpasses the flow resistance, “water block” can be eliminated and imbibition continues.
This type of reservoir therefore demonstrates two stages of an increase in oil production and
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demands a longer imbibition time, resulting in a relatively low oil recovery efficiency. The average
shut-in time was eight days under laboratory conditions.
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