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Abstract: In petroleum, geological and environmental science, flow through porous media is
conventionally studied complementarily with numerical modeling/simulation and experimental
corefloods. Despite advances in numerical modeling/simulation, experimental corefloods with
actual samples are still desired for higher-specificity testing or more complex mechanistic studies.
In these applications, the lack of advances in physical modeling is very apparent with the available
options mostly unchanged for decades (e.g., sandpacks of unconsolidated packing materials,
industry-accepted substitutes with fixed/mismatching petrophysical properties such as Berea
sandstone). Renewable synthetic porous media with adjustable parameters are the most promising but
have not advanced adequately. To address this, a methodology of advanced physical modeling of the
fundamental parameters of dominant mineralogy, particle size distribution, packing, and cementation
of a target natural porous media is introduced. Based upon the tight physical modeling of these four
fundamental parameters, the other derived parameters of interests including wettability, porosity,
pore throat size distribution, permeability, and capillary pressure can be concurrently modeled very
close as well by further fine-tuning one of the fundamental parameters while holding the rest constant.
Through this process, concurrent multi-parametric physical modeling of the primary petrophysical
parameters including particle size distribution, wettability, porosity, pore throat size distribution,
permeability, capillary pressure behavior in a target sandstone becomes possible.

Keywords: synthetic sandstone; artificial sandstone; physical modeling; pore throat size distribution
modeling; petrophysical modeling

1. Introduction

As a complex material, geological porous media such as coal, aquifer, petroleum reservoir
are important for human survival in application ranging from groundwater remediation [1,2],
carbon storage [3,4], to petroleum exploitation [5]. To better exploit and manage these valuable
resources, researchers need both numerical and physical simulation tools of sufficient sophistication.
Numerical simulation tools have seen dramatical improvement with advances in computing power and
software sophistication [6,7]. Advances in 2D microfluidic devices have enabled better understanding
of the transport phenomenon at the microscale through addition of the visual component [8,9].
However, for the 3D physical modeling needed for more complex physical simulation, the advances
has been stagnant. As of now, researchers need a tailorable, renewable substitute with stable properties
(e.g., particle size distribution, pore-throat distribution, porosity, permeability, wettability, and capillary
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pressure behavior, etc.) that can be adjusted at will to match comparably well to the sedimentary
rock of their interest for different testing/research purposes. However, these transport, storage,
and physicochemical parameters of geological formations are extremely difficult to model in unison in
one physical model. Due to these difficulties, researchers often just settled with whatever is available
at cost or can best put together themselves. These compromised solutions ranged from the use of
a well-known natural substitute such as Berea sandstone or Austin chalk [10,11], unconsolidated
sandpacks of various packing materials [12], or synthetic porous material with often just the permeability
and porosity matched to the target [13,14]. Even in the case when the actual reservoir rocks or outcrops
are available, problems of insufficient quantity, heterogeneity [15], poor quality can still be a problem
for researchers interested in doing parametric mechanistic studies or optimization testing. As the
lack of availability of adequate substitute inevitably started to impact their research, faced with
no other alternatives, researchers have attempted to make synthetic porous material in increasing
sophistication [16-19]. Due to the complex and interrelated nature of the petrophysical parameters of
these natural porous material imparted by the diagenetic and sedimentation process, these try-and-see
attempts in making synthetic porous materials were mostly limited to varying certain synthesis
parameters out of the context of the whole to see the effect on a single petrophysical parameter.
Additionally, these attempts often are still dealing with common unresolved synthesis problems such as
poor consolidation and instability for sand packs [20], artificial oil-wetness with use of organic binder
such as epoxy resin which starts to soften at 60 °C, or unnatural fragility and high alkalinity from use of
sodium silicate as binding agent [21], etc. To address these challenges, the authors introduce a method
that can achieve concurrent physical modeling of the multiple petrophysical parameters of interests to
researchers to a target formation. This is done by first identifying mineralogy, particle size distribution,
packing, and cementation as the primary independent petrophysical variable and recognizing that
physical modeling of all other dependent petrophysical parameters can be achieved simply through
adjusting these four independent variables. Using three natural sandstone samples with permeability
spanning the range of 88-1186x10~2 um? from a petroleum-bearing formation in Northeastern region
of China as an example, this methodology was shown to be applicable to achieve successful concurrent
multi-parametric physical modeling of the pore network-related petrophysical properties including
porosity, permeability, wettability, pore throat size distribution, and capillary pressure behavior in one
synthetic sandstone. For the first time, a theoretically-driven, experimentally-validated methodology
to concurrently physically model multiple petrophysical parameters of interest to researchers in a
target sandstone is reported.

The Theoretical Physical Pathway Governing Interactions of Pore-Network Related Physical Parameters in a
Natural Sandstone

In synthesis of micro-meso-scale artificial porous materials, material parameters such as the particle
size distribution, the pore size distribution and the surface area during the synthesis (e.g., colloidal
metal catalytic nanoparticles) are mostly governed by reaction synthesis-related parameters such
as temperature, reactant concentration, pH, etc. [22,23]. The ensemble of petrophysical properties
unique for each natural porous media is also a function of its natural synthesis condition such as
particle size distribution as a result of diagenesis, mineralogy of formation, packing induced by the
weight of the overburden, and cementation introduced during the sedimentation process, etc. For the
synthetic porous materials used in the manufacturing and chemical processing industry, the material
parameters are all artificial in nature and of interests only when it can enhance throughput [24], thermal
conductivity [25,26], reaction rate [27,28], etc. In contrast, as a tool for transport in porous media-related
research, a naturally-porous material intrinsically comes with a set of very specific natural petrophysical
attributes that the researchers want to get as close to as possible in their research physical models
for increased data relevancy. To physically model a target porous media, the prevalent approach
in the literature mostly consisted of a try-and-see type of effort. Ronan experimented with a novel
calcite-in-situ cemented artificial core doped with radioactive agent and reported variable porosity and
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permeability as a function of carbonate-containing reactant solution flushes. Ronan reported by varying
the particle size distribution through sieving of particles in the size range of 107-355 um and varying
the number of solution flushes, synthetic rocks of permeability range of 3000-30,000 X 10~ um? and
porosity of ~32% were achieved [13]. Al-Homadhi et al. experimented with compaction pressure of
78-162 MPa, particle size range of 45-300 um, cementation of sodium silicate composition of 4-8%,
curing temperature of 300 °C and reported achieving homogeneous cores with permeability range
of 15-5000 x 10~3 um?, porosity range of 20-33%, and pore size range of 11-50 um [16]. Costa et al.
experimented with sand with average size of 181 um consolidated with sintered ceramic clay of
20-40% weight content, compression pressure range of 10-20 MPa, and sintering temperature range of
850-950 °C and reported achieving synthetic sandstone with a porosity of 51-62% and permeability of
2-21 x 1073 pum? [29].

These previous works were vital in pointing out the fundamental parameters that needed to be
considered for the physical modeling of synthetic sandstone. However, this type of research share
similarity in being limited in scope to just finding out the effect on a few isolated petrophysical
parameters out of the context of the whole through varying one or more of the synthesis condition.
None of these previous works have attempted to actually physically model the entire ensemble of
the petrophysical properties together for a target natural lithological formation as a whole due to the
challenge involved, both theoretically and methodologically. Theoretically, existing research has yet to
clearly work out the physical interaction pathway governing how the relevant physical parameters are
layered hierarchically and interrelated. Methodologically, if the goal is to synthesize a physical model
with the majority of the physical parameters made comparable to those of natural rock, there are many
synthesis-related problems and decisions that need to be confronted and resolved. These issues range
from sourcing the required minerals of sufficient purity, selection of a binding material that does not
impart a diverging wettability or surface chemical properties, addition of clay, to modeling dissolution
porosity, with each problem and decision poses a significant challenge.

In this work, in tackling the theoretical problem of how to link these assortments of physical
parameters together into a coherent whole, the authors looked for the answer through close examination
of a thin section such as the one shown in Figure 1a made of a relatively homogeneous natural
sandstone and identifying the fundamental physical parameters therein [30]. To the knowing eye,
careful examination of the thin section identified mineralogy, particle size distribution (PSD), packing,
and level of cementation as the four fundamental parameters governing the petrophysical behavior of
sedimentary rock. Thus, petrophysical modeling of a porous media can be thought of in terms of the
following Equation (1).

f(x) = flmineralogy, PSD, packing, cementation). 1)

In Equation (1), the mineralogy imparts the rock its surface-chemical affinities that govern its
wettability and surface chemical behavior with fluids; The particle size distribution (PSD) can be
seen as the bone matrix of the rock whose remaining void creates the basic framework and upper
limit on porosity; The packing can be seen as how loosely or snugly the particle grains in the bone
matrix are brought into contact with each other and set into each other which is mainly a function of
pressure; The cementation level can be seen as the extent of the fillings of the inter-particular void
that sets the lower limit on porosity. Following this logic, the physical modeling of the pore network
of a homogeneous unfractured sandstone depicted as the left-over void in Figure 1d can be reduced
to the results of superposition of the particle size distribution at packing pressure and the matching
mineralogy represented in Figure 1b with the cementation shown in Figure 1c. In another word,
once the four independent synthesis conditions of a synthetic sandstone are matched very closely to
that of the target sandstone, then the match of the pore network which is the void left out of the sum
of the superposition of these four components together should, in theory, be very close as a result.
If the close physical modeling of the pore network to the target in the synthetic sandstone is achieved,
then the pore network-derived petrophysical properties such as the porosity, the pore throat size
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distribution, the permeability, and the capillary pressure behavior should get very close to the target
as well.

Target
sample with
specific
physical
parameters

Synthetic
sandstone
synthesis
procedure

iy
e

Matching of mineralogy, particle Matching of cementation Matching of pore network properties

size distribution, and packing (i.e. porosity, pore throat size
distribution, permeability, reactivity,
capillary pressure, etc)

(b) (c) (d)

Figure 1. (a) Thin section of target natural sandstone sample 7-1 incorporating the four independent
fundamental physical parameters of particle size distribution, packing, cementation, and mineral
composition. Synthetic sandstone synthesis procedure with (b) match of particle size distribution
(particle size distribution (PSD); shown in gray), mineral composition, packing, and (c) Match of
cementation level (shown in gray) resulting in (d) match of pore network (shown in blue), and its
derived pore network-associated properties.

With the four fundamental rock properties identified, the order of the rest of the dependent
physical properties (i.e., wettability, capillary pressure behavior, permeability, pore-throat distribution,
and porosity, etc.) can be deduced. The physical pathway of how these parameters are interrelated are
shown tentatively in Figure 2. Wettability, being a property that is a synergistic result of the interaction
of the fluids and the mineralogy of the rock, and not of a pure rock property is shown in dashed line.
According to the physical pathway outlined in Figure 2, the hypothesis in this paper is that if the
fundamental attributes of the particle size distribution, cementation, packing, and mineralogy are
physically modeled very closely to a natural target homogeneous unfractured lithology in a synthetic
sandstone, then the rest of the dependent petrophysical parameters in Figure 2 should become very
near to that of the target rock as well. This is attributed to the decreasing order of freedom allowed for
the dependent petrophysical parameters to vary as an increasing number of independent fundamental
parameters acting as constraints becomes fixed (i.e., if particle size distribution and the packing in the
synthetic sandstone is matched very exactly to the target, then porosity, the pore throat size distribution,
and the permeability become simply dependent only on the cementation level).
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Figure 2. Physical parametric interaction pathways of the major petrophysical parameters in
sedimentary rock affecting the chromatographic/transport/storage/chemical behavior of petroleum
fluids and water (solid lines are rock properties).

2. Materials and Methods

2.1. Methodology

Once the theoretical physical pathways governing how the ensemble of petrophysical parameters
are interrelated shown in Figure 2 are deduced, the methodology to achieve multi-parametric physical
modeling of a homogeneous unfractured sandstone can be inferred from it with the physical modeling of
each parameters sequentially built up according to how they are layered and interrelated hierarchically
in it. Such a methodological flow chart is shown in Figure 3.

The application of this methodology started with full characterization of a target sample
with wettability measurement by contact angle measurement, mineral composition testing by
X-ray diffraction (XRD), PSD testing by thin section, permeability and porosity testing by helium
porosimetry, pore throat size distribution testing by mercury injection capillary pressure testing
(MICP), and observation of cementation level by scanning electron microscopy (SEM). Based upon
the mineralogy testing, loose sand that matched the dominant mineralogy was chosen. A cementing
agent that can impart comparable wetting state in the synthetic sandstone to the target was chosen.
With the PSD available, the medium particle size of the target sample was used to select the mesh size
of the loose sand to be used. Using the thin section as a guide, the chosen loose sand was sieved and
tested repeatedly until the PSD in the loose state matched to that of the target by laser particle size
diffraction analysis. The preliminary synthetic sandstones tries were made and its wettability was
tested by contact angle measurement to see if it's comparable to that of the target. If not, the chemistries
of the cementing agent were adjusted. The particle size distributions of the synthetic samples were
tested against that of the target by thin section analysis to see if they match. If the match was off,
a slight adjustment of the particle size distribution by sieving was done and the process repeated.
A set of synthetic sandstones at different packing pressures were made to find the setting pressure.
The porosity and permeability testing by helium porosimetry for the synthetic sandstone samples
as a function of varying packing pressure was performed to find the packing pressure at which the
sand particles can set. The equilibrated packing pressure was assumed to be the pressure above which
porosity difference changed by less than 1% signifying grain particles has reached equilibrated packing.
With the packing pressure, dominant mineralogy, cementing agent, and PSD matched or selected,
the synthetic sandstones tries were made with varying degree of cementation level (using 2000 mesh
quartz fines and the corresponding amount of gel) until the error of its measured porosity to the
target fell below 2%. Once this was achieved, the sample permeability was tested next. If the sample
permeability did not get within 10% error of the target, then further fine adjustment of the cementation
level was made, and the synthesis repeated again until this was achieved. Once the permeability of the
synthetic sample fell lower than 10% of the target, then part of its sample was sent for mercury injection
capillary pressure testing to see if the capillary pressure behavior and the pore throat size distribution
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match well to that of the target. If not, then more fine adjustment was made to the cementation level or
the particle size distribution until they match.

Target sample characterization

[

W/ W Wi
Wettability Mineral Verification of Permeability and
measurement by composition packing and PSD porosity testing by
contact angle festing by XRD by thin section helium porosimetry
measurement
Select cementing Use dominant Choose sand with Test to see what
| agent with targeted mineralogy as the | targeted medium pressure packing
wetting sole mineral for particle size i i
synthesis
Sieve chosen
L | loose sand to
@
8 < Jﬂmme
@ =2
(=3 %}
= E . o
cementing agent 5 Synthetic H]
=) sandstone 8
@ . Use packing &
=
Confirm match of
| PSD and packing
by thin section Use fine particles
of same dominant
\l/ mineralogy for
" Confirm match of cementation,

If wettability not match wettability by make synthstic
contact angle sandstones to test
measurement effect of porosity

vs. level of
cementation
Vi
Confirm match of If ¢ error > 2% Adjust cementation
porosity to within level for making
2% by helium synthetic <
porosimetry sandstone
\/
Confirm match of
Verification of permeability to
cementation level within 10% by -
by SEM helium porosimetry If permeability error = 10%
Pore throat Confirm match of
>\ distribution testing porethroat —
by MICP distribution by If pore throat distribution does not match
Lwce 000 |

Figure 3. Methodological flow chart for concurrent multi-parametric physical modeling of an
unfractured homogeneous sandstone.

2.2. Materials

Three representative sandstone samples 9-1, 7-9, and 13-5 from an oilfield in Heilongjiang Province,
China were used as the target lithology for the purpose of this study. Pure quartz particles were
purchased from Lingshou County Zhenxing Mineral Processing Plant, Hebei Province, China and
tested to be 99% purity by XRD. For this work, 60-100# and 80-120# (note: # stands for mesh size)
quartz sand with the corresponding particle size range of 149-250 and 125-177 pm respectively were



Processes 2020, 8, 1448 7 of 20

chosen for synthetic sandstone synthesis because they encompass the medium particle size of the
target samples. Fine 2000# quartz sand with 6 um average diameter particle size was chosen to be used
as the filler due to its small size. A proprietary inorganic binder was synthesized with reagent-grade
ingredients purchased from West Long Chemical Reagent Company to be used as the cementing agent.

2.3. Equipment

In the making of the synthetic sandstone, the following equipment shown in Figure 4 were used:
a mechanical sieve by Qetesh, Shanghai, China, a 20 L mechanical mixer by Qetesh, Shanghai, China,
a 500-ton industrial hydraulic press with custom mould by Jier, Jinan, China, a coring drill press, and a
table saw from ZHBW, Qingdao, China.

(b) o (d)

Figure 4. Equipment for making synthetic sandstone: (a) mechanical sieve with an automatic feeder;
(b) 20 L mechanical mixer; (c) 500-ton hydraulic press; (d) coring drill/table saw.



Processes 2020, 8, 1448 8 of 20

2.4. Synthetic Sandstone Synthesis

Making of the synthetic sandstone starts with the best candidate of sieved sand. The sieve sand
was sieved according to the methods detailed above to match the particle size distribution of the target
using the mechanical sieve in Figure 4a. The sieved sand with the desired particle size distribution
was combined with a certain ratio of 2000# sand used as a filler to add up to 25 kg total for each
synthesis. A corresponding amount of the proprietary binding agent was prepared and mixed in with
the sands and put inside the 20 L mechanical mixer shown in Figure 4b. Once the sand-binder mixture
was well-mixed, the sand mixture was scooped out and put inside a 30 cm X 30 cm X 10 cm sand
mould and compressed to a hard cake under the hydraulic press shown in Figure 4c at the set pressure.
Afterwards, the pressed sand cake was put inside a constant temperature oven and cured at 160 °C
for 5 h to set the inorganic binder. After the curing, the appearance of the final synthetic sandstone is
shown in Figure 5a with cored and blocked section shown in Figure 5b.

(b)

Figure 5. (a) A 30 cm X 30 cm X 7 cm synthetic sandstone block; (b) cored/squared synthetic

sandstone samples.

3. Results

3.1. Target Sample Characterization

Three target natural sandstone samples of 9-1, 13-5, and 7-9 with permeability range of
88-1186 x 10~ um? were sent for helium porosimetry testing of porosity and permeability, pore
throat size distribution testing by mercury injection capillary pressure (MICP), particle size distribution
analysis by thin section, and micro-scale examination of the level of cementation by scanning electron
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microscopy (SEM) to be used as target guidelines for synthetic sandstone. The results of the test of these
natural sandstones and their corresponding synthetic counterparts are shown in the corresponding
sections below.

3.2. Match of the Mineral Composition

The results of the X ray-diffraction compositional analysis is shown in Table 1. It can be seen that
the mineral composition of the samples is quartz-dominated with a range of 51-55%. The second most
abundant mineral component is the feldspars with a range of 32-39%. Dolomite/calcite/rock salt can
be seen as impurities with range of less than 3%. Clay made up the rest of the mineral composition
at range of 6-12%. Due to the difficulties of locating supplies of feldspar at sufficient purity, quartz
was used as a mineral substitute for feldspar. This decision was justified as the two are similarly
water-wet with contact angles at 24—40° and with similar hardness at 6-7 on the Mohs scale [31,32].
The small amounts of calcite, dolomite, and rock salt were also replaced by quartz for simplicity as their
compositional ratios were not very significant. The presence of clay (i.e., the montmorillionites and
kaolinites) is known for causing swelling and fine migration upon contact with water which can result
in formation damage [33,34]. For the stability of synthetic sandstone better-suited for testing/research
purposes, the clays were excluded in the synthesis of the synthetic sandstone in this study. For the
reasons listed above, the synthetic sandstone was made in entirety with quartz bonded together with
inorganic cementing agent. Since the three samples have >87% quartz and feldspar, this decision was
justified for the similarities between the two primary mineral components and out of concern for the
stability of the synthetic product.

Table 1. Compositional analysis by X-ray diffraction (XRD).

Mineral Composition (%)

Sample Quartz Potassium-Feldspar Plagioclase-Feldspar Calcite Dolomite Rock Salt  Clay
9-1 51.7 114 27.7 / / 2.8 6.4
13-5 55.4 10.1 221 / / / 124
7-9 51.1 8.4 30 0 24 0.7 74

3.3. The Matching of the Particle Size Distribution

3.3.1. The Loose sand Selection

From the thin section analysis, the medium particle sizes of the target samples were determined
for target samples 9-1, 7-9, and 13-5 as 177, 125, and 125 um respectively. Based upon the test results,
the best match of available loose sands for samples 9-1, 7-9, and 13-5 were 60-100#, 80-120#, 80-120#
respectively with 60-100# having a particle size range of 149-250 um, while 80-120# having a particle
size range of 125-177 um.

3.3.2. The Trimming of the Loose Sand to Match the Particle Size Distribution of Target Prior to
Synthetic Sandstone Synthesis

Figure 6 shows the particle size distribution results by laser diffraction particle size distribution
testing of the 80-120# sand sieved at different mesh size in comparison to the target samples 9-1,
13-5 and 7-9. The progression from right to left of dash to dotted line indicates the sieving results
of progressively smaller sieve size (bigger mesh size number). For target sample 7-9, 80-120# sand
sieved with 100 mesh sieve (second dotted curve from the left) was selected to make the corresponding
synthetic sandstone. For target 13-5, 80-120# sand sieved with 80 mesh sieve (second dash-dotted
curve from the right) was selected to make the corresponding synthetic sandstone. Similar results
for 60-100# sand is not shown. For target sample 9-1, the best fit was the 60-100# sand sieved with
60 mesh sieve. With the loose sand sieved to match the particle size distribution of the target prior to
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synthetic sandstone synthesis, the next step is to make a synthetic rock and confirm the particle size

distribution in-situ with a sample sent for thin section analysis.

25

.............. 80-120# quartz sand sieved w/ 100#
»»»»»»»»»»»»»»»»»»»»»»»»»»» 80-120# quartz sand sieved w/ 120#
20 L | - 80-120# quartz sand

——————— 80-120# quartz sand sieved w/ 80#
—2— natural core 9-1
——— natural core 13-5
—O— natural core 7-9

Volumetric percentage (%)

Particle Diameter (um)

1000

Figure 6. Loose sand processing for matching of the particle size distribution for sample 9-1, 7-9 and
13-5. Solid lines with A, ¢, O are particle size distribution of target natural cores 9-1, 13-5, and 7-9
respectively by thin section testing. The dotted lines (—) in the figures are particle size distribution of

80-120# sands sieved at different mesh size by laser diffraction particle size distribution testing.

3.3.3. Match of Particle Size Distribution to Targets in Synthetic Sandstone by Thin Section Analysis

For verification of the particle size distribution in-situ, cored samples from the synthetic sandstone
made with the sieved loose sands match to that of the target were then sent for thin section analysis.
Once the match of the particle size distribution of the target was confirmed by thin section analysis as
shown in Figure 7, with span error of less than 0.3, Equation (2), then the particle size distribution

modeling step was considered complete.

span of target — span of synthetic sandstone

span error =
span of target

2

®)

With dj ¢ as the diameters at which 90% of particles fall below this value; dy 1 as the diameters
with which 10% of particles falls below this value; and dg 5 as the diameters with which 50% of particles
falls below this value. Using this method, the span errors for 9-1, 13-5, and 7-9 were determined to be

0.27,0.16, and 0.05 respectively.
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25
—&— natrual core 9-1
--#- synthetic core 9-1
20 —e— natural core 13-5
* —o— synthetic core 13-5
(=)
‘q: —e— natural core 7-9
=i - o- synthetic core 7-9
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e
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5 -
0
1 10 100 1000

Particle diameter (um)

Figure 7. The match of particle size distribution by thin section analysis. The solid lines with 4, ¢, e
are particle size distribution of the target natural cores 9-1, 13-5, and 7-9 respectively by thin section
testing. The dotted line with A, ¢, O are the particle size distribution of their corresponding synthetic
sandstone by thin section testing.

3.4. The Match of Wettability

As a result of the choice of simplified mineral composition, the wettability of the synthetic
sandstone differed slightly from the target. The results of the contact angle testing of the target samples
and the synthetic samples made with deionized water at standard conditions were 27.5-42.5° and
21-33° respectively, with the midrange error of contact angle of 23% calculated by Equation (4). Both the
target sandstones and the synthetic samples were shown to be relatively water-wet.

Mld"ﬂ”g Ctarget — Mldmﬂg Csynthetic_sandstone

Mid = - 4
idrange error Midran germmge (4)
i maximum contact angle 4+ minimum contact angle
Midrange = > . ©)

Figure 8 shows the pictures of the contact angle measurements of the target (a—c) and synthetic
samples (d—f). The results show that the use of the quartz sand and the selected cementing agent gave
comparable wettability by contact angle measurement to the target. Since the mineral composition
affects primarily the mechanical properties of the rock and its wettability, the comparable match of the
wettability of the synthetic sandstone gives additional support for the use of pure quartz for modeling
the mineral composition of quartz-and-feldpar-dominated sandstone.
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(d) (e)

()

Figure 8. (a—c) The contact angles of target samples; (d—f) the contact angles of synthetic samples at

standard conditions.

3.5. Match of Packing

The results of the experiments to match packing as a function of the increasing compaction
pressure is shown in Figure 9 where the porosity and the permeability of synthetic sandstone as a
function of the pressure is shown. The left-side y-axis shows permeability while the right-side y-axis
shows porosity, and the x-axis plots the pressure of compression. Results show that the reduction in
porosity levels off to less than 1% at the pressure range of 3040 MPa while the permeability keeps
decreasing. The leveling of porosity at the compaction pressure of 30 MPa suggested that at this
pressure, it was sufficient to bring the sands fully in contact with each other to induce consolidated
packing. Therefore, 30 MPa was taken to be the pressure to be used as the packing pressure.

2500 40,00
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Figure 9. Permeability and porosity vs. pressure. Permeability curve is plotted with A, and porosity

curve is plotted with e.
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3.6. The Match of Porosity: Rough Adjustment Phase of Cementation Level

Using the packing pressure set at 30 Mpa, synthetic sandstone tries were made with an increasing
amount of 2000# sand as the fillers in increments of 5-10% ratio increase for the rough adjustment
phase of cementation in order to quickly zero in on the vicinity of the appropriate cementation level
to achieve close porosity modeling. The porosity of each try was tested in comparison to the target.
Figure 10 shows the porosity of the synthetic sandstone tries vs. 2000# sand ratio used as the filler
(The notation ss in Figure 10 labels in the legend denotes synthetic sandstone). The dashed horizontal
lines are the target porosities of the three target samples. Once the porosity comes within 2% of
the target, then the sample was considered ready for the fine-tuning of its cementation level for the
approximation of the permeability and the pore throat size distribution modeling in the next step.

35 r

Porosty (%)
o

0 1 1 1 1 1 1 J
0 5 10 15 20 25 30 35

2000 mesh sand ratio (%)

—6— ss7-9 porosity 80-120# —4A— ss89-1 porosity 60-100#

Figure 10. Porosity vs. 2000 mesh sand ratio for rough adjustment of cementation in synthetic
sandstone samples.

3.7. The Match of Permeability: Fine Adjustment Phase of Cementation Level

At the end of the rough adjustment phase of the cementation level, the sample with porosity
within 2% error of the target was also tested for permeability by helium porosimetry to see if the
permeability will also come within 10% error of the target. If not, the synthetic sandstone tries were
repeated by varying the amount of 2000# sands much more minutely (in 1-2% ratio jumps) with the

corresponding amount of binder until the tested gas permeability came within ~10% error respectively
from the target as shown in Figure 11.
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Figure 11. Permeability vs. 2000 mesh sand ratio for fine adjustment of cementation in synthetic
sandstone samples.

3.8. The Match of the Pore Throat Size Distribution: Fine Adjustment of Cementation Level and PSD

Once the error of permeability modeling of a synthetic sandstone tries decreased beneath 10% to
that of the target, it was then sent for pore-throat distribution analysis by MICP [35,36]. If the pore
throat size distribution of the synthetic sandstone tries did not match well to that of the target, then a
further slight adjustment to the filler ratio (fine sands along with the corresponding amount of binder)
was made again to attempt to achieve a better fit of the pore throat size distribution to the target.
Figure 12a illustrates adjustment of the capillary pressure through increasing the ratio of fine sand used
for cementation level adjustment. In Figure 12a, the arrow points toward the direction of increasing
fine sand ratio (0%, 4%, to 6.67 wt%), with a resultant corresponding change to the entry pressure of
the capillary pressure curve. Figure 12b shows the same for more minute amount of increment in
fine sand ratio with an increment of 0.33%, 0.66%, to 1.00 wt%. Figure 12c,d show the pore throat
size distributions also shift to the left (i.e., pore-throats are getting smaller) with an increasing fine
sand ratio. If at this point, the pore throat size distribution match is still very far off after significant
adjustment, then a slight adjustment to the PSD may be necessary.

Following the method for adjustment of the pore throat size distribution data in the methods
above, the results of the pore throat size distribution of the synthetic sandstone try for the three
target samples are shown in Figure 13 plotted in comparison to their corresponding targets. For the
synthetic sandstone samples, analysis of the MICP curve shown in Figure 13a—c suggests that the initial
displacement pressure for all of them are close to the target indicating the biggest pores of the targets
were matched well. Additionally, the residual saturation of synthetic sandstones all came within 5% of
the target suggesting that the smallest pore-throats are modeled to within a close tolerance as well.
Analysis of the pore throat size distribution results in Figure 13d—f suggests that the pore throat size
distribution of the synthetic sandstone match well to that of the targets (with the exception of slight
deviation in sample 7-9) in the 0.004-25 pm (full micro-messo—macro porosity) range. The bi-modal
vs. uni-modal distribution curves of the target samples were captured very well by the synthetic
sandstone samples. The slight mismatch in pore-throat distribution of the synthetic sandstone 7-9 to
the target suggests that a lower amount of fine sand is probably warranted to shift the pore throat size
distribution more to the right as shown in Figure 13.
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Figure 12. The control of the pore throat size distribution through adjustment of cementation level in
the intergranular space with use of fine sands shown by the mercury injection capillary pressure (MICP)
testing. On the left hand side are the MICP curve showing an increasing amount of fine sand ratio in the
direction pointed by the arrow for two cases. (a) A coarser increment of fine sand with 0%, 4%, and 6%
fine sand (4, A, ® respectively); (b) A finer increment with an increase of 0.33%, 0.66%, and 1% fine
sands (4, A, e respectively). (c,d) The right-hand side shows the pore throat size distribution derived
from the MICP data showing that as the ratio of fine sand increase, the pore throat size distribution
ratio move toward the smaller pore throat size.
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Figure 13. The comparison of the MICP (a—c) and the pore-throat distribution (d—f) results of the
synthetic sandstone to the target. The solid lines in the top figures with 4 are the MICP curves of the
target natural cores of 9-1, 13-5, and 7-9. The color line in the top figures are the MICP curves of the
synthetic sandstone counterpart. The figures at the bottom are the pore throat size distribution of the
target samples shown in black compared to their synthetic sandstone counterpart in color.
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3.9. The Match of the Cementation Level: Validation by SEM

After confirmation of the pore throat size distribution match. The synthetic samples were then
sent for scanning electron microscopy (SEM) for characterization of the level of cementation. Figure 14
shows the SEM results of the target sandstone on top with their corresponding synthetic sandstone
counterpart immediately below. All samples are displayed at 150x magnification. Target sample 9-1
in Figure 14a with the largest porosity and permeability exhibits the clearest particle morphology
with the least amount of intergranular fillings resulting in most of the porosity remaining as the
intergranular porosity. Target sample 9-1 also exhibits the best connectivity under low magnification.
Target sample 7-9 in Figure 14b has intermediate connectivity with a relatively developed pore network,
but with clear signs of a more advanced level of cementation. Target sample 13-5 in Figure 14c has the
poorest pore network with the most extensive amount of cementation found in all pore space under
low magnification. The synthetic sample 9-1 in Figure 14d shows also the clearest rock morphology
corresponding to their lowest cementation level of 10% 2000# sand. The trend of the increasing
cementation level of 2000# sand up to 26-30% and the corresponding change of the loss of intergranular
porosity seen in the synthetic samples 7-9 in Figure 14e and 13-5 in Figure 14f match well to their
natural sandstone target counterpart. Overall, the trend of cementation increase expected of lower
permeability samples as shown in the target sample is also reflected in their synthetic counterparts.

TN
Name: 170602
oscan  SEM MAG: 150 x

@) © ®

Figure 14. The scanning electron microscopy image of the targets: (a) 9-1, (b) 7-9, and (c) 13-5 and their

synthetic sandstone counterpart (d) 9-1ss, (e) 7-9ss, and (f) 13-5ss.

4. Summary and Discussion

As a summary, a method of making synthetic sandstone with concurrent multi-parametric
physical modeling of the dominant mineral composition, particle size distribution, wettability, porosity,
pore throat size distribution, permeability, and capillary pressure behavior to a natural unfractured
homogeneous sandstone target is introduced in this work. This methodology entails a step-wise
approach that seeks to start the modeling from the most fundamental parameters first following a
sequential order of physical modeling of mineralogy, particle size distribution, packing, and cementation
as illustrated by the methodological flow chart in Figure 3. A primary difference between this work
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and previous work is that the synthetic sandstone physical model detailed in this work is targeted
after a specific natural homogeneous unfractured sandstone with its ensemble of unique petrophysical
parameters. This work is not just a method of making synthetic sandstone, but a method to make a
very sophisticated physical model targeting an actual rock of interest with a comparable match to most
of the relevant major petrophysical properties of interest to researchers. The path to achieving this
very close concurrent multi-parametric physical modeling is another key difference from the previous
studies in that this work is theoretically-driven. This work has a very clear methodology guided
by a clear physical interaction pathway model. Following this methodology, the whole ensemble of
relevant physical parameters shown in Figure 2 in a target homogeneous unfractured sandstone can
be concurrently modeled to a tight tolerance. This is a significant improvement from the previous
studies which are mostly limited to a try-and-see type of efforts with no specific target. The agreement
of particle size distribution, wettability, porosity, permeability, pore throat distribution, and capillary
pressure results of the synthesized rock to that of their targets in this paper give support to this assertion.

Previous studies in synthetic porous media-related research contributed valuable insights on
identifying the independent fundamental parameters that are of importance for physical modeling
of the natural porous media. This work goes a step further in linking the independent fundamental
petrophyiscal parameters together with their dependent physical parameters into a coherent theoretical
framework. By identifying the four independent petrophysical parameters from a thin section analysis,
and deduced that the rest of the dependent pore network-derived parameters can be physically modeled
through adjustment of the four, the authors reported a workable and scientific method of achieving
the concurrent multi-parametric physical modeling of unfractured homogeneous sandstone in the
permeability range of 88-1186x10~3um?. The improvement in physical modeling shown in this work
is currently limited to only conventional reservoir types. This methodology is currently nonapplicable
to unconventionals reservoirs such as shale and tight oil reservoirs due to the synthesis problems
with increasing cementation level required as target porosity decreased below 20%. The physical
model made according to this methodology can be highly adaptable and specific to a target lithological
formation. By physically modeling the key parameters mentioned in this work to a specific target,
the test relevancy for the corefloods or petrophysical testing can have very high data relevancy. As a
renewable substitute for target formation with tailorable dimensions, this advanced physical model
can be cut into different shapes and made into a heterogeneous model by joining sections of different
petrophysical properties together for mechanistic studies [37].

Future extension of this work involves a better way to model more complex chemical fluid-rock
interaction and extending the same physical modeling capability to carbonate systems.

5. Conclusions

A methodology for a theoretically-driven bottom-up approach to physically model a target
unfractured homogeneous sandstone is introduced. For the first time, a methodology on how to
simultaneously physically model multiple physical parameters of common interests to researchers
including particle size distribution, wettability, porosity, pore throat size distribution, permeability,
capillary pressure behavior in a target formation is introduced. This work is the first work in outlining
a clear theoretical framework on how these physical parameters are interrelated and using it as a
guideline for guiding synthetic sandstone synthesis.

Using the method detailed here, by concentrating on physically modeling of the four independent
physical parameters of mineralogy, particle size distribution, packing, and cementation, the rest of the
dependent physical parameters of wettability, porosity, permeability, capillary pressure, and pore-throat
distribution can be simultaneously modeled comparably well to the target The span error of particle
size distribution came within 30%. The porosity and permeability matched to within 2% and 10%
error, respectively to the target. The midrange error of wettability came within 23%. The pore throat
distribution matched very closely to that of the target. Both entry pressure and residual water saturation
of the capillary pressure curve matched to within 5% of the target. In comparison to sand packs and
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substitute outcrop with low clay content (e.g., Berea sandstone), synthetic sandstone made with the
method introduced here offer better data relevancy for transport in porous media-related research and
testing due to its better tailorability to match the key petrophysical parameters of a specific lithological
formation of interest.
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