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Abstract
There is a current need for developing improved synthetic porous materials for better constraining the dynamic and cou-
pled processes relevant to the geotechnical use of underground reservoirs. In this study, a low temperature preparation 
method for making synthetic rocks is presented that uses a geopolymer binder cured at 80 °C based on alkali-activated 
metakaolin. For the synthesised sandstone, the key rock properties permeability, porosity, compressive strength, and 
mineralogical composition, are determined and compared against two natural reservoir rocks. In addition, the homo-
geneity of the material is analysed structurally by micro-computed tomography and high-resolution scanning electron 
microscopy, and chemically by energy dispersive X-ray spectroscopy. It is shown that simple, homogenous sandstone 
analogues can be prepared that show permeability-porosity values in the range of porous reservoir rocks. The advance 
in using geopolymer binders to prepare synthetic sandstones containing thermally sensitive minerals provides materi-
als that can be easily adapted to specific experimental needs. The use of such material in flow-through experiments is 
expected to help bridge the gap between experimental observations and numerical simulations, leading to a more 
systematic understanding of the physio-chemical behaviour of porous reservoir rocks.

Article highlights

• A novel approach for developing synthetic sandstones 
at low temperatures using geopolymer binder is pre-
sented.

• A variety of material properties can be easily controlled 
which allows adaption to attain specific experimental 
requirements.

• Geopolymer-bound synthetic sandstones are an ideal 
material for studying thermally sensitive materials such 
as carbonates in reactive flow-through experiments.
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1 Introduction

Quantifying and modelling the processes of fluid-rock 
interaction in geological reservoir rocks related to the 
extraction or storage of georesources are an important 
part of effectively using Earth’s upper crustal resources 
with minimal detriment to the environment. Reservoir 
rocks located close to the surface, which hold 99% of 
all freshwater, are increasingly impacted by the accu-
mulation of groundwater pollutants [1, 2]. At greater 
depths, geological reservoir formations still host signifi-
cant hydrocarbon reserves in the form of oil or methane 
gas that continue to provide the main source of global 
energy through the burning of these fossil fuels. These 
very same reservoirs can be used to store  CO2 as part of 
a carbon capture and storage (CCS) approach that is still 
in the process of upscaling and finding social acceptance 
[3]. In the quest to move away from fossil fuel depend-
ence, geological reservoirs may also represent suitable 
places for the seasonal storage of renewable energy 
gases, such as  CH4 and/or  H2 [4], as well as provide tem-
porary retention sites for heat [5]. Such applications are 
additional to the current extraction of natural geother-
mal energy from reservoirs characterised by high ther-
mal gradients and enhanced levels of heat flow [6].

One of the main limitations in advancing the geologi-
cal engineering of injection or extraction procedures is 
the difficulty in quantifying the coupled processes that 
occur during fluid-rock interactions in these complex 
natural reservoir systems [7, 8]. Porous and tight reser-
voir sandstones, for example, normally contain several 
types of minerals present in the form of detrital clasts, 
diagenetically formed cements or more loosely held 
pore-filling mineral particles. These develop during the 
long and complex histories of geological reservoir rocks 
that include sedimentation, burial diagenesis and sub-
sequent stages of alteration related to fluid-rock interac-
tion and rock deformation [9]. As a result, reservoir rocks 
are rarely simple but instead represent poly-mineralic 
assemblages of detrital and authigenic components that 
are heterogeneous on a multitude of scales, both com-
positionally and texturally. Such sedimentary and dia-
genetic variations are observable at the sub-micrometre 
scale as well as on the centimetre to meter scale [10].

Reservoir sandstone heterogeneities also include mul-
tiple generations of similar minerals, such as different 
types of carbonates, zeolites and clay minerals, which 
form under low temperature conditions and are often 
present in the same natural sample [11, 12]. These miner-
als commonly display diverse varieties of diagenetic tex-
tures representative of complex fluid flow behaviour, dis-
solution and precipitation reactions, as well as particle 

mobilisation and pore space modifications [13]. In the 
case of the formation of illite, which is a clay mineral 
common to sandstone reservoirs subjected to the cir-
culation of potassium-bearing fluids, crystals of varying 
shape and size may form as platy grain coatings by direct 
replacement reactions of K-feldspar grains or as fibrous 
crystals that grow into the open pore space [12]. In these 
cases, the more complex the rock, the more challeng-
ing it becomes to understand and predict its behaviour 
under varying chemical and hydraulic conditions, such 
as the changes in porosity and permeability commonly 
experienced during natural water circulation. These 
complexities are also evident in experimental flow-
through experiments conducted using natural porous 
rocks, where complex flow patterns, low accessible sur-
face areas and time-dependent dynamic variations limit 
the applicability of reactive transport modelling [14, 15]. 
When models can be applied, their validation is often 
characterised by inconsistent results [16].

As reservoir sandstones are often too complex to eas-
ily constrain specific processes, different methods of syn-
thesising simpler rock assemblages have been attempted 
[17–20]. Early studies utilised epoxy resin, which resulted 
in good cementation but provided a poor natural ana-
logue [17]. Other techniques used sintered glass beads 
[19] or 3D-printed models [21] to successfully study par-
ticle transport and multi-phase flow in porous media. 
Another approach to mimic quartz cementation was to 
use sodium silicate solution as a binder [18, 22, 23], but this 
technique required rather high temperatures (> 600 °C) 
to produce a sufficiently strong silicate cementation [24]. 
Tillotson et al. [20] found that the strength of a synthetic 
rock can be further increased by adding kaolinite to the 
sodium silicate—sand mixture, which was subsequently 
heated beyond the dehydroxylation temperature of kao-
linite during the hardening process.

One type of binder that does not require a high cur-
ing temperature are geopolymers. These are based on 
dehydroxylated Al- and Si-rich precursor materials, such 
as metakaolin, coal fly ash or ground blast furnace slag 
[25]. After alkali-activation, which involves the dissolu-
tion of precursor materials in concentrated NaOH or 
KOH solutions and the subsequent alkaline hydrolysis of 
the dissolved Al and Si species, low temperature curing 
occurs through a series of polymerisation and condensa-
tion reactions [26, 27]. In these polymer structures, alkali 
metal cations have a stabilising effect by compensating 
charge imbalances. As a consequence, binders contain-
ing amorphous geopolymer and crystalline zeolite form 
at temperatures < 100 °C [28, 29].

As part of recent research activities in studying the 
complex reactions kinetics of calcite dissolution coupled 
with the mobilisation of clay minerals in natural reservoir 
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sandstones [15], there has emerged a clear necessity for 
developing simpler synthetic analogues for constrain-
ing otherwise difficult to resolve coupled processes. To 
achieve this, the present study outlines a novel approach 
of preparing synthetic rocks utilising an alkali-activated 
metakaolin-based geopolymer binder cured at 80 °C that 
allows thermally sensitive minerals, such as calcite or clay 
minerals, to be included. Based on quantitative X-ray dif-
fraction analyses and detailed SEM-EDX observations, it 
is shown that a synthetic calcite-bearing sandstone can 
be prepared with a binder composed of amorphous geo-
polymer and crystalline zeolite. Measurements of porosity, 
permeability and compressive strength paired with com-
puted tomography analyses and direct numerical simula-
tions reveal that the proposed preparation method can be 
used to produce a synthetic sandstone with petrophysi-
cal values in the range of natural reservoir rocks, although 
improvements are still required to enhance the materials 
compressive strength. Based on this reaction system, we 
provide an outlook for potential applications of this type 
of synthetic rock by outlining the range of parameters that 
can be adjusted during sample preparation for the pur-
pose of constraining coupled reservoir-relevant properties.

When used in the present article, the term cement 
refers to its geologic meaning as a lithifying agent rather 
than to a specific type of limestone-based binder, such as 
Portland cement.

2  Materials and methods

2.1  Sample preparation

An illustration of the workflow employed to prepare the geo-
polymer-based synthetic sandstone under low temperature 
conditions is shown in Fig. 1a and b. The kaolin used was a 
well crystalline China Clay variety referred to as SPS (selected 
particle size) from Cornwall, UK. Based on X-ray diffraction 
analyses (XRD) and Rietveld refinement using the software 
Profex [30] it contains by weight 96.4% kaolinite, 3.2% musco-
vite and 0.4% of quartz. This sample, which was obtained from 
the University of Greifswald collection (TS number 809) was 
placed in a ceramic tray and heated at 600 °C for 3 h. The heat-
treated powder was then cooled to laboratory conditions and 
subsequently ground for 30 min using an agate ball mill. The 
amorphous state of the metakaolin powder was confirmed 
by XRD by the absence of kaolinite reflections and the for-
mation of a characteristic elevated background between 15° 
and 40° 2θ (Fig. 2). The amorphous XRD pattern is very similar 
to other metakaolin powders reported in the literature [31]. 
For the framework grains, a commercially available sea sand 
(Carl Roth, No. 8441, extra pure, < 250 μm) was used. Its purity 
(> 99.6% quartz with traces of titanium oxides) was confirmed 

by powder XRD and Rietveld analysis. For the preparation of 
a pure calcite source, a single large Iceland Spar crystal was 
crushed and ground to obtain a 63–250 μm size fraction by 
sieving. Based on XRD analysis and quantification it was found 
to consist of 99.7% calcite and 0.3% of quartz that was prob-
ably introduced during grinding.

The binder was prepared by mixing 25% NaOH (6.25 M) 
solution (Carl Roth, No. 4351, extra pure) and sodium sili-
cate solution (VWR, No. 28079.320, technical grade) with 
metakaolin in a weight ratio of 2.5:2.5:1. This corresponds 
to a Si/Al molar ratio of 2.2, which is in the range of well 
accepted ratios for the production of geopolymers from 
metakaolin with high compressive strengths and short 
curing times [e.g. 32, 33]. Following initial tests, a specific 
order of mixing was adopted in order to maximise the 
hardening of the binder and better mimic the textures of 
natural sandstones. First, the metakaolin was mixed with 
NaOH and hand-stirred until the mixture was homog-
enised. This step enhanced initial dissolution of Al and Si 
from the powder, which is required for the subsequent 
condensation of Al-Si polymers. As a high 6.25 M concen-
tration of NaOH was used, this stage of dissolution is con-
sidered to be stoichiometric and thus release similar con-
centrations of both Al and Si. Second, the sodium silicate 
solution was added to the binder and homogenised using 
a planetary centrifugal mixer (Thinky U.S.A. Inc., USA) for 
2 min at 2000 rpm. This step adds additional reactive Si to 
enhance hardening during the condensation and precipi-
tation process. Without time delay, the sea sand was then 
added and carefully stirred by hand until the quartz grains 
were evenly coated. Calcite, as an exemplary reactive com-
ponent, was added during the last stage of preparation to 
prevent calcite grains from being excessively coated by 
the binder. The amount of calcite was chosen so that its 
dissolution during reactive transport experiments would 
not lead to structural instabilities.

The pre-cured mixture was calculated to contain by 
weight 85% quartz, 10% calcite and 5% metakaolin when 
only the dry components are considered. This is equivalent 
to 70.8% quartz, 8.3% calcite and 20.8% metakaolin binder 
by weight when the NaOH and sodium silicate solution are 
considered. For curing, the sandstone mixture was placed 
into cylindrical molds of either 15 or 25 mm in diameter 
and heated in a desiccator at 80 °C for 7 days, which was 
found to be the minimum time required to complete the 
geopolymerisation reaction. This time is consistent with val-
ues reported in literature [e.g. 29]. The bottom of the des-
iccator was filled with water, but the valve remained open 
for water to evaporate. This allowed the samples to slowly 
dry, which enhanced the strength of the sample material 
during the curing process and prevented the formation of 
drying cracks. While some water is required to facilitate the 
geopolymerisation reaction during curing, too much water 
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can lead to dilution of the reacting alkaline solution and to 
the inhibition of the condensation and precipitation process 
[34]. Afterwards, samples were removed from the molds and 
dried in an oven at 130 °C for another 3 days. This latter step 
may not always be required, but for the material prepared in 
this study this step was seen to further enhance compressive 
strength. The final stage of preparation involved removal of 
any unreacted NaOH from the cured samples by washing in 
double-distilled water. The water was exchanged until the 
pH in the beaker approached that of the double-distilled 
water (pH 5.2). This procedure represents an important step 

to test the success of the geopolymer binder as insufficient 
reaction will lead to materials that soften and breakup dur-
ing final washing.

2.2  Analytical methods and sample 
characterisation

2.2.1  X‑ray diffraction (XRD)

The mineralogical compositions of the starting materials 
and the synthetic sandstone were analysed using powder 

Fig. 1  a + b Schematic illustration of the workflow applied for the 
preparation of the binder and the synthetic rock. c Photographs of 
the synthetic sandstone sample and core samples of the Berea and 

Flechtingen sandstone. d Overview of analytical methods used to 
study the synthetic sandstone
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X-ray diffraction (XRD) and Rietveld calculations. XRD pat-
terns were measured between 3° and 80° 2θ at 1° 2θ/min 
using a Bruker D8 Advance diffractometer (Karlsruhe, Ger-
many) equipped with a Lynxeye 1D stripe detector and 
CoKα radiation at 40 kV and 30 mA. The divergence slit was 
set to an opening angle of 0.5°. All samples were ground 
and micronised prior to the preparation of side-loaded 
random powders. Data was analysed using the Diffrac. 
EVA software (Bruker, Germany) and the PDF2.0 database. 
Quantification of mineral components was undertaken 
using Profex [30].

2.2.2  Scanning electron microscopy (SEM)

The top and bottom Pd-coated surfaces of the samples 
were analysed using a Zeiss Auriga (Oberkochen, Ger-
many) field emission scanning electron microscope (SEM) 
operated at 15 kV and images were collected using a sec-
ondary electron Everhart-Thornley-style detector. Energy 
dispersive X-ray spectroscopy (EDX) was carried out at 
15 kV using an Oxford X-MAX 80   mm2 detector (Wies-
baden, Germany) to determine the chemical composition 
of the binder. Input count rates were limited to 25,000 
counts per second. Spot measurements of varying rec-
tangular size were limited by a count integral of 500,000 
total counts. EDX mappings were collected at an image 
resolution of 512 × 384, a dwell time of 100 µs per pixel 
and with total of 20 overlain maps.

2.2.3  Permeability

The air permeability of the sample plugs was measured 
with the transient-flow air permeameter TinyPerm 3 (New 
England Research, Inc., USA). A detailed description of the 
process is given in Hale et al. [35] and Hale and Blum [36].

2.2.4  Compressive strength

Uniaxial compressive strength values were approximated 
using a calibrated inhouse device made of a torque wrench 
attached to a screw clamp. A detailed description of this 
measurement method and calibration curves against DIN 
EN 12390-3 normal procedures are given in Dietel et al. 
[37].

2.2.5  Computed tomography (CT) and modelling

Computed tomography (CT) imaging was used to deter-
mine the porosity and microstructure of a 15 mm syn-
thetic sandstone sample plug. Measurements were run 
on a YXLON CT Precision system housed at the Institute 
of Applied Materials—Materials Science and Engineering 
of the Karlsruhe Institute of Technology [38, 39]. In total, 
1950 projections were acquired for the CT scan. The recon-
structed dataset had a voxel size of 7.6 μm. Image pro-
cessing was done using the software Avizo 9.0 (FEI, Ger-
many) and included non-local means filtering to remove 
noise, ring artifact removal and cropping to a rectangular 

Fig. 2  X-ray diffraction patterns of the initial China clay, metakaolin after heating at 600 °C for 2 h and the micronised synthetic sandstone. 
(Ms muscovite, Kln kaolinite, Qz quartz, Cal calcite, Zeo zeolite, a.u. arbitrary unit)
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domain (x = 1300, y = 1229, z = 1300). Five phases were 
distinguishable after filtering, namely pores, quartz, cal-
cite, binder and minor amounts of titanium oxide, which 
showed the highest degree of X-ray absorption. These 
were segmented using the machine-learning software 
Ilastik [40]. For every 200th image, a manually formed seg-
mentation mask was created as a training data set. The 
obtained phase image was statistically analysed using 
Avizo. Pore and binder size distributions were calculated 
based on the algorithm proposed by Münch and Holzer 
[41]. For comparison, a 25 mm Berea sandstone plug was 
scanned with a voxel size of 13.3 μm.

Subdomains of  3843 voxels were used for direct numeri-
cal simulations by applying the OpenFOAM toolbox [42] to 
calculate the permeability of the material and analyse the 
flow path distribution. The SimpleFOAM solver, which uses 
the SIMPLE algorithm (Semi-Implicit Method for Pressure-
Linked Equations) was utilised to solve the Navier–Stokes 
equations. For laminar flow of incompressible fluids, the 
conservation of mass is

where v is the divergence-free velocity. The momentum 
equation without gravitational term reads

where µ is the dynamic fluid viscosity, ρ the density of the 
fluid and p the pressure field.

The mesh was generated to be congruent with a seg-
mented connected pore voxel volume. A single-layer 
mesh refinement was performed at the boundary of the 
pore space to prevent an under-resolved mesh in the nar-
row pore throat regions. Between the inflow and outflow 
planes, which were enlarged by 10 cells as a “reservoir” in 
each direction, a constant pressure gradient was adopted. 
No slip boundary conditions were used for solid grain 
boundaries and symmetric boundaries were applied for 
the remaining domain sites. Fluid properties were set to 
mimic air at 21 °C. Simulations were run in the y-direction, 
equivalent to the direction of air permeameter meas-
urements. To determine the permeability for each sub-
domain, the velocity uy of the computed velocity field was 
integrated over the sample volume V without reservoirs 
and the absolute permeability was calculated as follows:

where Ky is the permeability in y-direction, µ is the dynamic 
viscosity, ΔP the pressure gradient between inflow and 

(1)

(2)

(3)Ky = −�

(

1

V ∫ V

uydV

(

ΔP

ly

)−1
)

,

outflow plane and ly length of the domain in y-direction 
without reservoirs.

3  Results and discussion

3.1  Mineralogical composition

The XRD pattern of the cured synthetic sample after crush-
ing and micronising was compared to the initial China clay 
and the metakaolin pattern (Fig. 2). Reflections of quartz, 
calcite and crystalline zeolite (likely zeolite NaP of the gis-
mondine framework [43] or phillipsite) were observed. 
Traces of muscovite can be recognised by a tiny 10 Å 
reflection. No amorphous hump was detected in the cured 
sandstone sample, as detected in the original metakaolin 
sample, indicating close to complete dissolution of the 
amorphous precursor material. Based on Rietveld calcu-
lations, the cured synthetic sandstone is composed of 
84 wt% quartz, 8 wt% calcite, 6 wt% zeolite and traces of 
muscovite and titanium oxides (Table 1). When compared 
to the initial composition of dry components, this shows 
a relative increase in the binder fraction and some minor 
dissolution of calcite that probably occurred during the 
washing of the sample in distilled water. Zeolite cements 
are commonly reported in natural reservoir sandstones 
and are indicative of high porosity and permeability pres-
ervation during diagenesis [44].

3.2  SEM and EDX

SEM images of rock fragments taken from the cured 
synthetic sandstone sample show that quartz grains are 
cemented by the geopolymer binder that consists mainly 
of zeolite NaP crystals with diameters between 15 and 
25 μm as well as an amorphous Si-rich geopolymer phase 
(Fig. 3a, b). The binder is primarily located in between 
quartz grains and contains varying amounts of porosity, 
which explains the broad range of grey values observed 
in CT images for this phase (Fig. 3a, b). To determine its 
chemical composition, EDX spectra of different binder and 
quartz grain spots were collected (Table 2). Binder regions 
B1–B3 are composed of Na, Al, Si, K, Ca and O with traces 
of Mg detected in B1. Na, Al, Si and O can be related to the 
zeolite NaP. The traces of Mg and K are likely remnants of 
the muscovite that was introduced with the metakaolin 
precursor material. The low concentration of Ca observed 
across all spectra is considered to represent some local 
calcite dissolution that likely occurred during the curing of 
the sample under strong alkaline conditions or the wash-
ing in slightly acidic double-distilled water. Subsequently, 
this Ca was either incorporated in the geopolymer during 
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Table 1  Petrophysical 
properties and mineralogical 
composition of the synthetic 
sandstone plug

Values for Berea and Flechtingen sandstone are provided for comparison

Φ porosity, K permeability, σ uniaxial compressive strength
a Data compiled from Heidsiek et al. [10], Jacob et al. [45] and Peltz et al. [12]

Synthetic sandstone Berea sandstone Flecht-
ingen 
sandstone

Φwater (%) 22.8 13.1 5.8
ΦCT (%) 12.6 12.3 6.7 ± 3.4a

Kair (md) 1610 ± 423 117 ± 49 2.9 ± 1.5a

Kcalc (md) 463 ± 315 Not determined 1.3a

σ (MPa) 19.6 91.2 129.2
Average mineral contents (wt%)
 Quartz 84 88 64
 Zeolite 6 – –
 Calcite 8 1 6
 Illite/muscovite < 1 3 13
 Titanium and iron oxides < 1 < 1 < 1
 Kaolinite – 2 –
 Feldspars – 6 16

Fig. 3  a Low resolution sec-
ondary electron image of the 
synthetic sandstone. Binder is 
found in intergranular regions 
and shows varying degrees 
of porosity depending on 
the amount of pore-filling 
amorphous geopolymer. The 
locations of quartz (Qz1-3) and 
binder (B1-3) EDX spot analy-
ses from Table 2 are marked by 
blue and yellow frames. b + c 
Close-up and selected EDX 
maps showing the distribution 
of zeolite NaP and amorphous 
geopolymer
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the curing as indicated by areas in the mapping that corre-
late with Si, or reprecipitated as calcite during the drying, 
as shown by the peaks of Ca that do not correlate with Si 
but with O (Fig. 3c).

EDX mappings of a larger area were collected to deter-
mine the chemical variability of the binder (Fig. 3b, c). The 
visibly crystalline parts (Fig. 3b) that are formed by zeolite 
are composed of Na, Al, Si and O. In between these crystals, 
an amorphous phase can be observed, which is primarily 
composed of Si and Al and is likely the amorphous geo-
polymer. Thus, higher Si contents correspond to denser 
and geopolymer-rich binders as confirmed visually and 
chemically by comparing site B2 with B3 (Fig. 3a; Table 2).

3.3  Petrophysical properties

To compare the properties of the geopolymer-based syn-
thetic sandstone plug to natural rock plugs of the same 
dimensions, air permeability Kair, uniaxial compressive 
strength σ and water displacement porosity Φwater were 
also measured for a Berea sandstone specimen represent-
ing a porous siliciclastic reservoir rock and a Flechtingen 
sandstone (Upper Rotliegend, Parchim Formation) as an 
example for a compacted, tight sandstone (Fig. 1; Table 1).

The total porosity of the synthetic sandstone obtained 
from water uptake (22.8%) and from CT images (12.6%) 
is within the typical range reported for natural porous 
reservoir sandstones [9]. These porosity values indicate 
that a large proportion of pores cannot be resolved by CT, 
such as the small pores associated with the zeolite and 
the amorphous geopolymer binder phase. Axis connectiv-
ity of the segmented pore space exists in all spatial direc-
tions and is built-up by a single connecting pore cluster 
(Fig. 4a). The fluctuations of the porosity and the binder 
content between consecutive images are low, but an over-
all decrease can be observed for both parameters from 
top to bottom (Fig. 4b). This is accompanied by a slight 
increase in quartz content observed from top to bottom 
(Fig.  4b), which reflects some gravitational settling of 
quartz grains during the curing process. These variations 
are, however, minor when compared to that produced by 

the sedimentary grading of sand grains common to water-
deposited sands and lithified sandstones.

Other, more local heterogeneities exist at a scale of 
a few 100 μm in association with clustered binder-rich 
regions with low porosity (Fig. 4a). It is also noticeable that 
the mineral phases in the upper 100 slices show large fluc-
tuations and an increased porosity that can be viewed as 
an artefact of the molding process. Two additional anoma-
lies in binder content and porosity are recognised in the 
regions around slice #700 and #1000, which mark regions 
where material was placed on top of each other during 
the filling of the mold. Despite these irregularities and 
artefacts, the overall bulk sample can be considered to be 
homogeneous and shows a consistent pore structure.

The calculated pore and binder size distributions 
(Fig. 4c) correlate well with the observed internal frame-
work structure. The total volume fraction of the binder is 
22.1% and the diameter of the binder coating between 
individual grains ranges between 15.2 and 22.8 nm. In 
comparison, the pore size distribution detected from CT 
imaging is broader with a peak abundance at about 38 nm 
(Fig. 4c).

By adding calcite as the last component during the rock 
mixture preparation, most calcite grains were located in 
open pores making them accessible for invading fluids. 
The textures observed are therefore similar to late-diage-
netic calcites formed in reservoir sandstones [46]. In addi-
tion, the distribution of calcite shows only minor variations 
in texture across the specimen. This reflects that the syn-
thetic geopolymer sample is notably more homogenous 
than reported from natural samples.

To check the homogeneity of the sample quantitatively, 
the range of permeabilities across the sample was simu-
lated by selecting 12 sub-volumes of  3843 voxels from 
three different depths and conducting separate numeri-
cal simulations (Fig. 4d). Four laterally located non-over-
lapping volumes were taken from the top, from below the 
highly porous zone at a depth of 128 voxel and from a 
depth of 512 voxels, respectively. All depths are related 
to the top face of the cubic domain. The measured and 
calculated permeability range shows a large fluctuation 

Table 2  Results of EDX spot 
measurements

Locations of the spots are shown in Fig. 3. All values in weight%

Na Mg Al Si K Ca O

Qz1 0.6 – 0.5 45.2 – 1.2 52.6
Qz2 1.4 – 1.4 42.5 – 3.2 51.5
Qz3 1.3 – 2.0 41.9 – 3.4 51.4
B1 5.7 0.4 8.7 32.1 0.9 3.9 48.3
B2 8.6 – 10.1 29.3 0.9 4.0 47.1
B3 4.2 – 7.0 32.8 1.5 6.7 47.9
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 (Kair = 1610 ± 423 md,  Kcalc = 463 ± 315 md) attributable to 
the low degree of compaction in the top area and vary-
ing degrees of pore connectivity at the simulated scale. 
It was observed that the connected porosity of sub-vol-
umes from a depth of 512 voxels was 2–3% lower but the 
permeability values were within the same range as those 
observed for sub-volumes closer to the top. This indicates 
that the heterogeneity of connectivity of the pore space 
and flow paths was similar throughout the entire sample 
volume. Thus, the comparatively small sub-volumes of 
 3843 voxels may not capture the representative elemen-
tary volume (REV) size of the sample. However, this issue is 
widely known when attempting to determine the perme-
ability of natural sandstones by modelling [47] and devia-
tions by a factor of 2 are generally expected for smaller 
volumes compared to the larger samples of the same 
material [48]. Although values fluctuated considerably, 
the permeabilities of the synthetic sandstone are up to 
3 orders of magnitude higher than those observed in the 
natural samples (Table 1), which is favourable for conduct-
ing flow-through experiments [15].

The compressive strength of 19.6 MPa measured on 
the synthetic sandstone was significantly lower than 
that determined for the Berea (91.6 MPa) and Flechtin-
gen (129.2 MPa) sandstones (Table 1). This low strength 
is attributed to insufficient hardening of the binder as 
evident from the remains of some amorphous geopoly-
mer detected in the specimen. Increased hardening and 
therefore higher compressive strength may be achieved 
by various factors. (1) The presence of amorphous Si-rich 
geopolymer indicates an excess of sodium silicate solu-
tion in the starting materials. Thus, adjusting the molar 
ratios of the starting materials to zeolite NaP should lead 
to a more complete conversion of the educts, while reduc-
ing the likely mechanically weaker amorphous content. 
(2) Prolonged thermal curing of the geopolymer and/or 
applying a compressional force during the hardening 
stage may further increase the compressive strength. (3) 
The China clay utilised in the present study contains small 
amounts of muscovite, which was used to determine its 
suitability for particle migration studies. However, due to 
the intensive grinding, particle sizes became too small to 
be observed within the framework of this sample. Hence, 

Fig. 4  a 3D rendering show-
ing the processed CT image, 
the machine-learning based 
segmentation and the voxel-
rendering of the connected 
pore space. b Slice-wise area 
distribution of the segmented 
phases showing a slight 
increase in quartz content 
from top to bottom. The first 
100 slices are characterised 
by an increased porosity and 
solid contents indicating lower 
compaction at the top. c The 
calculated pore and binder 
size distributions indicate that 
the binder primarily occupies 
narrower intergranular regions. 
d Porosity-permeability 
relationship for 12 selected 
sub-volumes
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adding more suitable particles separately that can be 
imagined for this purpose is recommended. Furthermore, 
the kaolinite could be replaced by a more disordered vari-
ety with smaller initial particle sizes and larger specific sur-
face areas (possibly KGa2), as these are known to dissolve 
faster in alkaline environments [49].

3.4  Suitability for advancing experimental studies

Geopolymer-cemented synthetic sandstones containing 
thermally sensitive minerals have the potential of advanc-
ing experimental studies by providing more homogene-
ous solid materials that can be easily adapted to constrain 
specific reservoir rock parameters. Thus, these materials 
are considered to provide better analogues for reservoir 
rocks than synthetic rocks cured at high temperatures [17, 
18, 20] or unconsolidated and consolidated sands [50, 51]. 
Examples of the direct parameters G that can be adjusted 
when preparing the samples, and the main corresponding 
reservoir-relevant properties f(G) that can be constrained, 

are summarised in Fig. 5. These, and additional parameters, 
are required by available reactive transport models and 
can be provided for verifying these by improved controlled 
experimentation [14, 52–54].

In this proof-of-concept study, specimens were pre-
pared with the focus of adding a matrix calcite (8 wt%) to 
a highly porous framework during the final stage of mixing 
as an analogue to a carbonate-cemented sandstone. Simi-
lar synthetic rocks can be constructed using other temper-
ature-sensitive minerals, such as clay minerals (e.g. kaolin-
ites, illites, smectites, chlorites) as well as various zeolites 
(clinoptilolite, heulandite, erionite, mordenite, analcime) 
which are common to the matrix of reservoir sandstones 
[55, 56]. These mixtures can be used to study surface-
related processes, such as adsorption, cation exchange 
and reactive transport that cannot be constrained when 
high-temperature curing procedures induce irreversible 
mineral alterations.

In addition to adapting mineral contents, various grain 
properties can be selected when preparing the mixtures 
that are important for studying porosity-permeability 

Fig. 5  Overview of parameters that can be adapted and mate-
rial properties that can be constrained and investigated by flow-
through experimentation of geopolymer-cemented synthetic 
sandstone. a Direct parameters G refer to properties that can be 

adjusted when preparing the sample. b Material properties that are 
a function of direct parameters. c Examples of experimental con-
ditions that can be monitored or adjusted in flow-through experi-
ments
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relationships as well as controlling pore and throat size 
distributions and tortuosity (Fig. 5a). Basic properties that 
are easy to control are grain size, grain-size distribution, 
sphericity, roundness and surface properties [57]. Recent 
numerical simulations, for example, indicate that the 
degree of adhesion and surface roughness in porous rocks 
will determine whether or not small particles are mobilised 
at the sub-pore scale, leading to reservoir clogging [58].

A range of matrix parameters can also be controlled by 
adjusting the binder mixture. This is an important aspect 
in influencing the volume and distribution of the cement 
that controls porosity, permeability, diffusivity, compres-
sive strength, as well as the rate of fluid flow (Fig. 5b, c). 
Combining variations in mineral content, grain and binder 
properties using synthetic geopolymer sandstones may 
also lead to improved studies relevant to inorganic and 
organic pollutants based on monitoring changes in the 
chemistry of the effluent (Fig. 5c).

Geopolymer-hardened sandstones can be prepared in 
range of sample sizes and shapes applying no or very low 
confining pressures. Thus, it is straightforward to produce 
highly porous synthetic sandstone using simple mineral 
assemblages that are often difficult to find in natural sam-
ple collections. Any inconsistencies in porosity produced 
at the top or bottom of the synthetic sample can be easily 
removed before experimentation and internal inconsisten-
cies can be avoided by pouring the slurry into the mold as 
one continuous process.

4  Conclusion

This study demonstrated that homogenous synthetic 
sandstones can be prepared at low temperatures using 
geopolymer binder that have the potential to provide 
improved analogue materials for constraining experimen-
tal parameters that are difficult to attain from the study of 
natural heterogenous rocks. The low-temperature curing 
enables the incorporation of temperature-sensitive mate-
rials such as carbonates, zeolites or clay minerals that can-
not be studied using conventional high-temperature hard-
ening approaches. Although the maximum temperature 
in the present study did not exceed 130 °C, many geopoly-
mer studies indicate that curing even at room temperature 
may be achievable if longer curing times are used.

The variety of parameters, such as grain and cement 
properties, sample geometry and mineralogical composi-
tion, that can be easily adapted during the sample prepa-
ration, allows adaption to attain specific experimental 
requirements. Thus, the use of synthetic geopolymer-
cemented sandstones in flow-through experiments has 
the potential to provide needed benchmark materials 
and datasets for verifying reactive transport models from 

the pore to the Darcy scale. As some improvements in the 
specimen preparation are still required to reach compres-
sive strengths equal to those of hard reservoir rocks, the 
material synthesised in this study is considered more use-
ful for studying fluid-rock interactions than mechanical 
aspects.
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