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Abstract
Decarbonisation of the energy system requires new uses of porous subsurface reservoirs, where hot porous reservoirs can 
be utilised as sustainable sources of heat and electricity, while depleted ones can be employed to temporary store energy or 
permanently store waste. However, fluid injection induces a poro-elastic response of the reservoir rock, as well as a chemi-
cal response that is not well understood. We conducted uniaxial stress-cycling experiments on quartz sand aggregates to 
investigate the effect of pore fluid chemistry on short-term compaction (stresses of 0.3–35 MPa, five or ten cycles). Two of 
the tested environments, low-vacuum (dry) and n-decane, were devoid of water, and the other environments included distilled 
water and five aqueous solutions with dissolved HCl and NaOH in various concentrations, covering pH values in the range 
1–14. In the first loading–unloading stress-cycle, 28–64% of the compaction was inelastic, where fluid-saturated samples 
produced more compaction than dry samples. In addition, compaction was strongly enhanced in alkaline environments and 
inhibited in acidic ones, compared to distilled water. With prolonged stress-cycling (up to ten cycles), fluid-enhanced com-
paction effects disappeared. Acoustic emission data and microstructural analyses revealed that microcracking was prevalent 
in all samples. We inferred that crack growth was aided by Si–O bond hydrolysis and pH-dependent fluid–solid surface 
interactions. In addition, crack growth rates reduced with prolonged stress-cycling, leading to less fluid-enhanced compaction 
with increasing cycle number. Our results imply that fluid injection into a clean, quartz-rich, porous reservoir could evoke 
or inhibit apparent time-independent inelastic deformation depending on the type of fluid injected.
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1 Introduction

To mitigate climate change, efforts are being made to decar-
bonise our energy system and transition towards low- or 
zero-carbon energy sources, such as renewable energy in 
the form of wind, solar or water power (Moriarty and Hon-
nery 2016; Hauer et al. 2018; Kabir et al. 2018; DeCastro 
et al. 2019), and geothermal energy (Shortall et al. 2015; 

Limberger et al. 2018). Renewable energy can be temporar-
ily stored in geological formations (Mahlia et al. 2014) in 
the form of synthetic fuel (Graves et al. 2011), compressed 
air (Budt et al. 2016), or hydrogen (Tarkowski 2019). Other 
forms of subsurface storage that have an important role to 
play during the energy transition include seasonal storage of 
low-carbon natural gas (Fang et al. 2016; Juez-Larré et al. 
2016), short- and long-term storage of captured  CO2 (IPCC 
2005; Jiang et al. 2010; Underschultz et al. 2011) and per-
manent disposal of wastewater used in gas production (Lei 
et al. 2013; Keranen et al. 2014). For these reasons, porous 
subsurface reservoirs, such as aquifers and depleted hydro-
carbon reservoirs, have been receiving more and more atten-
tion in recent years, as host rocks for injection of all of the 
above fluids (Liu and Ramirez 2017; Schimmel et al. 2019b). 
Injection of a foreign, pressurised fluid, and especially cyclic 
injection and production, will not only bring about changes 
to the in situ stress state, but also in the (local) temperature 
field and chemical environment. On both the short and long 
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term, these changes may influence the mechanical and trans-
port behaviour of the host and seal formations, and hence the 
performance of the subsurface storage complex.

Injection of a pressurised fluid into a porous reservoir 
will have a direct effect on the state of stress. An increase 
in pore pressure ( Pp ) relative to the overburden stress ( �v ) 
leads to a decrease in the effective vertical stress acting on 
the reservoir rock, as given by Terzaghi’s effective stress 
principle �v,eff = �v − Pp . This may induce a predictable, 
poro-elastic response, resulting in the expansion of the res-
ervoir rock (Wang 2000). Furthermore, alteration of the 
chemical environment may result in fluid-rock interactions, 
potentially impacting inelastic grain-scale deformation pro-
cesses affected by pore fluid chemistry, such as dissolution 
(Hajash et al. 1998; Dove 1999), microcracking (Atkinson 
and Meredith 1981; Brantut et al. 2012; Brzesowsky et al. 
2014a; Schimmel et al. 2019a) or pressure solution (Rut-
ter 1983; Lehner 1990; Schutjens 1991; Dewers and Hajash 
1995; Spiers et al. 2004; Gratier et al. 2009). Changes in the 
rate of these processes could affect the mechanical behaviour 
of the reservoir rock. An increase in the rate of, for example, 
microcracking could lead to compaction of the reservoir. 
Induced reservoir compaction can be the source of unwanted 
effects, such as induced seismicity and surface subsidence 
(Nagel 2001; Doornhof et al. 2006; Suckale 2009). Injection/
production cycles may have similar effects, as well as poten-
tially producing rock damage phenomena that may lead to 
changes in reservoir behaviour (Heap et al. 2010). However, 
the chemo-mechanical impact of fluid injection and produc-
tion strongly depends on pore fluid chemistry and on the 
mineralogy of the grains and cement that form the reservoir 
rock. This means that the effects of fluid-rock interactions on 
reservoir response are much more difficult to predict than the 
direct poro-elastic response to fluid injection or production.

Depleted hydrocarbon reservoir sands and sandstones, as 
well as sandstone aquifers, form key targets for  CO2 storage 
(e.g.,Gibson-Poole et al. 2008; Heinemann et al. 2012; Mao 
et al. 2014), wastewater storage (Andričević et al. 2009) and 
geothermal energy production (Moeck 2014). Sand aggre-
gates and sandstones have first-order similarities in mechani-
cal behaviour, such as similar grain-scale pore fluid-rock 
interactions occurring in both materials. In addition, sand-
stone behaviour is generally approximated as grains held 
together by cement bonds (e.g., see Potyondy and Cund-
all 2004; Einav 2007), implying that sandstones behave as 
loose granular sand once sufficient cement bonds are broken 
(Bernabé et al. 1992). This makes sand a suitable analogue 
to study the behaviour of sandstone.

From compaction experiments on granular quartz, it is 
well known that the compaction behaviour is affected by 
the chemical environment. Water-bearing sand samples 
compact more easily upon increased loading compared 
to their dry counterparts (Hangx et al. 2010; Brzesowsky 

et al. 2014a). Similarly, time-dependent (creep) compac-
tion of quartz sand is enhanced in wet versus dry samples, 
and especially in the presence of alkaline fluids, whereas 
it is inhibited in acidic environments (Hangx et al. 2010; 
Schimmel et al. 2019a). These effects of fluid composition 
on creep are caused by surface interactions between the fluid 
and the rock-forming minerals, impacting the rate of stress 
corrosion cracking of grains and grain contacts. However, 
during injection cycling of the type characterising seasonal 
storage of energy or geothermal energy production, instan-
taneous or short-term effects may be more important than 
long-term creep phenomena, because of the relatively rapid 
(cyclic) changes in the state of stress. The short-term (i.e., 
instantaneous or time-independent) compaction behaviour 
of quartz sand has been investigated in numerous studies 
employing single-stage loading experiments (Hagerty et al. 
1993; Yamamuro et al. 1996; Nakata et al. 2001a, b; Chuhan 
et al. 2002, 2003; Mesri and Vardhanabhuti 2009; DeJong 
and Christoph 2009; Wang et al. 2011) and stress-cycling 
experiments (Monismith et al. 1975; Sawicki and Swidzin-
ski 1995; Wichtmann et al. 2005; Brzesowsky et al. 2014b; 
Chong and Santamarina 2016; Park and Santamarina 2018). 
However, in most of these studies, the effect of chemical 
environment was not systematically studied and/or the stress 
range investigated was too low to be representative of typi-
cal shallow crustal conditions (i.e., up to 100 MPa or 5 km 
depth), falling below the stress level typically required for 
significant grain breakage (Zhang et al. 1990; Brzesowsky 
et al. 2011).

The present study investigates the effect of pore fluid 
chemistry on the short-term compaction behaviour of 
quartz sand aggregates. The aggregates are treated as ana-
logues for clean, highly porous, quartz-rich reservoir sands 
and sandstone. Axial stress-cycling (oedometer) experi-
ments reaching up to 35 MPa were performed on sand at 
80 °C, simulating typical reservoir conditions at depths of 
2–4 km. Loading rates of 5 MPa/min were used, allowing 
for discrimination between different acoustic emission (AE) 
events. Though this loading rate is several orders of mag-
nitude faster than would be employed during injection and/
or production operations, it should be noted that for time-
independent compaction, loading rate does not seem to 
significantly affect the compaction behaviour (Brzesowsky 
et al. 2014b). We systematically tested the effect of chemical 
environment, including a low-vacuum (dry) control envi-
ronment, a chemically inert pure fluid (n-decane), and HCl 
and NaOH pure fluid solutions covering a pH range of 1 to 
14. These environments represent chemical conditions rel-
evant to subsurface activities related to geothermal energy 
production,  CO2 or wastewater storage or seasonal energy 
storage. Insight into the deformation mechanisms operating 
at the grain-scale was obtained via acoustic emission count-
ing, and by means of microstructural study and grain size 
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analysis applied before and after individual cyclic compac-
tion tests. The tests revealed that compaction was for a large 
part inelastic and that this permanent compaction was con-
trolled by microcracking, which was in turn strongly influ-
enced by pore fluid chemistry. Wetting with aqueous solu-
tions produced more strain compared to conditions devoid 
of water. Furthermore, permanent compaction was enhanced 
in samples saturated with alkaline solutions and inhibited 
in acidic solutions compared to distilled water-saturated 
samples. These results imply that, in case of injection of 
an alkaline solution, the initial stage of a cyclic injection/
production operation has the potential to induce enhanced 
reservoir compaction.

2  Experimental Method

2.1  Sample and Pore Fluid Preparation

The quartz sand used in this study was collected from the 
Heksenberg Formation at the Beaujean Quarry in Heerlen, 
the Netherlands. Sample material was prepared as described 
in previous work (Brzesowsky et al. 2011, 2014a; b) and is 
the same material used by Schimmel et al. (2019a). The sand 
was sieved to obtain a grain size fraction of 196 ± 16 µm. 
X-ray diffraction analysis and inductively coupled plasma 
emission spectroscopy (ICP-ES) measurements on the 
sieved material indicated a quartz content of > 99 wt% with 
zircon and Na-rich feldspar present as principal trace miner-
als. The feldspar was successfully removed by washing in 
distilled water using a gravitational separation technique. 
The present 1D compaction experiments were conducted on 
5.01 g samples of the final Beaujean sand material.

In total, a low-vacuum (dry) control environment and 
seven pore fluids were employed to investigate the effect 
of chemical environment on the short-term cyclic compac-
tion behaviour of quartz sand (Table 1). These pore fluids 
included a chemically inert fluid (n-decane) with respect to 
quartz, distilled water, three HCl solutions (pH 1, 2.4 and 4) 
and two NaOH solutions (pH 9 and 14). Low-vacuum (dry) 
conditions were obtained by evacuating the sample before 
and during mechanical testing, using a single-stage rotary 
vacuum pump (Fig. 1a). The n-decane used was commer-
cially available analytical reagent grade. The acid solutions 
of pH 1, pH 2.4 and pH 4 were prepared by diluting fixed 
quantities of hydrochloric acid (HCl) in distilled water. The 
alkaline solutions of pH 9 and pH 14 were prepared by dilut-
ing a fixed quantity of sodium hydroxide (NaOH) in distilled 
water. All aqueous solutions were thoroughly stirred and left 
to equilibrate for at least 5 days prior to use. After equilibra-
tion, each solution was heated to 80 °C and the solution pH 
determined at the experimental temperature using a portable 
pH meter that accounts for the temperature-dependence of 

pH. Note that the solutions were not saturated with respect 
to quartz.

2.2  Experimental Set‑Up and Acoustic Emission 
Monitoring System

The stress-cycling experiments were performed in a uni-
axial (1D) compaction vessel (oedometer), loaded using 
an Instron 8862 servo-controlled loading frame (Fig. 1b 
and c). The compaction vessel is modified from the vessel 
originally described by Schutjens (1991), and later by other 
workers (Hangx et al. 2010; Brzesowsky et al. 2014a, b; 
Schimmel et al. 2019a). The vessel and loading pistons are 
constructed from corrosion resistant Monel K-500, a cop-
per-nickel-molybdenum alloy. The bottom piston and vessel 
are secured on the loading frame. The top piston contains a 
pore fluid bore, allowing both evacuation of the sample and 
injection of a pore fluid. The sand sample fills the bore of 
the vessel (20 mm diameter) between the upper and lower 
pistons, having an initial height of approximately 10 mm. 
A 1 mm thick, porous, stainless steel plate between the top 
piston and sample ensures equal distribution of fluid over 
the sample cross-sectional area upon injection. In addition, 
it prevents grains from entering and clogging the pore fluid 
bore. Both the top and bottom piston are sealed against the 
vessel wall using EPDM O-rings. Sample evacuation and 
fluid introduction are achieved via the pore fluid system, 
consisting of a vacuum pump and a Drechsel bottle (Fig. 1a). 
For evacuation of the sample, the vacuum pump is connected 
to the sample via the Drechsel bottle. In addition, the Drech-
sel bottle is used for flooding the sample with pore fluids.

Axial force, displacement and temperature are con-
trolled and measured throughout the experiment. Force 
is applied by advancing the Instron loading ram. Force is 
measured externally using the Instron load cell (0–100 kN 
range, resolution ± 0.05 kN) and using an internal load cell 
(0–100 kN range, resolution ± 0.05 kN) located in the top 
part of the bottom piston. Piston position and displacement 
are measured using linear variable differential transformers 
(LVDT) located in the Instron drive unit (± 50 mm range, 
resolution ± 0.25 µm) and a Sangamo LVDT (± 1 mm range, 
resolution ± 0.1 µm) located between the upper piston and 
the vessel (Fig.  1c). A furnace allows controlled heat-
ing of the sample with ± 0.5 °C accuracy using a K-type 
chromel–alumel control thermocouple. This thermocouple 
is positioned within the furnace windings and connected to 
a proportional-integral-derivative (PID) controller. A second 
K-type thermocouple, embedded in the vessel wall adjacent 
to the sample, independently measures sample temperature.

In addition, the experimental set-up is equipped with 
an acoustic emission (AE) monitoring system that detects 
and counts AEs produced by the compacting sample. 
The AE events are detected using a ceramic piezoelectric 
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resonator, mounted externally on the top piston (Fig. 1c). 
The resulting signal passes through a precision preampli-
fier (36 dB gain) and a multistage signal conditioning 
system (24 dB gain). A 100 kHz to 1 MHz band-pass 
filter is applied to eliminate low frequency interference 
and sensor resonance effects. Lastly, a two-counter chan-
nel with a constant trigger-threshold of 200 mV, which is 
just above the noise level, discriminates and continuously 
counts the incoming AE events. Pulse stretching times 
(PST) of 1000 µs and 500 µs are set for each counter, to 
check for wave pocket arrival-bouncing effects and coun-
ter saturation. In case of discrete events, the count rates 
from the two channels should be identical.

2.3  Experimental Procedure

Vessel assembly was conducted outside the Instron frame, 
first mounting the compaction vessel on its lower piston. A 
10 mm high stainless steel spacer was then inserted into the 
vessel, to position the sample in the middle of the vessel. 
Subsequently, a Teflon liner was emplaced to reduce fric-
tion between the sand sample and vessel wall. This liner is 
10 mm high and 50 μm thick, and rims the inside of the ves-
sel. Before emplacing the liner, the Teflon was sprayed with 
Molykote D-312R and dried for at least 1 hour to further 
reduce friction. The sample material was then funnelled into 
the vessel and the porous steel plate was carefully placed 

Table 1  Overview of stress-cycling experiments performed in this study, all at 80 °C and up to 35 MPa maximum applied stress

φI denotes porosity at the start of stage I pre-compaction at low-vacuum (dry) conditions, φII is the porosity at the start of Stage II stress-cycling, 
εp is the total permanent strain accumulated during Stage II stress-cycling, TS and GS indicate samples used for thin section preparation or grain 
size analysis, respectively, either resulting in a crack density or a value for mean grain size (D50). aRepresentative experiments within porosity 
range 39.9–40.3% (Group A). bRepresentative experiments within porosity range 40.4–40.8% (Group B). *No AEs were recorded for this sample 
during Stage I

Experiment Chemical environment pH φI (%) φII (%) # Stress-
cycles

εp (%) TS or GS 
analysis

D50 (μm) Crack 
density 
 (mm−2)

vac-01 Low-vacuum (dry) – 42.3 40.2 5 2.3 – – –
vac-02 Low-vacuum (dry) – 44.4 41.0 5 2.7 TS – 1.52
vac-03a Low-vacuum (dry) – 42.3 40.0 5 2.1 GS 227 –
vac-04b Low-vacuum (dry) – 43.6 40.8 10 3.7 – – –
dec-01 n-decane – 42.0 39.8 5 2.8 TS – 1.74
dec-02a n-decane – 42.7 40.1 5 3.2 – – –
dec-03b n-decane – 43.6 40.6 5 3.2 GS 221 –
1pH-01 HCl solution 1 41.1 39.2 5 2.2 – – –
1pH-02a HCl solution 1 42.7 40.0 5 3.1 GS 217 –
1pH-03b HCl solution 1 43.6 40.6 5 4.0 TS – 2.08
2.4pH-01b HCl solution 2.4 43.0 40.6 5 3.4 TS – 1.59
2.4pH-02a HCl solution 2.4 43.9 40.3 5 3.6 GS 220 –
2.4pH-03 HCl solution 2.4 44.5 41.1 5 4.3 – – –
4pH-01a HCl solution 4 42.6 39.9 5 3.5 – – –
4pH-02 HCl solution 4 43.8 40.8 5 4.4 GS 215 –
4pH-03b HCl solution 4 43.6 40.6 5 4.2 TS - 1.55
DI-01 Distilled water 5.9 43.9 40.9 5 4.2 – – –
DI-02 Distilled water 5.9 43.7 40.8 5 4.5 GS 214 –
DI-03 Distilled water 5.9 43.9 40.8 5 4.4 TS – 2.08
DI-04b Distilled water 5.9 44.0 40.8 10 6.3 – – –
9pH-01 NaOH solution 9 43.2 40.5 5 3.9 GS 218 –
9pH-02b* NaOH solution 9 43.4 40.5 5 4.2 TS – 2.06
9pH-03a NaOH solution 9 42.3 40.1 5 3.6 – – –
14pH-01 NaOH solution 14 43.6 40.3 5 5.8 – – –
14pH-02a NaOH solution 14 43.1 40.2 5 5.4 TS – 2.22
14pH-03b NaOH solution 14 43.6 40.4 5 5.6 GS 212 –
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on top of the sample using a guiding rod. The furnace and 
top piston were subsequently added and the entire assembly 
located into the Instron loading frame.

In preparation for each experiment, the sample was heated 
to the target temperature of 80 °C, while simultaneously 
evacuating the sample assembly. After stabilisation at 80 °C, 
which took approximately 1.5 h, each sample was pre-com-
pacted by stress-cycling, while continuously evacuating 
(Stage I, Fig. 2). First, a small stress of 0.3 MPa (equivalent 
to a force of 0.1 kN) was applied to the sample. The applied 
stress was then cycled at a constant stress rate of 5 MPa/
min following the sequence shown in Fig. 2 (i.e., 0.3 – 5 – 
0.3 – 15 – 0.3 – 25 – 0.3 – 35 – 0.3 MPa). The start of Stage 
I stress-cycling (tI = 0) is defined as the moment this loading 
sequence was initiated (Fig. 2). The aim of Stage I stress-
cycling was to condition each sample such that the vari-
ability in porosity between different samples was reduced in 
preparation for subsequent testing. This was done because 
compaction of sand aggregates is highly sensitive to the ini-
tial microstructure (Hangx et al. 2010; Brzesowsky et al. 
2014a).

After pre-compaction, a second stage of stress-cycling 
(Stage II) ensued, where the stress was cycled between 0.3 
and 35 MPa in five or ten cycles at a constant stress rate of 
5 MPa/min (Table 1). The start of Stage II stress-cycling 
(tII = 0) is defined as the moment the second loading ramp 

Fig. 1  Overview of the experimental set-up used in this study. a Pore fluid system with Drechsel bottle and vacuum pump. b Instron servo-con-
trolled loading frame employed with a 100 kN load cell and c compaction vessel

Fig. 2  Experimental procedure employed in this study, consisting of 
two stages of stress-cycling. Stress-cycling in Stage I is under low-
vacuum (dry) conditions for all experiments and commences at tI = 0. 
Stage II starts at tII = 0 and is either at low-vacuum or fluid-saturated 
conditions and includes either five (as shown) or ten stress-cycles (not 
shown). Note that for fluid-saturated experiments, fluid was intro-
duced prior to the start of the first cycle of Stage II, i.e., before tII. 
The applied stress is the stress measured by the external load cell
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was initiated (Fig. 2). This stage was performed either at 
evacuated (dry) or fluid-saturated conditions. For low-vac-
uum (dry) experiments, evacuation continued throughout 
the experiment duration. For fluid-saturated conditions, the 
pore fluid was introduced prior to the start of Stage II stress-
cycling by vacuum-flooding the sample at 0.3 MPa applied 
stress (Fig. 2). The pore fluid pressure was maintained at 
atmospheric pressure by drainage to air, so that all axial 
stresses quoted above are effective stresses. For each envi-
ronment, three to four repeat experiments were conducted to 
ensure reproducibility of the results (Table 1).

After the second stress-cycling stage, the experiment 
was stopped. The experiment was terminated by com-
pletely unloading the sample and switching off the furnace. 
In case of the low-vacuum (dry) experiments, subsequently 
the vacuum was removed. The sample was then allowed 
to cool to room temperature, followed by removal of the 
assembly from the Instron loading frame. The sample and 
Teflon liner were, subsequently, gently pushed out of the 
vessel into a container using a glass piston. Samples tested 
with pore fluids were wet and cohesive due to capillary 
forces, so remained intact during extraction. Dry samples 
were vacuum-flooded with distilled water prior to removal, 
allowing for intact extraction. As this vacuum-flooding 
occurred under near-zero applied stress, i.e., the piston was 
just touching the sample, no effect of flooding on the sam-
ple microstructure is expected. All samples, surrounded by 
their Teflon liner, were subsequently placed in an oven at 
50 °C to dry for a minimum of 5 days prior to preparation 
for microstructural analysis.

2.4  Data Acquisition and Processing

Throughout each experiment, external Instron load, internal 
load, Instron LVDT position, Sangamo LVDT position, sam-
ple temperature and cumulative number of acoustic emission 
counts were logged at an interval of 1 second. Applied axial 
stress and effective axial stress were calculated from the 
external Instron load and internal load data. Friction between 
the top piston seal and vessel wall was negligible for these 
experiments (< 0.6 MPa). However, comparison of external 
and internal load cell data demonstrated significant friction 
at the sample-vessel interface, despite measures to reduce 
friction between the sand sample and vessel wall. At the 
maximum applied stress, the stress measured by the inter-
nal load cell varied between 75.4 and 86.0% of the applied 
stress. The sample stress, i.e., the average of the internally 
and externally measured stress, therefore reflects the aver-
age stress state in each sample. The spread in sample stress 
between the different samples varied with applied stress, 
i.e., at the maximum applied stress the sample stress was 
31.7 ± 0.7 MPa (± 2.2%), while at 5 MPa applied stress a 

sample stress of 4.3 ± 0.4 MPa (± 9.3%) was found for all 
samples.

The length of the sample at the start of Stage I and Stage 
II stress-cycling, i.e., the sample length at tI or tII (Fig. 2), 
was determined by comparing the Instron LVDT position to 
an empty vessel reference point, at the same applied stress 
of 0.3 MPa. The Sangamo LVDT displacement data was 
corrected for elastic machine distortion using a predefined, 
eighth order polynomial determined from machine calibra-
tions on the experimental set-up without a sample. Instan-
taneous volumetric strain, defined as ev = −ΔL∕L0 , was cal-
culated from the corrected Sangamo LVDT displacement 
data (error ± 0.02%), where L0 is the length of the sample at 
the start of Stage I or Stage II stress-cycling and ΔL is the 
change in length at any subsequent instant.

In addition, to investigate the strain response to increas-
ing the applied stress, the sample stiffness per upward stress 
increment was determined, following Chuhan et al. (2003). 
The sample stiffness or constrained modulus is defined as 
M = Δ�∕Δev and was determined for small increments in 
sample stress Δ� and the resulting incremental volumetric 
strain Δev . M was calculated by performing a least-squares 
inversion over a variable strain window centred around each 
individual stress data point. The window size was based on 
a set tolerance for the strain of 1%, such that the error in the 
sample stiffness was always ≤ 1.6%.

2.5  Analytical and Microstructural Methods

After the experiments, grain size, microstructural and 
crack density analyses were performed on selected samples 
(Table 1). Grain size analysis on 1 g portions of selected 
samples and on undeformed starting material was performed 
using a Malvern laser diffraction particle sizer. This allowed 
determination of the average grain size and grain size dis-
tribution before and after deformation. Despite the fact that 
laser particle size analysis systematically overestimates 
grain size by approximately 25%, due to fines adhering to 
coarse grains (Hangx et al. 2010; Pluymakers et al. 2014), 
the results are preferred here over optical analysis as they 
avoid stereological uncertainty inherent to 2D section study 
and sample a larger grain population.

Samples selected for microstructural and crack density 
analyses were impregnated with a low-viscosity, blue-dyed 
(Oil Blue organic dye, DuPont), epoxy resin (Araldite 2020) 
after drying. The blue-dyed resin resulted in a clear distinc-
tion between pores and quartz grains. Thin sections were cut 
parallel to the loading axis and analysed using transmitted 
light microscopy. Micrograph mosaics (50× magnification) 
covering the entire thin section, with a typical dimension of 
18 by 6 mm, were obtained for crack density analysis. The 
micrograph of a sample extracted immediately after Stage I 
covered a slightly smaller area (13.3 by 6.6 mm).
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Crack density analysis involved manual tracing and 
counting of cracks. Partially through-going cracks with 
clear ingress of blue epoxy were counted. In addition, cracks 
were included that resulted in the breaking of grains into 
two or three fragments. These fragments were interpreted 
to originate from the same grain based on colour, shape and 
fragment position. Small fragments, resulting from grain 
shattering or chipping, were excluded from the analysis. 
This method of crack determination most likely led to an 
underestimation of the actual number of cracks, but provided 
a basis to compare crack densities from different samples. 
Subsequently, crack density, defined as the number of cracks 
per area  (mm−2; error ± 0.01 mm−2), was calculated. In some 
samples, air bubbles, scratches and other types of damage of 
the thin section prevented counting of cracks over the entire 
imaged area. In these cases, the size of the uncountable areas 
was determined and subtracted from the total area before 
calculating the crack density. For most samples, an area 
between 105 and 108  mm2 was analysed. For the selected 
NaOH pH 14 experiment (14pH-02) and a sample extracted 
after Stage I, cracks were counted over an area of 79  mm2 
and 87  mm2, respectively.

3  Results

3.1  Stage I Pre‑Compaction at Low‑Vacuum (Dry) 
Conditions

All samples were pre-compacted in Stage I by means of 
stress-cycling at low-vacuum (dry) conditions. To illus-
trate the mechanical and acoustic data of this stage, the 
data of two representative experiments (i.e., vac-04 and 
DI-04) are presented in Fig. 3a and b. Compactive strain 
and cumulative AE count increased with each successive 
stress-cycle. By the end of pre-compaction, more perma-
nent strain was produced in the high porosity sample (DI-
04, φI = 44.0%) compared to the low porosity one (vac-04, 
φI = 43.6%), i.e., 5.6% strain compared to 4.5% strain. In 
both samples, approximately 110,000 AEs were measured. 
A similar strain and AE response to stress-cycling during 
pre-compaction was observed for the other samples.

For all samples, an overview of the total and permanent 
strain and cumulative AE count developed during Stage 
I pre-compaction is presented as a function of porosity 

Fig. 3  Typical results of Stage 
I pre-compaction at 80 °C and 
low-vacuum (dry) conditions. 
a Applied stress versus strain 
and b cumulative AE count 
versus strain plotted for two 
representative experiments, i.e., 
vac-04 and DI0-4, with starting 
porosities (φI) of 43.6% and 
44.0%, respectively. c Total AE 
count, and total and permanent 
strain accumulated during Stage 
I for all samples. d Porosity 
reduction during Stage I for 
all samples. In d, iso-porosity-
reduction lines reflect 4%, 3% 
and 2% absolute change in 
porosity
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prior to pre-compaction in Fig. 3c. For the entire sam-
ple suite, permanent strain resulting from pre-compaction 
varied between 3.1 and 6.2%, reflecting 65–78% of the 
total strain. Strain was accompanied by AE activity, vary-
ing between approximately 90,000 and 112,000 events for 
all samples, and both strain and AE count increased with 
sample porosity. The effect of porosity on sample com-
paction is made more explicit in Fig. 3d. Pre-compaction 
reduced individual sample porosity by 1.9–3.7% (see con-
tours Fig. 3d), reducing the overall porosity range of the 
sample suite from 43.0 ± 1.6% to 40.2 ± 1.0%. The high 
porosity samples thereby had a relatively stronger reduc-
tion in porosity than the low porosity samples.

3.2  Stage II Stress‑Cycling Behaviour

3.2.1  Aggregate Compaction at Low‑Vacuum (Dry) 
Conditions

Typical results of Stage II stress-cycling are presented in 
Fig. 4, which shows two experiments conducted at low-
vacuum (dry) conditions, i.e., vac-03 and vac-04, that were 
stress-cycled five and ten times, respectively. In all experi-
ments, strain accumulated during each stress-cycle, which 
was only partly recovered during unloading, i.e., 57–60% of 
the total compactive displacement measured after five stress-
cycles was inelastic (Fig. 4a and b). Overall, it could be 
observed that, during stress-increase, the stress–strain curve 
transitioned from being initially quasi-linear to becoming 
concave downward near the peak stress (Fig. 4b). With each 
subsequent cycle the stress–strain curve became more linear, 
as well as steeper. Unloading after peak stress, resulted in 
an initially steep (almost vertical) stress–strain curve that 
transitioned into a gentler slope with decreasing stress. This 
unloading behaviour was similar for each stress-cycle.

Furthermore, a clear effect of sample porosity (i.e., poros-
ity after Stage I pre-compaction) on the amount of com-
paction could be discerned, as illustrated by the two dry 
experiments with different sample porosities presented in 
Fig. 4. In the low porosity sample (vac-03, φII = 40.0%), 
0.7% permanent or inelastic strain was measured after the 
first stress-cycle, while in the high porosity sample (vac-04, 
φII = 40.8%) 0.9% inelastic compaction was observed. Each 
successive cycle led to more total strain with systematically 
more total and inelastic strain developing in the high poros-
ity sample, though the amount of additional permanent strain 
decreased with each cycle. At the end of the fifth stress-
cycle, the cumulative inelastic strain amounted to 2.1 and 
2.6% for the low and high porosity sample, respectively. 
Continued stress-cycling produced 3.7% of inelastic strain 
after ten cycles.

In all experiments performed, compaction was associ-
ated with acoustic emissions, as illustrated in Fig. 4c for 

the selected samples. During the initial quasi-linear load-
ing phase, relatively few AEs were counted. However, once 
the stress–strain behaviour deviated from quasi-linearity, a 
rapid increase in cumulative AE count was observed, i.e., at 
approximately 2% strain during the first cycle (cf. Figure 4b 
and c). In each subsequent stress-cycle, the AE count rapidly 

Fig. 4  Typical results of Stage II stress-cycling at 80 °C. a Strain ver-
sus time, b applied stress versus strain, and c cumulative AE count 
versus total strain plotted for two low-vacuum (dry) experiments vac-
03 (φII = 40.0%) and vac-04 (φII = 40.8%). Vac-04 was stress-cycled 
ten times. Zero strain and AE reference is at the start of Stage II
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increased once the maximum amount of strain obtained in 
the previous cycle was exceeded. Unloading also produced 
a small number of AEs, especially in the first few cycles. In 
line with the effect of porosity on strain, in the low porosity 
sample (vac-03) approximately 27,000 events were counted 
during the first stress-cycle, compared to approximately 
32,000 events in the high porosity sample (vac-04). With 
each successive cycle the number of newly accumulated AEs 
decreased. After the fifth stress-cycle, total cumulative AE 
count increased to approximately 72,000 and 87,000 for the 
low and high porosity sample, respectively. After the tenth 
stress-cycle, 113,000 AE events were measured for sample 
vac-04. Similar trends in strain and AE were shown by all 
samples tested.

3.2.1.1 3.2.1.1 Total, Elastic and  Permanent Strain 
per  Stress‑Cycle Pre-compaction (Stage I) and the data 
presented in Sect.  3.2.1 showed that compaction behav-
iour strongly depends on sample porosity (cf. Sect. 3.1), as 
also demonstrated by previous studies (Nakata et al. 2001b; 
Chuhan et  al. 2003; Brzesowsky et  al. 2014b). Therefore, 
to exclude porosity effects, the Stage II results are grouped 
according to: Group A with porosities in the range 39.9–
40.3%, and Group B with porosities in the range 40.4–40.8% 
(see Table 1). Note that for each group, all chemical envi-
ronments are represented, with the exception of the distilled 
water environment in Group A. In addition, stress-cycling 
of two samples in Group B (vac-04 and DI-04) continued 
up to ten cycles.

From the unloading data obtained during Stage II runs, it 
was possible to resolve the amount of inelastic compaction, 
allowing the plotting of total, elastic and permanent strain 
per stress-cycle as done in Fig. 5. In this case, the zero refer-
ence is at the start of each stress-cycle. In all experiments, 
the three strain types decreased with successive cycling, i.e., 
less additional strain was accumulated with each subsequent 
stress-cycle. In addition, the high porosity samples gener-
ally produced more total, elastic and permanent strain. In 
the low-vacuum (dry) environment, 2.5–2.8% total strain 
was accumulated in the first stress-cycle, which reduced to 
1.9–2.0% total strain by the fifth cycle (Fig. 5a, b). By con-
trast, the amount of elastic strain per stress-cycle decreased 
only slightly from 1.8 to 1.6–1.7% (Fig. 5c, d). Furthermore, 
over the course of the five stress-cycles, the contribution of 
permanent strain decreased from 0.7–0.9% in the first stress-
cycle to ~ 0.3% in the fifth stress-cycle (Fig. 5e, f). Contin-
ued stress-cycling further reduced the strain accumulated per 
cycle, i.e., 1.7, 1.5 and ~ 0.3% total, elastic and permanent 
strain was measured in the tenth cycle, respectively.

3.2.1.2 AE Activity Similar to the trends observed in strain, 
cumulative AE count per stress-cycle significantly decreased 
with increasing cycle number for all experiments. In addi-

tion, the AE count was overall higher in the more porous 
sample (vac-04). In the first stress-cycle, 27,000–32,000 
AEs were measured in low-vacuum (dry) conditions, which 
reduced to 7,000–8,000 counts per cycle in the fifth stress-
cycle (Fig. 5g, h). In the tenth stress-cycle, only 4,000 AEs 
were measured. In Fig. 6, the cumulative AE count is plot-
ted as a function of cumulative permanent strain (i.e., with 
respect to the start of Stage II), showing the increase of these 
quantities per stress-cycle. For both the low and high poros-
ity sample, the data can be approximated by a slope 32,000 
AEs/% permanent strain for the first five stress-cycles. At 
higher stress-cycles, the slope becomes less steep (Fig. 6b).

3.2.1.3 Aggregate Stiffness The sample stiffness or con-
strained modulus ( M ) was not constant during loading 
(Fig. 7a, b). During loading in the first stress-cycle, M stead-
ily increased from 0.6 to 0.7 GPa for low-vacuum (dry) sam-
ples, with an inflection point around 10 MPa, until reaching 
a peak value of 1.6–1.7 GPa at approximately 15 MPa sam-
ple stress. After attaining the peak value, M decreased with 
increasing stress, to a value slightly higher than the stiffness 
at the start of the cycle (1.0–1.1 GPa). With each subsequent 
cycle, the initial stiffness, i.e., at near-zero applied stress, 
increased only slightly. However, the peak and final stiffness 
increased significantly with more cycles, to a peak M-value 
of 2.1–2.2 GPa and a final M-value of 1.6–1.9 GPa in the 
fifth cycle. Furthermore, as the number of cycles increased, 
M remained approximately constant upon reaching the 
peak value, before decreasing again. By the end of the fifth 
cycle, the stress range over which M remained near-constant 
spanned roughly 15–26 MPa. In the tenth stress-cycle, peak 
stiffness had increased to 2.4 GPa (Fig. 7b). Interestingly, 
AEs were not measured directly at the start of loading, but 
started to accumulate after approximately 10 MPa sample 
stress in the first stress-cycle and significantly increased 
after approximately 15 MPa sample stress (Fig. 7c, d). With 
repeated stress-cycling, the initiation of AE activity shifted 
to higher stresses.

3.2.2  The Effect of Chemical Environment on Aggregate 
Compaction

The samples saturated with fluids showed qualitatively the 
same compaction behaviour as the low-vacuum (dry) sam-
ples described in Sect. 3.2.1. However, quantitatively there 
were some marked differences, which can be attributed to 
the chemical environment. Samples saturated with fluids 
produced more total and permanent strain than their dry 
counterparts of similar porosity. This effect was most pro-
nounced in the first stress-cycle (Fig. 5a, b and e, f). Flood-
ing with the most alkaline fluid (pH 14 NaOH solution) pro-
duced the largest increase in strain, i.e., 4.0–4.2% total strain 
(Fig. 5a, b) of which 2.5–2.7% was permanent (Fig. 5e, f). 
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By contrast, non-aqueous (n-decane) or highly acidic (pH 1 
or pH 2.4 HCl solution) environments showed only 2.8–3.0% 
total strain, of which 0.9–1.2% was permanent. The chemi-
cal environments with intermediate pH values showed 

permanent strain values that clearly fall within these two 
extremes, suggesting that permanent strain roughly relates 
to fluid pH, increasing with increasing pH. With each sub-
sequent stress-cycle the spread in total and permanent strain 

Fig. 5  a, b Total strain, c, d elastic strain, e, f permanent strain and g, 
h cumulative AE count per stress-cycle (i.e., zero strain and AE refer-
ence at the start of each stress-cycle) versus pH for porosity Group 
A (39.9–40.3%) and B (40.4–40.8%). Note the difference in scale 

between total, elastic and permanent strain. In e, f and g, h, the total 
permanent strain and total cumulative AE count over the five stress-
cycles with respect to the start of Stage II is added, respectively
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initially observed between the different chemical environ-
ments diminished. Though in the fifth stress-cycle the fluid-
rich environments still induced more total and permanent 
compaction compared to low-vacuum (dry) conditions, the 
effect of individual fluids was nearly indiscernible.

Contrary, the elastic strain accumulated per stress-cycle 
appeared to be relatively insensitive to chemical environ-
ment (Fig. 5c, d). The largest elastic strains were measured 
in samples saturated with n-decane (approximately 1.9% in 
the first cycle), while the smallest elastic strains were meas-
ured in pH 14 NaOH-saturated samples (approximately 1.5% 
in the first cycle). For the other chemical environments, elas-
tic strain values between these outer bounds were observed, 
showing no clear dependence with respect to fluid composi-
tion. This led to the range of elastic strains being 1.4–1.7% 
by the end of the fifth cycle. Furthermore, elastic strain 
appeared to be near-independent of sample porosity, as the 
two porosity groups yielded similar elastic strain values (c.f. 
Fig. 5c and d).

3.2.2.1 AE Activity For most fluids, fluid-saturated sam-
ples produced more AEs than dry samples, which was 
again most pronounced in the first stress-cycle. Excep-
tions were the samples saturated with an inert pore fluid 
(n-decane; 28,000–29,000 AEs) and highly alkaline solu-
tion (pH 14 NaOH solution; 32,000–37,000 AEs), produc-
ing less AEs than the dry samples (Fig. 5g, h). The samples 
saturated with the remaining fluids, i.e., fluids in the pH 
range 1–9, produced approximately 54,000–63,000 AEs, 
with no clear dependency on fluid pH. With each subse-
quent stress-cycle, the number of AEs counted decreased, 
as did the difference between the various fluids. Plotting 

cumulative AE count versus cumulative permanent strain 
(i.e., with respect to the start of Stage II) revealed that sig-
nificantly more AEs were produced per permanent strain 
increase in the samples saturated with aqueous solutions 
in the pH range 1–9, i.e., between 36,000 and 53,000 AEs 
per percent permanent strain, than in the dry samples that 
were characterised by a slope of 32,000 AEs/% perma-
nent strain (Fig.  6). Notably, even smaller slopes were 
observed in the n-decane-saturated samples and the sam-
ples saturated with the most alkaline fluid (pH 14 NaOH 
solution), i.e., slopes of 18,000 and 5,000–14,000 AEs/% 
permanent strain, respectively. Similar to observations for 
the dry samples, in the fluid-saturated samples AE activ-
ity in the first stress-cycle initiated around 10 MPa sample 
stress and significantly increased around 15  MPa stress. 
The onset of AE activity shifted to higher stresses with 
successive cycling (Fig. 7c, d).

3.2.2.2 Aggregate Stiffness Qualitatively similar trends in 
aggregate stiffness were found in the fluid-saturated samples 
compared to the dry ones. However, quantitatively some dif-
ferences were observed (Fig. 7a, b). Overall, M was lower 
and, consequently, the peak stiffness was lower for the fluid-
saturated samples compared to the dry ones. With increased 
stress-cycling the difference in M became smaller for the 
different chemical environments and eventually vanished in 
the tenth stress-cycle. The peak stiffness values of the sam-
ples saturated with pH 4 HCl solution and distilled water 
were 1.2–1.4 GPa in the first stress-cycle, increasing to 2.0–
2.1 GPa during the fifth cycle. In the tenth stress-cycle, M of 
the water-wet sample was slightly higher than the dry sam-
ple, with a nearly indiscernible peak stiffness of 2.5 GPa.

Fig. 6  a, b Cumulative AE count versus cumulative permanent strain for porosity Group A (39.9–40.3%) and B (40.4–40.8%)
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3.3  Microstructural Observations

3.3.1  General Observations

The undeformed material consisted of sub-rounded grains 
with a narrow grain size distribution and a mean grain size 
(D50) of 245 μm (Fig. 8a). As a baseline, a thin section of 
a sample subjected to only Stage I pre-compaction was pre-
pared for crack density analysis, which yielded a crack den-
sity of 0.94 mm−2 (Fig. 8b). In all samples subjected to Stage 
II stress-cycling, the overall grain size decreased, producing 

fine material (< 100 μm), and the crack density increased 
(Fig. 8). Numerous cracks, which were evenly distributed 
throughout the sample, were observed in all samples. Intra-
granular cracks were seen within grains, resulting in grain 
failure (Fig. 9). Furthermore, interference of cracks was 
observed (see Fig. 9a, c and d), as well as multiple cracks 
emerging from the same grain-to-grain contact area (Fig. 9c 
and d). Some chipped grains were distinguished. Small grain 
fragments were prevalent in all samples, which commonly 
clustered around grain-to-grain contacts (dashed ellipses 
in Fig. 9b and d), suggesting contact crushing, though no 

Fig. 7  a, b Sample stiffness or constrained modulus ( M ) versus sam-
ple stress for the low-vacuum (dry) and 4 pH HCl solution experi-
ment in Group A, and low-vacuum (dry) and distilled water experi-
ment in Group B. Only the first and fifth, and, in case of Group B, 
the tenth cycle are shown. c, d Cumulative AE count during loading 

versus sample stress for the low-vacuum (dry) and 4 pH HCl solution 
experiments in Group A, and low-vacuum (dry) and distilled water 
experiment in group B. Only the first and fifth, and, in case of Group 
B, the tenth cycle are shown
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Fig. 8  a Grain size distribution for selected samples and undeformed 
material. The inset in a shows the mean grain size (D50) values for 
different chemical environments. b Mean grain size and crack density 
versus pH of selected samples, including an undeformed sample and 

a sample that was only subjected to Stage I stress-cycling. Solid sym-
bols represent mean grain size (left axis) and open symbols represent 
crack density (right axis)

Fig. 9  Microstructures of a 
selection of samples spanning 
the whole of the tested pH spec-
trum, including a low-vacuum 
(dry) conditions, b n-decane 
fluid, c distilled water and d pH 
9 NaOH solution. Cracks are 
indicated by arrows, where “ti” 
and “pi” indicate through-going 
and partial intragranular cracks, 
respectively. Dashed ellipses 
indicate areas with grain-to-
grain contact crushing. The 
loading direction is vertical
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attempts were made to quantify the number of cracks in 
these contact regions.

It should be noted that all samples remained cohesionless, 
even after ten stress-cycles, with the exception of samples 
saturated with pH 14 NaOH solution. Upon retrieval, these 
samples were slightly cohesive and the grains appeared 
lightly cemented, though cementation was not evident from 
the thin section and no dissolution–precipitation features 
could be recognised.

3.3.2  Effects of Chemical Environment on Grain Size 
and Crack Density

Stress-cycling at low-vacuum (dry) conditions resulted in 
a decreased mean grain size of 227 μm (i.e., a 7% decrease 
in mean grain size; Fig. 8), along with an increase in crack 
density to 1.52 mm−2 (Fig. 8b). As also suggested by the 
AE data, the presence of fluids led to a further decrease in 
mean grain size and a concomitant increase in crack den-
sity (Fig. 8). Compared to dry compacted material, grain 
size reduction in the inert fluid environment (n-decane) 
amounted to a 10% decrease in mean grain size (D50-value 
of 221 μm), and resulted in a crack density of 1.74 mm−2. 
The presence of aqueous fluids led to more grain size reduc-
tion and increased crack densities. The largest grain size 
reduction (13% reduction; D50 = 212 μm) and increase 
in crack density (2.22 mm−2) were observed in the pH 14 
NaOH solution experiment. The degree of grain size reduc-
tion diminished with decreasing solution pH, i.e., 13, 12, 10 
and 11% grain size reduction was measured in the samples 
saturated with distilled water, pH 4 HCl solution, pH 2.4 
HCl solution and pH 1 HCl solution, respectively (see inset 
Fig. 8a and b). However, the D50 of 218 μm (11% reduc-
tion) determined from the sample flooded with pH 9 NaOH 
solution fell outside this pH trend. The experiments con-
ducted with low pH HCl solutions, pH 2.4 and pH 4, were 
characterised by relatively low crack densities of 1.59 mm−2 
and 1.55 mm−2, respectively (Fig. 8b). By contrast, the pH 
1 HCl, distilled water and pH 9 NaOH solution experiments 
had higher crack densities of 2.08 mm−2, 2.08 mm−2 and 
2.06 mm−2, respectively. Overall, the samples saturated with 
aqueous solutions showed a minimum in grain size reduction 
and crack density at pH 2.4, increasing with higher/lower 
solution pH. Hence, the microstructural observations agree 
well with total permanent strain accumulated during each 
experiment (cf. Figs. 5e, f and 8b).

4  Discussion

The present Stage I and Stage II stress-cycling experi-
ments on quartz sand up to 35 MPa showed that compac-
tion strongly depends on initial sample porosity, but even 

more so on chemical environment. Wetting of quartz sand 
resulted in more compaction and a higher AE count com-
pared to stress-cycling at low-vacuum (dry) conditions, 
with more pronounced effects in the presence of aqueous 
solutions, compared to inert fluid. Moreover, alkaline solu-
tions appeared to induce more compaction than samples 
compacted in the presence of acidic solutions. However, 
this pH effect was most pronounced in the first stress-cycle 
and diminished with each subsequent cycle. During the first 
stress-cycle, 28–64% of the measured compaction was per-
manent, which decreased to 16–25% by the fifth stress-cycle. 
The amount of elastic deformation only slightly decreased 
during stress-cycling. The progressive compaction of the 
sand aggregates resulted in an increase in peak sample stiff-
ness over multiple stress-cycles. In addition, during loading, 
the sample stiffness increased to a peak value at 15 MPa 
sample stress and reduced again in the first stress-cycle, 
but remain constant after reaching the peak value in later 
stress-cycles. Grain size and crack density analysis clearly 
indicated that grain breakage resulted in grain size reduction. 
Moreover, grain size reduction and crack density were more 
pronounced in fluid-saturated samples compared to dry ones, 
and intensified with increasing solution pH.

In the following, we will first discuss the processes con-
trolling deformation during cyclic loading, which includes 
a discussion on the sample stiffness during loading. Then, 
we will summarise the theory of crack growth and the effect 
of aqueous fluids on crack growth, as a basis for interpreting 
the effects of chemical environment on compactive strain 
observed in our experiments. Lastly, the implications of 
our observations for several cyclic injection scenarios are 
discussed.

4.1  Porosity Reduction during Stage I Stress‑Cycling 
at Low‑Vacuum (Dry) Conditions

Stage I pre-compaction stress-cycling reduced sample poros-
ity via, presumably, intergranular sliding, grain rotation 
and rearrangement (Takei et al. 2001; Chuhan et al. 2003; 
Mesri and Vardhanabhuti 2009; Omidvar et al. 2012), and 
to some extent grain breakage, as evidenced by the AE data 
(Fig. 3b and c). Slightly more deformation developed in 
higher porosity samples compared to lower porosity ones 
(Fig. 3). This was likely caused by two factors. Firstly, in the 
higher porosity samples, slightly more space was available 
to accommodate grain rearrangement before grain breakage 
(Hagerty et al. 1993; Brzesowsky et al. 2014b). Secondly, 
in the higher porosity samples, on average the coordination 
number was probably slightly lower compared to the lower 
porosity samples, resulting in higher grain contact stresses, 
thereby promoting grain crushing/breakage, as evidenced 
by the AE data (Fig. 3b and c; Brzesowsky et al. 2014b). 
Most of the initial high porosity samples retained an overall 
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higher porosity after pre-compaction (Fig. 3d). This is typi-
cally also observed in soil mechanics studies (Hagerty et al. 
1993; Nakata et al. 2001b). However, Stage I pre-compac-
tion revealed that initially high porosity samples produce a 
relatively larger change in sample porosity than low poros-
ity samples (Fig. 3d).This suggests that the amount of pre-
compaction strain does not directly depend on the starting 
porosity, which makes it difficult to predict sample porosity 
after pre-compaction on the basis of starting porosity alone. 
This underlines the importance of having samples of similar 
porosity in compaction experiments employing loose granu-
lar aggregates.

4.2  Sample Stiffness during Loading in Stage II 
Stress‑Cycling

In each stress-cycle of Stage II, stiffening of the samples 
was observed during the initial part of loading (applied 
stress < 15 MPa, Fig. 7a, b). After reaching a peak value, 
M decreased in the first stress-cycle, while in the later 
cycles (e.g., cycles 5 and 10), M remained constant up to 
approximately 26 MPa applied stress (Fig. 7a, b). Stiffening 
of the sample is classically inferred to be caused by closer 
packing of the grains via particle rearrangement (Chuhan 
et al. 2003), resulting in a locked aggregate state (Mesri and 
Vardhanabhuti 2009). The so-called unlocking mechanisms 
include grain damage, grain slip and grain rotation, which 
allow further compaction of the aggregate, while reducing 
the stiffness of the sample (Mesri and Vardhanabhuti 2009). 
The change in M with increasing applied stress can there-
fore be used to evaluate whether locking, i.e., increasing 
M , or unlocking, i.e., decreasing M , mechanisms dominate 
compaction.

During loading in the first stress-cycle, M increased 
approximately linearly with increasing applied stress, though 
an inflection point around 10 MPa stress was observed 
(Fig. 7a, b). This stress coincides with the initiation of AE 
activity in the first stress-cycle (Fig. 7c, d), suggesting that 
grain damage initiated. However, as M continued to increase 
with loading, the contribution of grain damage was insuffi-
cient to significantly unlock the sample at this stage. At these 
low stresses, grain damage likely involved surface grinding 
and breakage of asperities and, perhaps, some breakage of 
surface protrusions and sharp particle corners, as grain split-
ting into one or multiple fragments usually occurs at higher 
stresses and would produce a stronger unlocking effect 
(Nakata et al. 2001a; Takei et al. 2001; Chuhan et al. 2002, 
2003; Mesri and Vardhanabhuti 2009—see also Fig. 9). Sim-
ilar inflection points at 10 MPa sample stress were observed 
in the fifth and tenth cycle (Fig. 7a, b), suggesting that also 
in these stress-cycles grain damage initiated at this point.

With further loading in the first stress-cycle, M reached 
a peak value at approximately 15 MPa sample stress and 

decreased with increasing stress (Fig. 7a, b). The peak and 
subsequent decrease in M was accompanied by strong AE 
activity (Fig. 7c, d), suggesting that significant grain break-
age occurred, such that the unlocking mechanisms domi-
nated deformation, reducing the sample stiffness. As the 
number of stress-cycles increased to 5 and 10, M remained 
nearly constant after reaching the peak value, i.e., a fully 
locked aggregate, the onset of AE activity occurred at much 
higher applied stress (approximately 26 MPa; Fig. 7), which 
coincided with a decrease in M , indicating that unlocking 
effects were dominating again (Mesri and Vardhanabhuti 
2009).

4.3  Mechanisms Controlling Compaction 
during Stage II Stress‑Cycling

In Stage II stress-cycling, 36–72% of the compaction was 
elastic in the first stress-cycle (Figs. 4 and 5), presumably 
caused by elastic deformation of the grains and grain con-
tacts. Deformation was accompanied by AE activity (Figs. 4 
and 5) and an increase in crack density and grain size reduc-
tion (Figs. 8 and 9), suggesting that permanent compaction 
was caused by particle breaking and crushing, followed by 
rearrangement of fragments and redistribution of interpar-
ticle stresses (Takei et al. 2001; Brzesowsky et al. 2014b).

4.3.1  Crack Growth Leading to Grain Breakage

Grain breakage, through crack propagation, occurs when the 
tensile stress at the tip of a pre-existing flaw or crack over-
comes the tensile strength of the material (Griffith 1920). 
Previous studies have shown that the average tensile stress 
in a particle depends on the applied macroscopic stress and 
the coordination number of the particle, which controls the 
induced tensile stresses (Jaeger 1967; McDowell and Bolton 
1998). At constant macroscopic stress, the induced tensile 
stress in a particle increases with decreasing coordination 
number, as the contact stresses increase. In addition, the 
tensile strength of a grain scales inversely with grain size 
(Lade et al. 1996; McDowell and Bolton 1998; Nakata et al. 
2001b), which is typically explained by the increase in size 
of Griffith-type flaws, which are assumed to increase with 
grain size (Zhang et al. 1990). Under stress conditions con-
ducive to crack growth, these flaws can propagate and lead 
to grain failure.

In a pack of spherical particles in point contact, the larg-
est tensile stress is expected at the edge of the grain-to-grain 
contact (Hertzian contact theory; Hertz 1882), leading to 
the development of cracks from the grain contact area, as 
is often observed (Fig. 9). During crack propagation, strain 
energy is released. When the strain energy release rate G 
equals a critical value, equilibrium or critical crack growth 
occurs (Lawn 1975; Rice 1978). This critical value is given 



996 M. T. W. Schimmel et al.

1 3

as Gc = 2� , where � is the surface energy per unit area [J 
 m−2], and is also known as the fracture energy. Additionally, 
an equivalent failure criterion can be based on the stress 
field around the crack tip, which can be described through 
the stress intensity factor KI (Irwin 1958). For a small, 
mode I (opening mode) crack KI = Y�r(�c)

1∕2 , where Y  is 
a dimensionless factor equal to 1.12 for an edge crack, �r is 
the remotely applied stress [MPa] and c is the half-length of 
the flaw or crack [μm] (Atkinson 1984; Zhang et al. 1990; 
Lawn 1993). Equilibrium or critical crack growth will occur 
when the stress intensity factor equals the fracture tough-
ness, i.e., KI = KIC . The fracture toughness depends on the 
material’s Young’s modulus ( E ), surface energy and crack 
half-length according to KIC = (2E�∕�c)1∕2 (Griffith 1920; 
Orowan 1944). On the basis of these two criteria, it is shown 
that crack growth can occur if 1) the applied stress increases, 
leading to KI to approach KIC , 2) the crack reaches a critical 
length, leading to KI and KIC to approach each other, or 3) 
the surface energy decreases, leading to a reduction of KIC 
and hence a lower applied stress required to satisfy KI = KIC . 
The latter can be achieved by changing the chemical envi-
ronment and the concomitant adsorption of chemical species 
to the crack tip (Orowan 1944), as discussed below.

4.3.2  Crack Propagation in the Presence of Aqueous Fluids

In the presence of fluid, less work is required to produce 
new fracture surfaces (Parks 1984; Lawn 1993). This is due 
to the adsorption of chemically active molecules, such as 
water, to the Si–O bonds at the tip, which is made easier by 
stress concentrations at the strained tip of a stressed crack 
(Michalske and Freiman 1982; Michalske and Bunker 1984; 
Lindsay et al. 1994). After adsorption, the water molecule 
hydrolyses the Si–O bond, resulting in two silanol (> SiOH) 
surface groups, given as

where < or > indicate surface-bound species (Charles 
1958; Dove 1995). Similarly, hydroxyl groups can corrode 
the Si–O bond according to

The newly formed silanol surface groups are weakly 
bonded by hydrogen bonds, requiring less energy to break 
than the original Si–O bond, aiding crack propagation at 
stress intensity levels below KIC and giving rise to subcritical 
crack growth, termed stress corrosion cracking (Atkinson 
and Meredith 1981; Michalske and Freiman 1982). The rate 
of crack growth is determined by the rate of the crack tip 
reaction, which in turn depends on the kinetics of the inter-
facial reaction mechanism or on the kinetics of transport of 
the reactive species to the moving crack tip (Atkinson 1984).

(1)> Si − O − Si < +H2O = 2 > SiOH

(2)> Si − O − Si < +OH− => SiOH + > SiO
−

Note that the fracturing of quartz leads to the forma-
tion of free Si–O bonds extending from the solid surface 
(Parks 1984). The adsorption of chemical species to these 
free bonds on the quartz surface lowers the surface energy, 
by up to an order of magnitude in the presence of water, 
compared to vacuum conditions (Parks 1984). In solu-
tion, adsorption causes the quartz surface to be covered by 
positively  (SiOH2

+) and negatively  (SiO−) charged surface 
complexes. Depending on solution pH, positive groups or 
negative groups dominate, or they are balanced, resulting in 
a positively, negatively or neutrally charged quartz surface, 
respectively (Parks 1984; Dove and Elston 1992; Du et al. 
1994). At the point of zero charge, the surface energy is 
maximum (Parks 1984). For quartz, the pH of zero surface 
charge  (pHPZC) is approximately 2–3 at room temperature 
(Parks 1965; Kosmulski 2018), though it is expected to be 
relatively temperature insensitive (Sverjensky and Sahai 
1998). At solution pH > 4, the quartz surface charge is 
slightly negative, inducing a small attraction force on cor-
rosive species. At higher solution pH (> 9), positive surface 
groups are rare (Du et al. 1994) and a pervasive negative 
surface charged is developed.

As surface energy and interfacial reaction rate are affected 
by the surface charge (Parks 1984), crack growth velocities 
in glass and quartz display a strong dependency on solu-
tion pH. Crack growth velocities increase with increasing 
solution pH above pH 4 and remain roughly constant below 
pH 2 (Wiederhorn and Johnson 1973; Atkinson and Mer-
edith 1981; Dunning et al. 1984; Dove 1995). By contrast, 
in strong alkaline solutions crack growth is promoted by the 
abundance of hydroxyl groups, which are strongly corrosive 
compared to water (Casey et al. 1990; Dove 1995; see also 
Eq. 2). The presence, and adsorption, of other cations and 
anions may further impact the surface energy, as well as the 
crack propagation potential (Li and De Bruyn 1966; Parks 
1984).

For crack growth below KIC in a surface-reactive envi-
ronment, i.e., for subcritical crack growth by stress corro-
sion cracking, three distinct regimes are classically recog-
nised (Fig. 10a; Atkinson 1984; Freiman 1984). In region 
1, crack growth velocities are relatively slow and strongly 
depend on KI and the chemical activity (or partial pressure) 
of the pore fluid. Here, crack growth rates are controlled by 
an interfacial reaction rate at the crack tip. In region 2, the 
intermediate crack growth velocities are independent of KI 
and rate-limited by the transport of the corrosive species 
to the moving crack tip. In region 3, crack growth occurs 
at high velocities, reaching those of critical crack growth. 
Crack growth in this region is less well understood, but 
typically inferred to be dependent on some combination of 
chemically assisted and mechanical bond rupture. As a crack 
grows subcritically, its length and, consequently, KI at the 
crack tip increase. If the applied stress is fixed, this means 
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that a crack initially characterised by region 1 behaviour 
can grow and propagate at increasingly higher velocities, 
thereby transitioning to region 2 and, subsequently, to region 
3, to ultimately grow critically at KI = KIC , resulting in grain 
failure (Fig. 10a).

In addition to these regions, there is a stress intensity 
threshold ( K0,chem , Fig. 10a) below which crack growth is 
presumed to cease. This threshold depends on chemical 
activity of the pore fluid and is found to strongly decrease 
with relative humidity for glass (Wiederhorn 1967; Kocer 
and Collins 2001). Considering the other similarities in 
crack growth in glass and quartz, a similar reduction in the 
crack growth threshold of quartz is expected.

In a vacuum, subcritical crack growth can still occur by 
intrinsic bond rupture processes (Wiederhorn et al. 1974), 
involving the growth of lattice trapped cracks through the 
motion of atomic kinks along the crack front (Thomson et al. 
1971; Hsieh and Thomson 1973; Lawn 1975). When such 
a crack becomes saturated by a chemically active fluid, the 
crack growth process switches to stress corrosion cracking, 
producing an acceleration of crack growth rates as depicted 
in Fig. 10a, where crack growth velocities increase from 
point A to point B. Similarly, for cracks under vacuum con-
ditions that are characterised by a stress intensity factor 
below K0,vac and therefore not propagating, fluid introduc-
tion may activate crack growth as illustrated by point C in 
Fig. 10a.

4.4  Effect of Chemical Environment on Deformation 
during Cyclic Compaction

4.4.1  Elastic Strain Evolution during Stress‑Cycling

The current stress-cycling experiments allowed for a clear 
differentiation between total, permanent, and elastic strain 
(Fig. 5). From Fig. 5c, d, it is explicit that the pore fluid envi-
ronment does not significantly influence the elastic deforma-
tion of the sand samples. This is not surprising as the elastic 
behaviour of a porous media under drained conditions (as 
employed in the current experiments) is mainly controlled 
by the elastic modulus of the sample material (Wang 2000). 
Furthermore, it can be seen that the amount of elastic strain 
accumulated per stress-cycle does slightly decrease with 
each subsequent cycle. This is likely related to densification 
of the aggregate, creating a stiffer aggregate (cf. Fig. 7a and 
b) and increasing the contact area between grains, thereby 
reducing the intergranular stresses, and hence the amount 
of elastic distortion.

4.4.2  Effect of Chemical Environment on Permanent 
Deformation during Stress‑Cycling

Based on the theory of crack growth in low-vacuum and 
chemically active environments (cf. Sect. 4.3), we infer that 
the permanent deformation in our stress-cycling experiment 

Fig. 10  a Schematic diagram for subcritical and critical crack growth 
in vacuum and chemically enhanced conditions, relating the crack 
growth velocity to stress intensity factor ( K

I
 ) normalised to the criti-

cal stress intensity factor ( K
IC

 ). K0,i denotes the threshold below 
which crack growth is presumed to cease in chemically enhanced and 
vacuum conditions. Region 1, 2 and 3 indicate reaction controlled, 
transport controlled and intrinsic bond rupture controlled crack 

growth, respectively. Points A, B and C indicate pathways where 
crack growth rates in a vacuum increase due to introduction of a cor-
rosive fluid. b Crack growth frequency distribution outlining the areas 
of cracks growing critically, subcritically in vacuum conditions and 
subcritically in chemically enhanced conditions, and where crack 
growth is presumed to cease
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was controlled by subcritical and critical crack growth, 
resulting in apparent time-independent deformation on the 
time scale investigated. It is assumed that after Stage I pre-
compaction all samples contained a relatively similar distri-
bution of cracks with specific lengths, reaching a specific KI 
during loading in the first stress-cycle of Stage II (Fig. 10b). 
During loading, for a small portion of these cracks KI = KIC 
(Fig. 10b). These cracks are presumed to grow critically, 
resulting in grain failure and permanent deformation. In 
addition, a portion of the distribution is likely to grow sub-
critically during loading, whereby the number of cracks 
growing subcritically depends on K0 (Fig. 10b). Depending 
on the crack velocity, these subcritical cracks will grow fast 
enough to reach the critical crack length leading to critical 
failure or the applied stress is reduced before these condi-
tions can be obtained.

The threshold for subcritical crack growth depends on 
the chemical environment and the resulting surface energy 
near the crack tip. The surface energy and K0 are maximum 
in low-vacuum (dry) conditions (Wiederhorn 1967; Wan 
et al. 1990; Kocer and Collins 2001) and decrease in fluid-
saturated conditions (Fig. 10b). In fluid-saturated conditions, 
the surface energy is maximum at the  pHPZC and decreases 
with increasing solution pH (Parks 1984). Consequently, K0 
decreases with increasing solution pH and the number of 
crack growing subcritically during loading increases. The 
probability of cracks reaching the critical failure length and 
leading to permanent strain is, therefore, increasing going 
from low-vacuum (dry) conditions, to saturation with acidic 
solutions to alkaline solutions (Fig. 10b).

The distribution of cracks is presumably not stable dur-
ing deformation. Cracks grown to failure, i.e., cracks which 
have produced grain failure, are no longer part of the distri-
bution and the redistribution of interparticle stresses after 
grain failure is likely to change the stress field at the crack 
tip. It is therefore plausible that with progressive deforma-
tion the crack distribution changes, such that a smaller por-
tion of the grains fail critically and more grow subcritically 
(Fig. 10b). As subcritical crack growth rates are significantly 
slower, more time is required for subcritical cracks to result 
in grain failure than would be the case for critical cracks. 
Consequently, the contribution of crack growth to deforma-
tion lessens with prolonged stress-cycling.

4.4.2.1 Permanent Deformation in  Environments Devoid 
of Water The environments devoid of water, i.e., low-vac-
uum and n-decane, showed the smallest amount of perma-
nent strain, 0.7–0.9 and 0.9–1.0%, and AEs, 27,000–32,000 
and 28,000–29,000 counts, in the first cycle, and low crack 
densities of 1.52 and 1.74  mm−2, respectively. Based on 
the difference between the two environments in cumulative 
AE count, which is a measure for grain rearrangement plus 
grain breakage, and crack density, which is a measure for 

grain breakage, it is inferred that in the presence of n-decane 
grain rearrangement played a smaller role during permanent 
deformation and the amount of volumetric strain accompa-
nying grain breakage is therefore most likely larger than in 
the low-vacuum (dry) environment. Though n-decane is not 
an aqueous fluid, sample flooding did lead to an increase 
in compaction, which could perhaps be explained by a 
direct surface energy effect in the presence of fluid. Alter-
natively, trace amounts of water may have been present in 
the n-decane fluid, enhancing grain breakage, as already 
small amounts of water can enhance crack growth (Wieder-
horn 1967). Furthermore, if trace amounts of water were 
present, then hydrolysis of the crack tip would lower the 
energy required for crack propagation and hence the energy 
released, which may be below the trigger threshold of our 
AE system, leading to an underestimation of the number of 
grain breakage events.

4.4.2.2 Permanent Deformation in  Aqueous Solutions A 
clear effect of aqueous solutions on permanent strain was 
observed in the first stress-cycle (Fig.  5e, f). Addition of 
distilled water resulted in 1.9% permanent strain, while 
less permanent strain (at least 1.0%) was measured in sam-
ples saturated with acidic solutions and more, up to 2.7% 
permanent strain, in alkaline solutions. Other studies on 
loose, non-pre-compacted, aggregates have shown that the 
chemical environment already impacts total strain near-
instantaneously during loading, which then persists dur-
ing creep (Hangx et  al. 2010; Brzesowsky et  al. 2014a). 
Similar behaviour is seen in pre-compacted samples, where 
fluid injection under applied stress immediately leads to an 
increase in strain (Brzesowsky et al. 2014a; Schimmel et al. 
2019a), with the amount of strain being dependent on fluid 
composition. In our current study, the effect of fluid pH on 
total strain was partly overprinted by the slight decrease in 
elastic strain with increasing cycle number (cf. Sect. 4.2 and 
Fig. 5).

The trend in AE data with solution pH roughly corre-
lates with the trend observed for permanent strain, with 
the exception of the pH 14 experiments (Fig. 5e, f and g, 
h). In the high alkaline solution, a lower than expected AE 
count was observed, while the permanent strain was mark-
edly higher than in less alkaline environments. This could 
suggest that compaction mechanisms were active that do 
not produce AEs, like dissolution and/or pressure solution, 
as well as lubrication effects of the fluid leading to easier 
grain re-arrangement. Since none of the pore fluids were 
saturated with respect to quartz at the start of the experiment 
(cf. Sect. 2.1), the enhanced solubility and dissolution rate 
of quartz at higher pH (Brady and Walther 1990; Dove and 
Elston 1992) means that for the higher pH fluids (pH 9 and 
pH 14) more quartz could have dissolved during the experi-
ment. This is particularly likely in the pH 14 experiments, 
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as these samples were slightly cohesive after deformation. 
However, the strong reduction in grain size and high crack 
density (Fig. 8) do indicate that grain breakage was prevalent 
in these samples. The relatively low AE count may therefore 
be an effect undersampling of the AE events, caused by the 
reduced release of energy when cracks propagate in strong 
corrosive environments. In addition, dissolution of the sur-
face of the quartz grains may have led to the formation of 
a gel-like layer (Dove and Crerar 1990), which could have 
promoted grain slip and hence rearrangement.

4.5  Implications

The current observations may have implications for porous 
subsurface reservoirs at 2–4 km depth with short-term or 
cyclic fluid injection, assuming that the same mechanism, 
i.e., microcracking, is operative. Though the stress changes 
applied in the current experiments are larger than the stress 
changes typically observed during reservoir injection-pro-
duction operations, our results provide a worst-case scenario 
impression of prolonged, seasonal or temporary subsurface 
use. It should be noted that similar effects of chemical envi-
ronment on time-dependent compaction (creep), representa-
tive for longer-term behaviour in the absence of pore pres-
sure cycling, were observed (Schimmel et al. 2019a).

Geothermal energy production requires injection of cold 
fluid in chemical disequilibrium with the reservoir rock. 
Additives, such as scaling-inhibitors (like amino trimeth-
ylene phosphonic acid, or AMP), can be acidic (Knepper 
2003; Finster et al. 2015) and may enhance any disequilibria 
effects. Our results suggest that an acidic environment will 
most likely not enhance any microcracking mechanisms in 
the quartz grains within a sandstone reservoir. However, 
it should be noted that we did not investigate the effect of 
acidic fluid injection into reservoirs containing other miner-
als, such as feldspars, clays or carbonate minerals. Depend-
ing on the load-bearing framework, dissolution of carbonate 
cements by acidification of the pore fluid may or may not 
weaken the rock (see e.g.,Le Guen et al. 2007; Hangx et al. 
2013; Zhou et al. 2016). This in turn can affect the transport 
behaviour of the reservoir, impacting geothermal fluid pro-
duction and injection. Therefore further research is needed 
on this.

Seasonal energy storage in depleted hydrocarbon reser-
voirs involves the injection of synthetic fuel, natural gas, 
hydrogen or compressed air, i.e., fluids that are predomi-
nantly devoid of water. Injection will induce changes in 
the stress and temperature field, and affect the chemical 
environment. Connate formation water may dissolve into 
the injected fluid, (locally) drying the reservoir. Our results 
show that continuous stress-cycling under low-vacuum 
(dry, i.e., comparable to hydrogen, gas or air storage) or 
inert (n-decane, i.e., comparable to synthetic fuel storage) 

conditions will minimise crack growth in the quartz grains 
within a sandstone. Furthermore, the inhibiting effect of an 
acidic environment on microcracking mechanisms in quartz 
grains suggest that temporary storage of  CO2 for the genera-
tion of synthetic fuels will only have a limited effect on the 
mechanical behaviour of the reservoir (Jiang et al. 2010). As 
the environment may progressively become devoid of water, 
any dissolution/precipitation processes will also be limited.

Our results imply that on the short term, injection of alka-
line wastewater in quartz-rich reservoirs could potentially 
lead to enhanced microcracking and/or stress-enhanced 
dissolution of the quartz grains, which may impact the 
mechanical behaviour of the reservoir. The amount of reser-
voir deformation that could be associated with the injection 
of alkaline fluid will depend on the mineralogical composi-
tion of the reservoir as well, and dissolution/precipitation 
processes should at least come to a halt when a new chemi-
cal equilibrium is reached. Though experiments have shown 
that on the long term, alkaline fluids will continue to drive 
stress corrosion cracking in quartz grains (Hangx et al. 2010; 
Schimmel et al. 2019a), more research would be needed to 
investigate the longer term behaviour of the reservoir in this 
context.

5  Conclusions

Uniaxial (oedometer) stress-cycling experiments were con-
ducted to investigate the effect of pore fluid chemistry on 
time-independent compaction behaviour of quartz sand. The 
tests, performed at 80 °C and a maximum applied stress 
of 35 MPa, i.e., realistic reservoir conditions, involved 
a low-vacuum (dry) pre-compaction stage and a stress-
cycling stage at either dry or fluid-saturated conditions. The 
employed fluids included an inert fluid (n-decane), distilled 
water and a selection of HCl and NaOH solutions covering a 
pH range of 1–14. Pre-compaction revealed that the amount 
of pre-compaction strain and AE depends on the sample 
starting porosity, where relatively high porosity samples 
produce more strain and AEs. Subsequent stress-cycling 
indicated the following effects:

1. The majority of the strain accumulated in the first few 
stress-cycles and with each subsequent cycle the amount 
of total, permanent and elastic strain decreased. While 
permanent strain rapidly decreased from 0.7–2.7% 
towards an approximately constant value of 0.2–0.4% 
after ten stress-cycles, elastic stain only slightly lessened 
with prolonged stress-cycling. AE count also decreased 
with each stress-cycle from 27,000–65,000 in the first 
cycle to approximately 4,000 in the tenth stress-cycle.

2. Introduction of a pore fluid affected the development of 
permanent and, hence, total strain, but had no influence 
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on the elastic strain. Inert fluid (n-decane) slightly pro-
moted compaction compared to low-vacuum (dry) con-
ditions, while a more pronounced effect was observed 
for the addition of distilled water and aqueous solutions. 
AE count also increased in the presence of water-bearing 
fluids, except for a strongly alkaline solution (pH 14).

3. The development of permanent strain roughly correlated 
with solution pH. Alkaline solutions promoted compac-
tion and acidic solutions inhibited compaction compared 
to distilled water. This was underpinned by the grain size 
and crack density analyses that yielded smaller grain 
sizes and higher crack densities for alkaline solutions 
compared to acidic solutions.

4. The sample stiffness was consistently lower for fluid-sat-
urated samples compared to dry ones. Within one load-
ing step, sample stiffness was initially low and increased 
to a peak value around 15 MPa sample stress, and either 
reduced again as observed in the first stress-cycle, or 
remained stable until approximately 26 MPa sample 
stress as seen in higher stress-cycles.

5. It was inferred that elastic compaction was controlled 
by elastic deformation of grains and grain contacts. As 
the sample compacted, the coordination number of each 
grain increased, reducing the intergranular stresses and 
the driving force for elastic deformation. Permanent 
deformation was controlled by grain rearrangement dur-
ing the initial part of loading, as evidenced by stiffening 
of the sample. Unlocking of the aggregate was achieved 
through grain breakage, which was aided by Si–O bond 
hydrolysis and pH-dependent fluid–solid surface interac-
tions. With prolonged stress-cycling the effect of chemi-
cal environment decreased, suggesting that crack growth 
velocities were too slow to result in grain failure and, 
hence, permanent compaction.

6. The results suggested that fluid injection into porous 
subsurface reservoirs could evoke an instantaneous 
chemical response, which could have favourable or nega-
tive consequences for reservoir performance, depending 
on the type of fluid injected and the host rock mineral-
ogy. Since our study solely focused on the effect of fluid 
pH on the compaction of sand aggregates, more research 
is needed to study the impact for sandstones, both clean 
and impure.
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