
J. Mt. Sci. (2

 

 
Abstract: 
macroscopi
structure, m
undergo sig
geological 
changes in t
of rocks afte
uniaxial m
resonance (
sandstone s
to chemical
aim was 
mechanical 
and streng
microscopic
perform pre
mechanism
solutions ha
compressive
to the peak 
passage of 
exposure 
exposure t
changes in 

Exper
prope
erosio

CAI Ya

YU Jin

FU Guo

LI Hon

*Corresp

1 Fujian 
China 

2 School 

Citatio
porosit

© Scie

Received: 22
Accepted: 28

2016) 13(11): 2

Under the ef
ic mechanic
mineral cont
gnificant cha
disasters; t

the microscop
er chemical e

mechanical te
(NMR) spect
samples that h
l erosion und
to study c

characteris
gth characte
c pore varia
eliminary stu

m. Results sh
ave a signific
e strength, th
axial stress, 
time, poros

to different
to chemical 
the NMR T2

rimenta
erties an
on 

an-yan1* h

n1 http://or

o-feng1 ht

ng2 http://

ponding author

Research Cente

of Civil and Hy

on: Cai YY, Yu 
y of sandstone a

ence Press and I

2 April 2016 
8 June 2016 

2053-2068      

ffect of chem
cal properti
tent, and po

anges, which 
thus, an un
pic and macr

etching is cruc
ests and nu
troscopy wer
had been pre
der different
changes in 
stics, includi
eristics, of 
ation charact
dies of the ch

how that dif
cant influence
he axial strai
elastic modu

sity increases
t chemical 

solutions r
 curve and T

al invest
nd poro

http://orcid.or

rcid.org/0000

ttp://orcid.org

/orcid.org/000

r 

er for Tunneling

ydraulic Engine

J, Fu GF, et al
after hydrochem

Institute of Mou

                      e-

mical etching,
ies, mesosc
orosity of ro
can lead to

nderstanding
roscopic struc
cial. In this st
uclear magn
e carried out
viously subje

t pH values. 
properties 

ing deforma
the rock, 

teristics, and
hemical corro
fferent chem
e on the unia
in correspond
lus, etc. With
s gradually w

solutions, 
results in l

T2 spectrum a

tigation
osity of 

rg/0000-000

0-0003-0088-

g/0000-0002

00-0002-7614

g and Urban Un

eering, Dalian U

l. (2016) Experi
mical erosion. Jo

untain Hazards 

-mail: jms@im

, the 
copic 
ocks 
 the 

g of 
cture 
tudy, 
netic 
t on 

ected 
The 
and 

ation 
and 

d to 
osion 
mical 
axial 
ding 

h the 
with 
and 
arge 

area.  

 
San
exh
cau
 
Key
Mec
Por

Int

mec
deg
pre
the 
Zha
and
in c
201
as 
gro
nec
gro

n on the
sandsto

1-5884-5952; 

-7652; e-mail:

2-2945-5442; e

4-3484; e-mai

nderground Spa

University of Te

imental investig
ournal of Mount

and Environme

mde.ac.cn        

ndstone expo
hibits differen
use is the chan

ywords: Che
chanical prop

rosity; Sandst

troduction

Rock is alw
chanical pro

grees under t
esence of wat

mechanical 
ang et al. 20
d Hood 2014
contact with 
15). In unde

CO2 stora
undwater re

cessary to c
und stresses

e releva
one afte

e-mail: yy

 bugyu0717@

e-mail: fugfen

il: hong.li@dlu

ace Engineering

echnology, Dalia

gation on the re
tain Science 13(

ent, CAS and Sp

                        
DOI: 10

osed to diffe
nt corrosion
nge of minera

emical erosio
perties; Nucle
tone 

n 

ways in a ce
operties wil
the influence
ter is a signif
characterist

010; Alonso 
4; Abdelghan

water will b
erground sto
age (Alonso
eservoirs (Fe
consider the
s. Different w

ance of m
er hydr

ycai@hqu.edu.

163.com  

n@126.com  

ut.edu.cn  

g, Huaqiao Uni

an116024, Chin

elevance of mec
(11). DOI: 10.10

pringer-Verlag B

       http://jm
0.1007/s11629

erent chemic
n mechanism
al. 

n; Hydrochem
ear magnetic r

ertain enviro
ll change b
e of various f
ficant factor 
tics of rock (

et al. 2013;
ni et al. 2015
become weak
orage applica
o et al. 
elice et al. 
e effect of 
water conten

mechan
rochemi

.cn 

iversity, Xiamen

na 

chanical proper
07/s11629-016-

Berlin Heidelber

ms.imde.ac.cn
9-016-4007-2

2053

cal solutions 
ms; the root 

mistry; 
resonance; 

onment. Its 
by different 
factors. The 
that affects 

Ivars 2006; 
; Dehkhoda 

5). Soft rock 
ker (Li et al. 
ations, such 
2012) and 
2014), it is 
water and 

nts in rocks 

nical 
ical 

n361021, 

rties and 
-4007-2 

rg 2016 



J. Mt. Sci. (2016) 13(11): 2053-2068 
 

 2054

will produce different freeze-thaw effects (Kodama 
et al. 2013). Thus, an understanding of the 
influence of water on rock is of crucial importance. 
In many water-related engineering constructions, 
such as underground storage and slope and dam 
foundation, the rock is affected not only by water, 
but also by the corresponding chemical solution 
(Eaton et al. 2007; Fantong et al. 2015), the 
mineral chemistry of the rock (Iler 1979; Atkinson 
and Meredith 1981; Ojala 2003; Moore et al. 2009), 
and the fracture mechanisms under chemical 
corrosion (Hu et al. 2012; Feng 2007). There has 
been a great deal of research on the subject. Grgic 
et al. (2014) has explored the influence of chemical 
solutions (water, oil, alcohol) on the acoustic 
emission and mechanical properties of porous rock, 
and demonstrated that the accumulation of 
acoustic emission events effectively reproduced the 
shape of the creep curve. Static elastic properties 
are important in revealing the creep characteristics 
of microcracks. Chai et al. (2014) observed the 
expansion effect of clayey rocks under exposure to 
different chemical solutions and concentrations 
and found that expansion and chemical solutions 
are unrelated but that expansion relies on the 
concentration of aqueous solutions: the higher the 
concentration, the weaker the expansion. Feng et al. 
(2009) investigated the mutual coupling effect of 
multiple cracks in limestone under exposure to 
different chemical solutions and uniaxial stresses 
and discovered that the influence of chemical 
etching is very complex. This influence depends on 
the concentration of chemical ions, pH value, 
mineral composition, geometry, number of defects, 
etc. Previous studies have indeed made some 
achievements, but have mainly focused on the 
macro and mesoscopic mechanical properties of 
rock and the distribution of cracks. However, the 
mineral impact on porosity under the action of 
aqueous solutions and the effect of changes of rock 
porosity on mechanical properties of rocks under 
chemical corrosion has not been well studied. 

Sandstone is formed by deposition and 
diagenesis when sand is transported by water or 
glacier. It is a mineral aggregate formed by the 
cementation of all kinds of minerals and debris. In 
the process of diagenesis, the internal pore 
distribution of sandstone changes. Under the effect 
of chemical solutions, great changes have taken 
place in the pore size distribution of the internal 

sandstone. Changes of porosity have caused 
macromechanical changes. Thus, it is very 
important to study porosity changes meticulously. 
Moreover, nuclear magnetic resonance (NMR) 
spectroscopy can study porosity changes in a 
meticulous and intensive manner (Xu 2011; Gao 
and Li 2015; Zargari et al. 2015). NMR 
spectroscopy has significant application value as a 
practical test, not only in such areas as medical 
diagnosis, agriculture, food, and polymer materials 
but also in the fields of geotechnical engineering, 
the mechanism of reservoir accumulation, oil and 
gas exploration and development, carbon 
sequestration, and investigations damages caused 
in rock mass (Schoenfelder et al. 2008; She and 
Yao 2010; Luo et al. 2011; Webber et al. 2013; Liu 
et al. 2014; Yao et al. 2014; Wang et al. 2015; Xiao 
et al. 2015). Therefore, it is significant to study the 
rock porosity change by using NMR spectroscopy, 
and to reveal the effect of porosity changes under 
water and chemistry interaction on macroscopic 
mechanical properties of rock and the relationship 
between these effects. 

This study used uniaxial compression testing 
and NMR spectroscopy to investigate sandstone 
after treatment with different chemical solutions, 
to explore the influence of chemical solutions on 
porosity and mechanical properties and to 
determine the relationship between porosity 
change and degradation of mechanical properties. 
These results will reveal the root cause of changes 
to mechanical properties under the influence of 
different hydrochemical environments. 

1    Materials and Methods 

1.1 Sample preparation 

The test material was sandstone cores, which 
were drilled from a single block without 
macroscopic cracks. The sandstone cores were 
machined into a cylindrical shape and were 
oriented vertical to the bedding plane with a 
diameter of 25 mm and a length of 50 mm. The 
heights (mean, 48.99 mm), diameters (mean, 24.91 
mm), densities (mean, 2.42 g·cm-3) and masses 
(mean, 56.5 g) of the rock specimen are 
comparatively close to their mean values, which 
confirmed that the samples were almost uniform 



J. Mt. Sci. (2016) 13(11): 2053-2068 
 
 

2055 
 

and showed good homogeneity. Letters A, B, and C 
represent for acidic solution, neutral solution and 
alkaline solution respectively; numbers 12, 24, and 
36 represent the number of days of immersion; and 
sample number 0 is the original sample. 

1.2 Sample structure and mineral 
composition 

The samples in this test are fragile-rigid arkose. 
The sandstone comes from a dam foundation, 5 
meters below the surface, geological age is late 
Cenozoic, and it was saturated in-situ. Before the 
test, thin sections were prepared for identification 
and mineral composition identification using X-
rays diffraction (XRD) analysis. The scientific 
name of the rock was fine-medium arkose, and the 
mineral composition of this rock was identified as 
fine-medium sand structure, contact cemented 
fine-grained sand pore type structure, and layered 
structure. The rock is composed of clasts (94%) and 
accessory minerals (1%), with cement (5%). Clasts 
of sandstone were semi-angular and semi-rounded, 
particle size 0.06–0.8 mm. Particles of 0.5–0.8 
mm accounted for about 10%, particles of 0.25–0.5 
mm about 50% and particles of 0.06–0.25 mm 
about 40%. Clastic composition is mainly feldspar 
and quartz, with a few hornblende, pyroxene, 
andesite grains. There is relatively less cement, 
which is mainly ferric oxide (2%) and carbonate 
(3%). The microscopic structure of the sandstone is 
shown in Figure 1. 

1.3 Test program 

Engineering rock mass is always surrounded 

by water, often containing complex ionic 
composition and varying pH values. This results 
from complex geological structure movement, as 
well as the dissolution of rock minerals and even 
environmental pollution. Because of the complexity 
of the ion composition and the influence of pH, the 
effect that the solution has on the rocks tends to be 
complex. To simplify the experimental study, the 
complex ionic composition was replaced by a 
simple NaCl solution. Acidic, neutral, and alkaline 
environments were simulated by pH values 2, 7, 
and 12, respectively. All initial concentrations of 
aqueous solutions were 0.01 mol·L-1 with NaCl. To 
form the acid and alkali solutions, HNO3 and 
NaOH, respectively, were added in aqueous 
solution. To balance the total number of ions, the 
same amount of NaCl was added into the neutral 
solution. 

The sandstone samples were dried for 48 h at 
a constant temperature of 50°C, and samples with 
similar initial porosity were selected. The samples 
were saturated using a vacuum saturation device 
(Shanghai Niumag Corporation Ltd, China). After 
the pumping time and pressure are set, the 
equipment runs automatically; the pressure was set 
at 0.1 MPa. After saturation, samples were 
immersed in the acid, alkaline, and neutral solution 
for the required immersion times. After this, NMR 
spectroscopy was conducted, followed by a 
saturated uniaxial compression test. The 
mechanical test was conducted in a TAW-1000 
servo-controlled rock mechanical test system 
(Figure 2). A strain control mode was used for 
loading, at a rate of 0.04 mm·min-1, until the 
sample ruptured. Photographs to illustrate the 
failure mode after the test were taken. 

The NMR spectroscopy (see Figure 3) was 
conducted using a MesoMR23-060H-I imaging 
analysis system (Shanghai Niumag Corporation Ltd, 
China). The permanent magnet magnetic field 
intensity is 0.52 T, the effective test area is 60 mm 
× 60 mm. 

2    Results of Mechanical Experiments 

2.1 Stress–strain relationship 

Uniaxial compression testing of sandstone was 
carried out after immersion in different solutions 

 
Figure 1 Microscope image of sandstone sample: Q, 
quartz; P1, plagioclase; Hb1, hornblende. 
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for different time periods. The relationship 
between stress and strain after corrosion in 
different aqueous solutions can be seen in Figure 4. 
Figure 4 shows the uniaxial compression curves 
after the corrosion of sandstone in different 
chemical solutions. All the curves demonstrate 
compaction, elasticity, plasticity and a yield stage 
after a peak stress. Sandstone has a relatively high 

strength. The strengths of the original samples are 
up to 165.093 MPa. All the stress–strain curves of 
samples show obvious brittle characteristics. The 
strains in compaction stage for the samples 
immersed in different chemical solution are all 
high. Compared with samples immersed in neutral 
and acid solutions, the sample immersed in 
alkaline solution shows more significant 

 
(a) Sample assembly                                                (b) Testing system 

Figure 2 TAW-1000 servo-controlled rock mechanical test system. 
 

 
Figure 3 MesoMR23-060H-I type of NMR imaging analysis system. 
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development in the stress–strain curve after the 
peak stage. Table 1 gives basic mechanical 
parameters of the samples, such as peak stress and 
peak strain. 

2.2 Peak strength 

Figure 5 shows that the peak stress of 
sandstone varies with immersion time. It can be 
seen from Figure 4 that the peak strength of the 
sample immersed in neutral solution is always 
higher than that of the sample immersed in 
alkaline solution for the same length of time, and 
that the peak strength of the sample immersed in 
the acid solution is always a minimum. This is 
because the decrease in strength of sandstone 
exposed to a neutral environment is mainly caused 
by the softening of the rock that is immersed in 
water for a long time; there has not been a more 
violent chemical reaction. In acidic and alkaline 
environments, the chemical reaction is mainly 
between the mineral composition of rocks and H+ 
or OH− ions in the solution. Figure 5 also shows 
that the reduction in peak strength in an acidic 

(a) 12 days 

(b) 24 days 

(c) 36 days 

Figure 4 Stress strain curves of sandstone in different 
chemical solutions. 

Table 1 Sample physical parameters 

Solution Days Ps
(MPa)

Pas 
(%) 

Prs 
(%) 

E 
(GPa) 

Poisson’s 
ratio 

Original 0 165.10 0.76 0.31 23.30 0.26 

Acid 
12 150.93 0.86 0.41 20.72 0.25 
24 138.21 0.81 0.37 20.11 0.24 
36 121.74 0.75 0.21 19.25 0.23 

Neutral
12 163.54 0.93 0.45 22.74 0.26 
24 159.45 0.87 0.41 21.53 0.25 
36 157.14 0.87 0.38 21.43 0.24 

Alkaline
12 160.02 0.96 0.45 17.86 0.25 
24 152.12 0.96 0.45 16.79 0.25 
36 139.84 0.92 0.36 15.82 0.23 

Notes: Ps = Peak strength; Pas = Peak axial strain; Prs 
= Peak radial strain.  

 

 
Figure 5 Peak stress of sandstone was soaked in 
different days under chemical solutions. 
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environment is greater than that in an alkaline 
environment, indicating that, in acidic and alkaline 
solutions, there is a significant difference in the 
chemical corrosion mechanism of sandstone. 
Comparing this finding with the information in 
Figure 4, it can be seen that the strength of the 
sandstone soaked in neutral solution is only 
slightly reduced, compared with the strength of the 
natural sandstone. The peak stress of sandstone 
immersed in acidic solution is about 26.3% less 
than natural sandstone. The peak stress of 
sandstone immersed in alkaline solution is about 
15.3% less than natural sandstone. After immersion 
in acidic or alkaline solutions, the strength of the 
sandstone is less than that of natural sandstone. 

2.3 The axial peak strain 

Figure 6 shows the peak axial strain of 
sandstone samples (which means the axial strain 
corresponding to peak stress) immersed in 
different chemical solutions for different time 
periods. The axial peak strain of sandstone samples 
immersed in different chemical solutions for 12 
days has increased. This indicates that once the 
sandstone contacts the chemical solution, a series 
of chemical corrosions and dissolutions occur. In a 
neutral solution, this is mainly partial mineral 
dissolution. Chemical reactions with minerals 
mainly occur in the acidic and alkaline solutions. 
Chemical corrosion and dissolution both lead to an 
increase in porosity. Therefore, the peak axial 
strain increases. With the increase in immersion 
time, the peak axial strains of samples immersed in 
different chemical solutions are reduced by 
different amounts. This is because the chemical 
etching in the first 12 days is relatively fierce. With 
an increase in immersion time, the chemical 
reaction rates in solution have largely reduced, but 
at this stage the porosity has increased, so that the 
contact area between rock and chemical solution 
has increased. Thus, the chemical solution 
penetrates the rock more deeply, and at this stage 
the strength attenuation is still fast. Therefore, the 
peak axial strain decreases gradually. After the 
sandstone had been immersed for 36 days, the 
peak axial strain of the sample immersed in acid 
solution was reduced, but that of the sample 
immersed in neutral solution, did not change much. 
However, the peak axial strain of the sample 

immersed in alkaline solution was increased. 

2.4 Elastic modulus 

Figure 7 shows the elastic modulus of 
sandstone samples immersed in different chemical 
solutions for different periods. With an increase in 
immersion time, the elastic modulus gradually 
decreased. The change in elastic modulus was 
smallest for the sample immersed in a neutral 
solution and largest for the sample immersed in an 
alkaline environment. The decrease in elastic 
modulus after the first 12 days of immersion is 
larger than that in the second 12 days. This is 
because in a neutral environment the reduction in 
sandstone strength is mainly due to the weakening 
of structure caused by the rock softening. In an 
alkaline environment, some minerals in the 

 
Figure 6 Peak axial strain of sandstone was soaked in 
different days under chemical solutions. 
 

Figure 7 Elastic modulus of sandstone was soaked in 
different days under chemical solutions. 
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sandstone, such as feldspar and quartz, react with 
OH− ions in solution. In an acidic environment, the 
rock strength decreases because some minerals, 
such as feldspar and calcite, react with H+ ions in 
solution, weakening the rock structure. The elastic 
modulus of original sandstone is 23.305 GPa. After 
the sandstone was soaked in acid solution for 36 
days, the modulus of elasticity decreased to 19.247 
GPa. The elasticity modulus of the sandstone 
immersed in neutral solution for 36 days is 21.426 
GPa, which is only slightly less than that of the 
original sandstone. The elastic modulus of the 
sandstone sample immersed in alkaline solution 
for 36 days decreased significantly, to 15.824 GPa. 
This may be related to the main chemical 
components of SiO2 in sandstone, which react with 
OH− ions in alkaline environment. 

2.5 Peak radial strain and Poisson’s ratio 

Table 1 also shows that the peak radial strain 
of the sandstone samples immersed in different 
chemical solutions for 12 days 
increased. With an increase in 
immersion time, the peak radial 
strain in different chemical 
solutions reduced, by different 
amounts. From Table 1, it can 
also be seen that the Poisson’s 
ratio had no effect, which is why 
the variation in peak radial 
strain followed the same pattern 
as the peak axial strain. 

2.6 Strain–volumetric 
strain curves in 
different solution 

Martin et al. (1993) first 
proposed the crack strain model, 
to calculate crack initiation 
strength; this model soon found 
many applications (Eberhardt  
et al. 1999; Everitt et al. 2004). 
In the stress–strain relation 
shown in Figure 8, σcc is the 
crack closure stress level, σci the 
crack initiation stress level, and 
σcd the crack damage stress level, 
which corresponds to the long-

term rock strength. The peak strength, σf, depends 
on the loading rate and boundary conditions. The 
four stress levels, i.e., σcc, σci, σcd, and σf, represent 
important stages in the development of the 
microscopic crack in the rock. This study used the 
crack strain model to calculate the volumetric 
strain and the crack volumetric strain, as follows: 

                                  (1) 

                             (2) 

                                                  (3) 

where εv is the volumetric strain, εaxial is the axial 
strain, εlateral is the lateral strain, εve is the elastic 
volumetric strain, ∆V is the volume change, Velastic 

is the elastic volume, and εvc is the crack volumetric 
strain. 

Figure 8 shows the axial and lateral strain of 
sandstone as well as the volumetric and crack 
volumetric strain, as calculated from Formula 3. 
The variation patterns of all the sandstone samples 
after immersion in different solutions for different 

v axial lateral2V
V

ε ε εΔ= = +

ve 1 3
elastic

1 2 ( +2 )V
V E

νε σ σΔ −= =

vevvc εεε −=

 
Figure 8 Stress-strain relationship after soaking in the solution.
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periods are similar, so only the original sample is 
shown (related data are given in Table 2). Table 2 
shows stress thresholds of the specimens, as 
determined by uniaxial compressive testing and 
their ratios under different conditions. Figure 8 
and Table 2 demonstrate the following: 

1) During the initial stage of the deviatoric 
experiment (stage I, non-linear elastic 
deformation), the material is compacted. With an 
increase of immersion time, σcc increases while σf 

decreases in different solutions, and σcc/σf 
increases gradually. It can be seen that in stage I, 
part of the stress–strain curve increases with an 
increase in immersion time; this is because some of 
the rock composition is lost and there is an 
increase in porosity. 

2) The rock continues to become compressed 
with increasing axial loading (stage II, linear elastic 
deformation); at this stage, the crack volumetric 
strain remains constant. With an increase in 
immersion time, σci/σf increases for immersion in 
different solutions, but the crack initiation stress 
σci is not related to cyclic damage (Martin et al. 
1994). 

3) As loading continues to increase (stage III, 
volume strain comes to a minimum), the crack 
volumetric strain simultaneously begins to increase, 
and the microcrack population starts increasing. In 
acid and alkaline solutions, σcd/σf increases with an 
increase in immersion time. However, the value of 
σcd/σf does not change much for samples immersed 
in a neutral solution; this is because σcd is closely 
related to the cyclic damage increase, and when 
sandstone is only immersed in water, the 
mechanical properties are not much changed. The 
value of σci/σcd increases with an increase in 
immersion time for different solutions; this is 

because there is an increase in the initial damage, 
so crack propagation is reduced in stage III (Martin 
et al. 1994). 

4) Before the stress reduction (stage IV, 
before the macroscopic failure), there is an obvious 
but gradual increase in crack volumetric strain, 
which might be linked to a higher number of 
microcracks. 

5) As the loading is reduced (stage V, post-
macroscopic failure), volumetric expansion begins. 
The crack volumetric strain reduces; this is 
probably because the cracks have become 
connected and irregular macrofractures have 
formed. 

Figure 9 shows the crack volumetric strain of 
sandstone after immersion in different solutions 
for different periods. Figure 9 and Table 2 show 
that: 

1) The value of volumetric strain corresponds 
to the compression phase of the original sample; 
(∆V/V)0 is a minimum. The crack growth is most 
obvious in stages III and IV, the samples clearly 
exhibit brittle characteristics. The value of (∆V/V)0 
increases on immersion in different solutions; 
crack growth slows and the brittle behaviour is 
weakened. 

2) The value of volumetric strain corresponds 
to the uniaxial peak intensity of rock; (∆V/V)f 
decreases for longer immersion periods in acid 
solution but gradually increases on immersion in 
alkaline solution. This is because the initial damage 
leads to an increase in damage with increased 
immersion times in acid solution. Because the 
initial amount of damage is higher, there is a 
relatively small amount of crack extension that 
could cause sample fracture. The rock shows a 
certain degree of improvement in mechanical 

Table 2 Stress thresholds of specimen obtained by uniaxial compressive test and their ratios under different 
conditions 

Solution Days εcc (%) εci (%) (∆V/V)0 

(%) 
(∆V/V)F 

(%) 
σcc 
(Mpa)

σci 
(Mpa)

σcd 
(Mpa)

σf 
(Mpa) σcc/σf σci/σf σcd/σf σci/σcd

Original 0 0.32 0.36 0.10 0.31 69.92 80.39 132.19 165.09 0.42 0.49 0.80 0.61 

Acid 
12 0.32 0.37 0.16 0.49 46.00 54.65 108.08 150.93 0.30 0.36 0.72 0.51 
24 0.37 0.42 0.14 0.43 56.51 68.09 105.09 138.21 0.41 0.49 0.76 0.65 
36 0.39 0.47 0.17 0.19 52.22 67.38 102.21 121.74 0.43 0.55 0.84 0.66 

Neutral 
12 0.34 0.35 0.19 0.12 46.15 58.34 130.11 163.54 0.28 0.36 0.80 0.45 
24 0.35 0.43 0.17 0.47 56.64 69.90 105.76 159.45 0.36 0.44 0.66 0.66 
36 0.41 0.46 0.16 0.46 58.79 72.67 113.64 157.14 0.37 0.46 0.72 0.64 

Alkaline 
12 0.32 0.39 0.11 0.21 47.58 50.25 102.75 160.02 0.30 0.31 0.64 0.49 
24 0.36 0.45 0.14 0.40 57.67 67.17 107.63 152.12 0.38 0.44 0.71 0.62 
36 0.39 0.50 0.14 0.41 59.50 66.29 111.54 139.85 0.43 0.47 0.80 0.59 



J. Mt. Sci. (2016) 13(11): 2053-2068 
 
 

2061 
 

properties in alkaline solution; the lateral strain is 
larger than that in the original sample, and the 
failure is more obvious. 

3) Both εcc and εci increased with an increase 
in immersion time when fissures were closed 
completely, in the different solutions; this is 
because the porosity increased gradually. 

It can be seem from the curvature of the crack 
volumetric strain curve in stages III and IV and 
from the value of crack volumetric strain for the 
same value of axial strain, that crack growth is 
quicker for exposure to acid solutions than for 
exposure to alkaline solutions. 

2.7 Failure mode 

The essence of rock failure is that the 
accumulation of damage in the process of loading 
reached the maximum damage point that the rock 
could bear, and macroscopic rupture occurred as a 
result. This is the macroscopic embodiment of 
microscopic fissure accumulation. Figure 10 shows 
a sample of rock after chemical etching. At this 
point, the sample is still whole because it still has 
some residual strength. The figure shows that the 
failure characteristics of specimens under uniaxial 
compression are basically similar after different 

types of chemical corrosion. In each case, the 
failure mode is splitting. The crack propagation 
direction and the loading direction are parallel or 
at a small angle to each other. The number of 
cracks is relatively higher and the cracks are 
connected. At the end of the sample, has fall-block, 
while the middle part of the sample has the crack 
perpendicular to the loading direction. From these 
results, it can be seen that the failure mode of the 
sandstone immersed in the different solutions was 
not fundamentally changed as a result of the 
increase in porosity. Crack initiation and extension 
from the sample end form several main 
macroscopic cracks, leading to fracturing. The 
fracturing occurred very quickly, but the sample 
still held its cylindrical shape. When an external 

 
Figure 9 Crack volumetric strain of sandstone after 
soaking in different solutions in different days. 

 
A12       A24       A36 
(a) acidic solution 

 
B12       B24       B36 
(b) neutral solution 

 
C12       C24      C48 
(c) alkaline solution 

Figure 10 Rock failure pictures after chemical 
etching.
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force is applied, the sample will lose residual 
strength and disintegrate along the crack directions. 

3    Results of NMR Experiments 

3.1 Porosity 

The results of the mechanical tests reveal that 
sandstone undergoes different chemical reactions 
in different solutions. Moreover, owing to the 
different chemical corrosion mechanisms, a series 
of changes take place, which affect such 
macroscopic mechanical parameters as peak stress 
and elastic modulus. The root cause is that the 
change in porosity after immersion in the solutions. 
Therefore, the porosity of sandstone samples 
immersed in different solutions was investigated 
using NMR spectroscopy. The results are shown in 
Table 3 and Figure 11. The void space in the rock is 
comprised of micro-cracks and pores. Before 
uniaxial compression testing, most of the void 
space would be pores, only a small part of void 
space is micro-cracks, so the porosity is comprised 
of micro-cracks and pores. 

Table 3 and Figure 11 show that with the 
increase in immersion time, the porosity increased. 
However, the increase rate varied with immersion 
in different solutions. Because the porosity of the 
sample was selected before immersion, there were 
only small differences in the initial porosities of the 
samples. The porosities varied between 5.86% and 
5.98%, with a mean of 5.89%. After immersion, the 
porosity increased by different amounts. Samples 
immersed in acidic solution for 36 days, showed a 
porosity increase of 29.98%. For the same 
immersing period, the porosity of samples 
immersed in alkaline solution increased by 18.51%. 
The samples immersed in neutral solution showed 
the smallest increase in porosity; 10.07%. 
Therefore, the most intense chemical reaction 
occurred in the acid solution, and the least in the 
neutral solution. Table 3 also shows a clear change 
in porosity for samples immersed in the different 
solutions for 12 days. The rate of increase in 
porosity decreases with increasing immersion time. 
For example, in a neutral environment, the 
sandstone sample immersed for 12 days showed a 
6.02% increase in porosity. After a further 12 days 
immersion, the porosity increase by only a further 

2.26%. When the sandstone sample had been 
immersed for a total of 36 days the porosity 
increased by a further 1.79% compared to that of 
the porosity after 24 days’ immersion. Similarly, 
the rate of the porosity increase for immersion in 
acid and alkaline environments decreased with an 
increase in immersion time. This is because, in the 
chemical environment, at first there are more 
internal mineral particles reacting or being 
dissolved. With the passage of time, the amount of 
dissolved and reactive minerals in sandstone has 
gradually reduced, and the ion concentration has 
increased; that is, the concentrations of H+ in the 
acid solution and OH− in the alkaline solution keep 
reducing and the pH of the solution tends towards 
neutral. At the same time, the chemical solution 
penetrates the rock interior more deeply and the 
number of reactive substances is further reduced. 
Therefore, the rate of porosity increase is reduced. 

Table 3 Rock porosity and its percentage change

Sample
No. 

PH 
value

Original 
porosity (%) 

Corrosion 
porosity(%) 

Percentage 
change(%)

0 -  5.89 5.89 0.00 
A12 2 5.95  6.92 16.30  
A24 2  5.88  7.28 23.81  
A36 2  5.87  7.63 29.98  
B12 7 5.98  6.34 6.02  
B24 7 5.92  6.41 8.28  
B36 7 5.86  6.45 10.07  
C12 12 5.90  6.61 12.03  
C24 12 5.93  6.82 15.01  
C36 12 5.89  6.98 18.51  
 

 
Figure 11 Porosity percentage change of sandstone in 
different chemical solutions after different days 
soaking. 
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3.2 NMR T2 spectrum distribution 

The core technology of NMR spectroscopy 
utilizes atomic nuclear spin characteristics and the 
attenuation signal produced by polarization in a 
static magnetic field. Among these, T2 is the decay 
time for the transverse magnetization vector. The 
measured signal for rock fully immersed in water 
can be interpreted as a measure of the volume of 
water in the rock, which is the pore volume. The 
smaller the pore volume is, the shorter the 
relaxation time. The peak position of the T2 curve 
illustrates the pore size, and the area of the peak is 
related to the quantity of corresponding pores. The 
ratio of the area below the peak to the whole area 
represents the percentage of the corresponding 
pore size to the total porosity, and the T2 spectrum 
is indicates the pore size distribution. 

Figure 12 shows the T2 spectrum and magnetic 
resonance imaging (MRI) scans of sandstone 
immersed in original and different chemical 
solutions for different periods. The T2 spectrum 
distribution for sandstone in the natural state has 
one peak. The NMR spectrum has a maximum at 
0.215 ms, which corresponds to a pore size of 
0.02–0.03 µm, indicating that the sample has a 
large number of medium and tiny pores. After the 
strongest peak, at increasing relaxation times, the 
pore size increases and the number of pores of 
these sizes decreases gradually. After sandstone 
has been immersed in different chemical solutions 
for 12 days, changes in porosity can be observed. 
The T2 spectrum has changed not only in an 
increase in total pore content, but also in curve 

shape. After immersing the sandstone in different 
solutions, the largest NMR peak has increased in 
signal strength. The increasing signal intensity of 
the T2 peak at 10 ms, corresponding to an aperture 
size of 1 µm, indicates an increase in pores of this 
size. In addition, there are now two peaks in the 
spectrum. For the samples immersed in a neutral 
solution, the number of small pores increases, and 
the medium-sized pores expand. This is because, 
with immersion in water, some of the minerals in 
the sandstone dissolve, leading to the formation of 
small pores, and to the enlargement of these pores. 
Furthermore, the dissolution of minerals between 
pores has caused small pores to be combined to 
form larger pores. Under acidic conditions, the 
number of small pores appears to be greatly 
increased, and the number of large pores is also 
significantly increased. Therefore, the total 
porosity is increased. This is because some of the 
rock clasts, such as feldspar, react with acids and 
the cementing material is easily dissolved in an 
acidic solution. When these reactive minerals are 
isolated by minerals that do not react easily, small 
pores are easily formed. When isolated by reactive 
minerals, the pore size will expand and the number 
of large pores will increase. In alkaline 
environments, the changes in the porosity are 
roughly similar to those observed in acidic 
conditions. The number of small pores and big 
pores has significantly increased. This is because 
rock clasts such as quartz and feldspar react with 
alkalis, causing obvious chemical injury. 

Magnetic resonance imaging (MRI) was 
performed on sandstone samples after immersion 

   
(a) 12 days                                                                          (b) 6 days 

Figure 12 T2 spectrum distribution of sandstone in original and different chemical solutions after different days 
soaking. 
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for different periods; using central sample cross-
section 2-dimensional imaging. Bright areas in the 
image area correspond to water molecules; the 
black surround area around is the background. The 
brightness of the image reflects the moisture 
content of the rock; the brighter the color, the 
higher the water content, and so the higher the 
pore area. It can be seen from the diagram that the 
sample image of the natural sandstone is not clear. 
The images of samples taken after immersion in 
different solutions shows increasing water content; 
the brightness of the image obtained after 
immersion in 12 days in the acid or alkaline 
solutions is significantly higher than that of the 
image obtained for the sample immersed in a 
neutral environment for the same period. 

Figure 12(b) shows that, for the samples 
immersed in solution for 36 days, there was no 
obvious change in porosity component at 0.02–
0.03 µm, compared with data for the samples 
immersed for 12 days. However, there is a porosity 
component at 1 µm, that is, there is a clear increase 
in the amplitude of the second peak, especially 
under acidic conditions. This is because when the 
number of 0.02–0.03 µm pores increases, some of 
these pores become interconnected, forming larger 
pores. The figure also shows that the pore change 
observed in neutral salt solution is less obvious 
than that in alkaline environment, while it is most 
obvious in the acidic environment. This is because 
in different chemical solutions, the strength and 
influence of chemical reactions are different. With 
an increase in immersion time in chemical solution, 
rock damage is gradually intensified. In neutral salt 
solution, only a small proportion of the rock 
minerals dissolve in water to form new pores, as 
mineral dissolution is relatively weak. Therefore, in 
a neutral environment, the T2 spectrum is not 
much changed. The reaction taking place in acidic 
solution is strong, and more mineral types react 
with H− ions. Furthermore, the reaction products 
are always in ion form. With an increase in 
immersion time, the acid solution continuously 
permeates the sandstone, forming new microscopic 
pores and expanding small pores. In alkaline 
solution, part of the minerals reacting with OH− 
ions produce soluble ions, and the reaction also 
generates some refractory minerals. Therefore, 
chemical corrosion in acidic conditions increases 
porosity more than that in an alkaline environment. 

It can be seen from the figure that, in the 
samples immersed for 36 days, water content has 
further increased, as the solutions have penetrated 
the sample more deeply, and the degree of 
corrosion in the samples is increased. This figure 
supports the mechanical test results, and is also in 
good agreement with the T2 spectrum and porosity. 

3.3 NMR T2 spectrum area 

The larger the porosity of the rock, the more 
fluid is contained inside the rock, and the larger the 
T2 spectrum area. Thus, the changes in rock 
porosity can be further analyzed by measuring the 
T2 spectrum area. The sandstone T2 spectrum area 
and proportional area for each peak are shown in 
Table 4. 

From Table 4, it can be seen that sandstone 
that is not immersed in solution had the smallest 
T2 spectrum area and only one T2 spectrum peak. 
When the rock was immersed in different chemical 
solutions, the T2 spectrum distribution changed; a 
second peak appeared and the T2 spectrum area 
increased. After immersion for 12 days in neutral 
solution, the T2 spectrum of sandstone still had 
only one peak. After 36 days immersion, a second 
peak is seen but the percentage is only 28.96%. 
Soaked in acidic and alkaline solutions for 36 days, 
respectively, the percentages of the second peak are 
50.03% and 46.65%, higher than that observed for 
the sample immersed in the neutral environment. 
After the sandstone had been immersed in acidic 
and alkaline solutions for 12 days, the second peak 
of the T2 spectrum appeared. With an increase in 
immersion time, the percentage of the second peak 
increased. This is because minerals in the 
sandstone dissolve, clastic rock and cementation 
material undergo acid–base reactions, microscopic 
pores are formed and expand, as they become 

Table 4 NMR spectrum area 
Sample
No. 

Peak total
area 

Percentage of 
first peak(%) 

Percentage of
second peak (%)

0 5902 100 - 
A12 7021 67.55 32.45 
A36 8361 49.97 50.03 
B12 6576 100 - 
B36 6985 71.04 28.96 
C12 7110 61.03 38.97 
C36 7482 53.35 46.65 
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interconnected. As larger pores are formed, the 
second peak appears and becomes stronger with an 
increase in etching time; as immersion time is 
increase, the proportion of the second peak is 
increased. 

4    Chemical Corrosion Mechanism 

4.1 Chemical damage 

It is important to choose appropriate variables 
in studying chemical damage. The choice of 
variables can be made by adopting a macroscopic 
or a microscopic view. However, for the sandstone 
samples, which are corroded by chemical solution, 
the change of porosity is the root cause of changes 
in the rock’s mechanical properties. Therefore, this 
study used porosity as a variable to reflect the 
degree of corrosion in different chemical solutions. 

Chemical damage variables are calculated as: 

0

1=1
1

t
tD φ

φ
−−
−

                                               (4) 

where Dt is the damage variable after t days 
immersion, ф0 is the porosity of the original sample, 
and фt is the porosity after immersion for t days. 

Figure 13 shows a quadratic fitting equation 
between the damage variable and different 
immersion periods: 

2

2

2

0.02507 0.09111 0.00113 acidic

0.01065 0.03413 0.00048 neutral

0.02507 0.09111 0.00094 alkaline

a

b

c

D t t

D t t

D t t

⎧ = + −
⎪⎪ = + −⎨
⎪ = + −⎪⎩

    (5) 

Figure 13 and Formulas (5) illustrate that all 
the damage variables increase in different chemical 
solutions with an increase in immersion time, and 
that the rate of increase decreases gradually. The 
damage degree of sandstone in acidic solution is 
always greater than that in alkaline solution, and 
the degree of chemical corrosion is smallest in the 
neutral environment. This is because the number 
of minerals that can react and the concentration of 
H+ and OH− ions in the chemical solution are 
gradually reduced. Hence, the rate of reaction and 
growth rates of damage decreases. 

4.2 Corrosion mechanism analysis 

At a macroscopic level, the chemical damage 
has caused reductions in mechanical parameters to 
varying extents. Changes in macroscopic 
mechanical parameters are the result of changes in 
microscopic structure change, which are the root 
cause of degradation of macroscopic mechanical 
parameters degradation. This means that changes 
in macroscopic mechanical properties are closely 
related to changes in microstructure. 

The microstructure change in composition and 
porosity of rock is the essence of hydrochemical 
corrosion. Several factors have contributed to 
changes in the composition and porosity of rock. 
First, there is dissolution. Water acts as a solvent, 
and cementitious minerals and some mineral 
particles in the rock in contact with water will 
dissolve and become diffused in the aqueous 
solution to a certain degree. This leads to an 
increase in porosity and softening of rock structure. 
Second, there is hydrolysis. Some cations in the 
mineral react easily with hydroxyl ions in chemical 
solution, forming new minerals. Finally, there is 
acid-base reaction, some minerals, such as calcite 
and dolomite in sandstone react easily with 
hydrogen ions in acid conditions. 

Mineral compositions in different rocks are 
different, which means that chemical corrosion 
effects also differ. The fine grain arkose of this 
paper contains feldspar (71%), quartz (15%), 
andesite cuttings (4%), hornblende (2%), pyroxene 
(2%), accessory mineral (1%) and cement (5%); the 
main composition of the cement is calcite cement 
and iron oxide. The mineral components of 
sandstone are varied and their chemical actions 
differ. Some cations, such as K+, Na+, Ca2+, and 

Figure 13 Damage variable of sandstone in different 
soaking days under chemical solutions. 
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Mg2+ easily react with hydroxyl ions, to convert the 
original minerals into new minerals. Moreover, 
some of these mineral components, such as 
plagioclase, hornblende, and calcite, are soluble in 
water, causing secondary porosity, as well as 
changes in the rock structure, which cause the rock 
to become softer. Feldspar and quartz accounted 
for 86% of the total mineral content; therefore, 
although the cement mineral has an important 
influence on microstructure, the influence of 
feldspar and quartz is most important. 

Feldspar will undergo a certain degree of 
dissolution and hydrolysis in the chemical 
environment. The difference between primary and 
secondary minerals is the formation of secondary 
porosity. In solutions with different pH values, the 
products of feldspar reactions will differ. Potassium 
feldspar and albite react in acid and alkaline 
solutions as follows. 

In acidic (pH < 6) conditions: 
3

3 8 2 4 4

3
3 8 2 4 4

4 4 3

4 4 3

+ + +

+ + +

⎫⎯⎯→+ + + +←⎯⎯ ⎪
⎬

⎯⎯→+ + + + ⎪←⎯⎯ ⎭

KAlSi O H H O K Al H SiO

NaAlSi O H H O Na Al H SiO
         

(6) 

In neutral or alkaline (6 < pH < 10) conditions: 

3 8 2 4 4 4

3 8 2 4 4 4

8 ( ) 3

8 ( ) 3

+ −

+ −

⎫⎯⎯→+ + +←⎯⎯ ⎪
⎬

⎯⎯→+ + + ⎪←⎯⎯ ⎭

KAlSi O H O K Al OH H SiO

NaAlSi O H O Na Al OH H SiO
         

(7) 

In strongly alkaline (pH > 10) conditions: 

3 8 2 4 4 4 4

3 8 2 4 4 4 4

8 3

8 3

+ −

+ −

⎫⎯⎯→+ + +←⎯⎯ ⎪
⎬

⎯⎯→+ + + ⎪←⎯⎯ ⎭

KAlSi O H O K H SiO H AlO

NaAlSi O H O Na H SiO H AlO
              

(8) 

Formulas 6–8 show that the main components 
of arkose are more likely to react with different 
chemical solutions. Because of the reaction, the 
silicate rock has produced secondary porosity. 

The main mineral composition of quartz is 
SiO2, which is stable in acidic and neutral 
environments. The reaction in pure water is: 

2 2 4 42 ⎯⎯→+ ←⎯⎯SiO H O H SiO
                                 

(9) 

The reaction in alkaline solution is: 
2

2 3 22SiO OH SiO H O− −+ → +                           (10) 

In addition, the content of cement minerals is 
small, but because the strength of cement minerals 
is often less than that of the mineral particles, the 
reactions of the cement minerals have a great 
influence on the mechanical properties of rock, 
thus the stability of cementing mineral in different 
chemical solution is particularly important. In this 

study, the cementing minerals were mainly calcite 
and iron oxide. The following reactions are likely in 
acidic solution: 

2
3 2 22CaCO H Ca H O CO+ ++ → + + ↑                      (11) 

3
2 3 26 2 3Fe O H Fe H O+ ++ → +                                (12) 

Calcite and iron oxide are both stable in 
neutral and alkaline environments. Other minerals, 
such as andesite cuttings, amphibole, and pyroxene 
are present in smaller quantities, and are relatively 
stable mineral particles. 

Formulas (6)–(12) show that feldspar, as a 
main mineral of sandstone, undergoes different 
reactions in different chemical environments, 
resulting in various degrees of increasing porosity. 
Quartz is reactive in an alkaline environment. This 
is why sandstone porosity in alkaline environment 
is greater than that in a neutral environment. In 
addition, cementitious minerals can react with acid 
solutions, and the reaction of the cement mineral 
does not produce sediment, so the porosity is larger 
than that found in alkaline environments. 

The porosity of sandstone in a chemical 
corrosive environment increases gradually, owing 
to the influence of dissolution, hydrolysis, and 
some chemical effects. At the same time, the solute 
concentration increases gradually. Where these 
reactions have taken place at the water–rock 
interface, the ion concentration in the pores 
increases, increasing the osmotic pressure in 
internal aqueous solution. Actuated by osmotic 
pressure, there is chemical etching more deeply 
inside the rock, and the amount of chemical 
damage increases with time. Since fewer cracks are 
produced by water chemistry corrosion, the change 
in rock porosity is almost all due to the effect of 
secondary porosity; thus, our analysis ignores the 
influence of fractures on mechanical parameters. 
This analysis supports the results of the porosity 
tests obtained by NMR spectroscopy, and the fact 
that the changes in porosity reflect changes in the 
sample’s macroscopic mechanical parameters. 

5    Conclusions 

This study investigated the evolution of the 
mechanical properties and porosity changes of 
sandstone in different chemical solutions, and 
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elucidated the effect of mineral changes in causing 
porosity change. Based on the data and analysis, 
the following conclusions can be made. 

Sandstone has the highest peak strength of the 
original sample. After immersion in solutions, the 
strength of the rock is reduced; the largest 
reduction was for acid solutions, followed by 
alkaline and neutral solutions. The peak strength of 
sandstone decreases over time for immersion in 
different chemical solutions. At the beginning of 
chemical immersion, the peak axial strain of 
sandstone increases, but with the passage of time, 
the peak axial strain in different solutions are 
reduced by varying amounts. The elastic modulus 
decrease after chemical immersion, and the elastic 
modulus reduce with increasing immersion time. 
The elastic modulus of sandstone immersed in 
neutral solution is highest, and that immersed in 
alkaline solution is lowest; the modulus of 
sandstone immersed acidic solution is between 
these two values. The radial peak strain has almost 
the same trend as the axial peak strain; that is, 
Poisson’s ratio has no effect and is constant. 

In strain–volumetric strain curves, which 
could be divided into five stages, stage I lengthens 
with an increase in immersion time, and σci/σf 
increases in different solutions, but the crack 
initiation stress σci is not related with cyclic damage. 
With the initial damage increase, the crack 
propagation will decrease in stage III, and the rate 
of damage increase will be reduced when the 
volume of sandstone is restored to its original size 
in stage IV. In stage V, the volumetric dilation 
begins. The crack volumetric strain suddenly 
decreases. The value of volumetric strain(∆V/V)0  
corresponds to the compression phase of the 
original sample is a minimum, and (∆V/V)0 
increases for immersion in different solutions, 
while (∆V/V)f decreases in acid solution and 
gradually increases in alkaline solutions; εcc and εci 
both increased in different solutions. In stages III 
and IV, the crack growth in acid solutions is 
quicker than that in alkaline solutions. 

All uniaxial compression failure modes are 
splitting failure after chemical immersion. A large 

number of longitudinal cracks are initiated. The 
propagation direction of the cracks is parallel to the 
loading direction or at a small angle. There is 
expansion at the central part of sample and cracks 
that run parallel to the end face. 

When sandstone was immersed in different 
solution, porosity increased over time; the increase 
in porosity is greatest for immersion in acid 
solution, followed by alkaline and neutral solution; 
this trend corresponds with findings on peak 
strength. With increasing immersion time, the rate 
of increase in porosity reduced for all samples. In 
the NMR spectroscopy experiments, the T2 
spectrum for the original sample of sandstone had 
only one peak, but a second peak emerged after the 
samples had been immersed in the solutions. As 
the immersion time increased, the intensity of the 
second peak increased, and the proportional area 
of the second peak also increased. 

The amount of damage for sandstone 
immersed in acidic solution is always greater than 
that for sandstone immersed in an alkaline 
environment, and the degree of chemical corrosion 
is lowest in neutral environment. Feldspar will 
undergo a certain amount of dissolution and 
hydrolysis in a chemical environment. In solutions 
with different pH values, the products of feldspar 
reactions will be different. Quartz in alkaline 
solution will react. The proportion of cement 
minerals is small, but the cement has a great 
influence on the mechanical properties; cement 
minerals are reactive in acidic solutions. 
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