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Abstract

Sandstone grottoes, with their elaborate carvings and decorations, hold high historic, artistic and scientific values and
therefore constitute an important part of China’s stone cultural heritage. Although capillary water accounts for severe
pathologies at the grottoes, so far there have been limited comprehensive investigations concerned with the capillary
water absorption behavior of sandstones. Aiming at three significant and famous sites in China, i.e., Yungang Grot-
toes (YG), Dazu Rock Carvings (DZ) and Leshan Grand Buddha (LS), capillary water absorption tests were performed
on samples from local sandstones. During the test, evolution of cumulative inflow was measured and variation in the
height of capillary rise over time was also monitored by combining visual observation and infrared thermography.
Scanning electron microscope and mercury intrusion porosimetry were adopted to characterize the pore structure.
The results indicate that all the tested sandstones had a medium capacity of water uptake. Kinetics for capillary water
absorption was the highest for LS sandstone and the lowest for DZ sandstone. Differences in macroscopic properties
were contributed to microstructural features such as average pore diameter and pore size distribution. An irregular
shaped water front was only observed in LS sandstone due to its heterogeneity. Infrared thermography provides an
efficient and nondestructive way to detect the transition zone between wet and dry portions of the sample, which
was not visible to the naked eyes. A proper understanding of the interaction of the sandstones with capillary water is
essential for revealing the deterioration of grottoes and the underlying mechanisms.
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Introduction

China’s grotto sites, distributed all over the country, are
masterpieces of abundant stone carvings, stone tablets,
murals and clay sculptures, reflecting the evolution his-
tory of Chinese Buddhist art. After hundreds or even
thousands of years of exposure to natural weathering,
these precious heritage sites suffered from severe and
complicated deterioration. In fact, over 80% of these
grottoes are carved in sandstone, a relatively loose and
weak-bonded composite with numerous pores of various

*Correspondence: 2019zhangy@shu.edu.cn

! Shanghai Institute of Applied Mathematics and Mechanics,
School of Mechanics and Engineering Science, Shanghai University,
Shanghai 200444, China

Full list of author information is available at the end of the article

@ Springer Open

sizes and shapes between the particles. When getting in
touch with surrounding water, such as groundwater or
rainwater, the pore network promotes absorbing, trans-
porting and retaining the liquid inside of the stone.

Issues related to moisture, especially the capillary
water, are common for stone buildings and broadly
vary in types and consequences affecting the material’s
long-term durability. At the capillary zone of numerous
historic stone structures, pathologies such as contour
scaling, splitting, crumbling, crust, salt efflorescence
and subflorescence, as well as lichen colonization were
extensively observed [1-9]. As probably one of the most
harmful agents, capillary water is correlated directly or
indirectly with a variety of damaging processes includ-
ing drying-wetting cycles, freezing—thawing cycles, salt
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crystallization and biological growth. Consequently,
capillary water can negatively impact the physical and
mechanical properties of stone and eventually cause
material losses. Such phenomena undoubtedly empha-
size the necessity to identify the interaction between
stones and capillary water. Relevant knowledge would
lay a foundation for understanding deterioration mecha-
nisms and proposing proper conservation strategies for
stone heritage.

So far, relevant kinetics of capillary action in porous
materials have been widely investigated through labo-
ratory work. In most cases, the quantity as well as the
speed of water penetrating into stone was determined
via the gravimetric method in accordance with interna-
tional standards [10-16]. By weighing samples at regular
time intervals, it was found that the capillary absorption
potential is dominated by intrinsic factors of the stone
material itself, i.e., the petrographic and structural char-
acteristics. In addition, environmental factors such as
temperature [17] and type of imbibed liquid [18] influ-
ence the surface tension and viscosity of the pore fluid
and can alter the capillary water absorption capacity of
the stone.

The gravimetric method reflects the material’s over-
all hydraulic behavior. To obtain more details about
water transportation via the pore system, in the conser-
vation field, there has been a growing interest in study-
ing the capillary front motion, as this process is vital
for evaluating the vulnerability of stone to decay. Due
to the lack of standard testing procedures, Karoglou
et al. [19] estimated the variation in height of capillary
rise from the obtained weighing data, by assuming that
these two parameters were proportional magnitude.
Some researchers distinguished the contact line between
wet and dry zones on the sample directly through visual
observation to monitor the time-dependent water rise [3,
16, 20]. To further quantify water distribution along the
height during imbibition, Tsunazawa et al. [20] cut the
stick-shaped sandstone samples into pieces. They found
that water saturation remained almost constant at 52%
from the bottom of the sample to approximately 70% of
the capillary rise height, above which the water satura-
tion decreased rapidly.

Over the last decades, more and more noninvasive
and nondestructive techniques have been adopted to
trace fluid flow within porous media. Nuclear magnetic
resonance (NMR) as well as magnetic resonance imaging
(MRI), which are tuned to excite the hydrogen nucleus,
are particularly sensitive to water molecules [21, 22].
After soaking sandstone in distilled water for a fixed time
duration, MRI clearly reveals the gradual water migra-
tion, in the subsequent standing period, from the surface
of the sample towards its core [23]. Another powerful
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technique for detecting the dynamics of hydrogen-rich
fluid in non-hydrogenous materials is neutron radiogra-
phy, which can show a strong contrast between wet and
dry portions [24, 25]. By means of this method, Raneri
et al. [26] obtained the position of the capillary front
during imbibition and further prepared contour maps of
water content by estimating the thickness of water and
stone sample crossed by the neutron beam. In addition,
X-ray computerized tomography (X-CT) has also been
successfully applied by David et al. [27, 28] to visual-
ize water content profiles in sandstones and carbonate
rocks. In their work, influences of anisotropy, heteroge-
neity and microstructure on the kinetics of the capillary
front motion were discussed in detail. An interesting
finding is that the geometry of the capillary front, flat or
upward/downward concave, kept evolving at different
imbibition stages. Recently, the application of electrical
resistance measurement for monitoring capillary water
motion in stones has been reported [29]. The authors
noted that this method can be used as an indirect way
for water detection, and accurate calibration is necessary
before the formal test to acquire a relationship between
water saturation and electrical resistance of the material.
Besides, high sensitivity of electrical resistance to soluble
salts in the fluid should be assessed carefully.

Regardless of the feasibility and efficacy in monitoring
water migration in stone materials, wide application of
the above-mentioned nondestructive instrumental analy-
sis methods is restricted to some degree, because of their
high cost, difficult operation and complex data process-
ing. In contrast, infrared thermography (IRT) has been
successfully employed both in the laboratory [30—32] and
on site [33-35]. Portable IRT devices allow not only for a
rapid detection of thermal energy distribution on a large
object, but also for real-time imaging of the local temper-
ature differences to help distinguish wet and dry areas.
The method has its limitations, such as requiring the
presence of water in near-surface regions and not always
being precise under complicated microclimate condi-
tions. For more accurate monitoring of water deep inside
the material, other nonintrusive devices such as moisture
meter and microwave sensors are also required [36—38].
Nevertheless, IRT has been regarded as a fast and con-
venient method to give a good overview of moisture con-
ditions in a qualitative way.

To date, there are numerous papers concerned with the
capillary imbibition of building stones on an international
scale. However, relevant investigations in China, particu-
larly aiming at the conservation problematics of sand-
stone grottoes, are far from sufficient. The capillary water
absorption behavior of different sandstones has not been
fully characterized and limited knowledge about this
process might put barriers to sustainable conservation
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of these heritage sites. In this work, sandstones from
three important grottoes in China were experimentally
studied. During the capillary water absorption test, the
evolution of cumulative inflow was measured by weigh-
ing at regular intervals, while simultaneously monitoring
the height of capillary rise by combining visual observa-
tion and infrared thermography. The microstructure of
the sandstones was characterized and compared using
scanning electron microscope (SEM) and mercury intru-
sion porosimetry (MIP) to further interpret macroscopic
properties.

Background of the studied grotto sites

There are many sandstone grottoes in different regions of
China. This study focuses on three representative sites,
i.e., Yungang Grottoes, Dazu Rock Carvings and Leshan
Grand Buddha, which are listed as the National Key Cul-
tural Relics Protection Units and World Heritage Sites for
their outstanding universal values (Fig. 1).

The Yungang Grottoes are located at the southern foot
of Wuzhou Mountain, 16 km west of Datong City in
Shanxi Province. They were first carved under the charge
of royalty in 453 AD during the Northern Wei Dynasty,
extending for 1 km from east to west. Until today, about
51,000 statues with sizes ranging from only 2 cm to 17 m
height have remained in 45 major caves and 252 shrines
[39]. The artwork exerted a far-reaching impact on the
early stage of development of Buddhist cave art in China
and East Asia. The site lies in the northwestern limb of
the Jinhuagong Syncline and the outcrop of sedimentary
strata is dominated by Middle Jurassic Yungang Forma-
tion, which is mainly a lens body of medium- to coarse-
grained quartz sandstone interlayered with mudstone
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and sandy mudstone [40]. The sandstone beds, which
mostly lie in the direction of NE, and EW subsidiary, have
no fold but many inherent fractures. Bounded by a ridge
line on the north side and valleys and rivers on the south,
the whole area of the grotto site is widely covered by two
layers of quaternary sediments. The groundwater level is
about 10 m below its bottom so that the whole body of
grottoes is completely in the aeration zone.

The Dazu Rock Carvings were built in the steep hill-
sides in Dazu District of Chongqing City from the 9th
to thirteenth centuries. There are five important clusters
of rock carvings in this area that represent the highest
level of Chinese cave art at that time [41]. The carvings
are famous for their rich diversity of secular subject
matter and harmonious coexistence of different reli-
gions (Buddhism, Confucianism and Taoism), showing
major changes in aesthetic style throughout history. The
U-shaped Dafo Bay at Baoding Mountain is the most
outstanding site among the Dazu Rock Carvings. It has
the typical geomorphology of a deep gully around which
all rock carvings are located at a steep cliff. The Niche
of Sakyamuni Entering Nirvana, a large and impressive
carving in Dafo Bay, lies in the east hillside with SN ori-
entation and there is a permanently water-filled Shengji
pool (about 1000 m?) located in its eastern area [42]. The
local sandstone is shallow-water fluvial and lacustrine
sediment of the Upper Jurassic Penglaizhen Formation in
the Sichuan Basin. It is mainly composed of medium- to
fine-grained feldspar quartz sandstone and some mud-
stone intercalation with horizontal bedding and parallel
bedding structure. Typically, the rock mass in the grot-
toes area remains relatively dry. During intensive rain-
fall events, some of the water penetrates downward into
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Fig. 1 Overview of three significant sandstone grotto sites in China
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the quaternary sediments and weathered bed rock while
most of it is discharged to Dafo Bay through surface
runoff.

Leshan Grand Buddha is situated on the western cliff
of Lingyun Mountain in Leshan City, Sichuan Province
at the convergence of Mingjiang River, Qingyi River and
Dadu River. Its construction lasted from 713 AD until
803 AD during the prosperous Tang Dynasty. As the
largest sitting image of Maitreya Buddha in the world
(71 m high), this lithoid statue is attractive for its digni-
fied posture and benevolent countenance. More than
200 niches with sculptures and tablets were carved on
the cliffs nearby. Due to the weak influence of geological
tectonic movements, the bedrock in this area has a clear
stratigraphic sequence and stable occurrence without
any obvious folds and fractures. The outcrop of strata in
this region is the lower part of the Upper Cretaceous Jia-
guan Formation dominated by medium- to fine-grained
red sandstone [43]. The main grains of quartz and feld-
spar are bonded by calcareous, siliceous and ferruginous
cements. The groundwater has a recharge-discharge rela-
tion with Mingjiang River and its water level is lower
than the foundation of the Grand Buddha. The presence
of weak mudstone intercalated layers leads to local seep-
age at the shoulders, chest and knees of the statue, par-
ticularly in the rainy seasons.

The Yungang Grottoes, located in northern China, are
subjected to a temperate continental semi-arid monsoon
climate. The main characteristics of this climate are the
obvious seasonal changes in temperature and the con-
centrated heavy rainfall events especially in the sum-
mer. In comparison, Dazu Rock Carvings and Leshan
Grand Buddha lie in the southwest area of the country.
The local climate is quite warm and humid with a mean
annual precipitation usually exceeding 1000 mm. Despite
the quite different engineering geological and environ-
mental conditions, all these heritage sites have inevita-
bly suffered from rising damp and related deterioration
processes. Various pathologies, especially at the capil-
lary zone of structures, can be observed in forms such
as granular disintegration, multiple flaking, cracking,
roughening, discoloration (moist area), biological and
microbiological colonization (Fig. 2). Both the aesthetic
and geotechnical features of the grottoes are affected by
deterioration, exerting severe threat on their long-term
preservation.

Materials and methods

Sampling and sample preparation

It is essential to ensure homogeneity between the tested
samples and the sandstone constituting the artwork.
For sampling, outcrops of contemporaneous strata
that extend horizontally to the grottoes were therefore
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Fig. 2 Deterioration at the capillary zone of the studied grotto sites

carefully selected based on detailed geological inves-
tigation. Yungang (YG) and Leshan (LS) sandstones
were obtained from hills close to the grottoes. Dazu
(DZ) sandstone was collected on top of the Niche of
Sakyamuni Entering Nirvana in Dafo Bay at Baoding
Mountain. To avoid possible heterogeneity induced by
weathering effects, fresh sandstone at depth greater
than 20 cm from the external surface was extracted.
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Large blocks were then cut into small columns (50 mm
in diameter, 100 mm in height) in perpendicular direc-
tion to the bedding plane and polished except for the
bottom surface. All samples were completely dried to a
constant mass at 105°C in a ventilated oven to eliminate
the existing moisture. After cooling down to room tem-
perature in a desiccator, P-wave velocity of each sample
was measured along its height using an ultrasonic tester
with two transducers (a transmitter and a receiver). In
this way, parallel samples can be screened out to guar-
antee their similarity and to minimize test errors. Gen-
eral macroscopic views of the three tested sandstones are
illustrated in Fig. 3.

Sandstone characterization

The basic physical properties of the three sandstones
were determined in accordance with the standards [44,
45]. From the oven-dried samples, the initial solid mass
was weighed and the apparent volume was measured on
the basis of its dimension. The sample was then immersed
completely in distilled water for 48 h at atmospheric
pressure (free condition) and in an evacuation vessel at
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a pressure of 2 kPa (forced condition), respectively, until
reaching constant mass. Water absorption under each
condition was expressed as the mass ratio of absorbed
water and oven-dried sample in form of percentage. The
apparent density of the samples was dependent on the
initial solid mass and apparent volume. Open porosity
reflects the ratio of the volume of open pores in the sam-
ple to its apparent volume, in which the former param-
eter can be obtained from the mass of absorbed water
under forced condition.

The mineralogical and petrographic features of the
three sandstones were characterized at the Micro Struc-
ture Analytical Laboratory. To determine the compo-
sition and content of minerals including clay fraction
(<2 um), a Bruker D8 Advance X-Ray diffractometer with
CuKa radiation was utilized to perform analysis from 5°
to 70° 20 with a step increment of 0.02° and a scanning
speed of 2°/min. Data processing was achieved using Jade
version 9.0 software from Materials Data Inc. (MDI).
Polished thin sections about 30 um in thickness were
prepared and examined under a polarizing microscope
(CNOPTEC Smart-pol). In addition, the microstructure

DZ sandstone YG sandstone

LS sandstone

Fig. 3 General macroscopic views of the tested sandstones
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of each sandstone was analyzed on dry samples by com-
bining SEM and MIP. A cold field scanning electron
microscope (JSM-6700F) in Shanghai University and a
porosimeter (Micromeritics Instrument AutoPore IV
9500) in Shanghai Zhengkuai Instrumental Analysis
Technology Service Center were adopted, respectively.
MIP test is capable of measuring pore diameters over a
wide range from 0.005 to 360 pm.

Capillary water absorption test

The capillary water absorption characteristics of the
three sandstones were measured quantitatively in the lab-
oratory. The room temperature and relative air humidity
remained at 2641 °C and 35+ 5%, respectively. Detailed
test procedure is described as follows.

A container with a solid bracket at its bottom was pre-
pared and distilled water was filled in to keep the water
level approximately 2 mm higher than the bracket. Then,
the oven-dried samples were put on the supporting
bracket for partial immersion in the water, inducing one-
dimensional water absorption by capillarity. The contact
area of the bracket with the sample should be as small as
possible to ensure an undisturbed imbibition process.

During the test, the samples were taken out of the
container at regular intervals. After gently removing the
excess water attached to the bottom surface with a moist
cloth, each sample was weighed using an electronic bal-
ance (a precision of 0.01 g). In the meantime, the varia-
tion in the height of capillary rise was monitored by two
methods. The position of the water front was recognized
through visual observation based on the boundary line
between the wet and dry portions. A ruler was adopted
to measure the corresponding distance between water
front and the bottom surface of the sample directly.
Four different points along the circumference were cho-
sen for measurement, considering the average value
as capillary rise height at the given moment. Further, a
FLIR A615 infrared camera (uncooled focal plane array,
17 pm pitch, <50 mK thermal sensitivity) was applied to
take images of the sample. This device has a resolution
of 640 x 480 pixels and a wavelength range varying from
7.5 to 14 pm. Its measurement accuracy is+2 ‘C or£2%

Table 1 Basic information of the tested sandstones
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of reading. The obtained time-lapse series of thermo-
graphs were treated later with the FLIR Tools + software
using a color scale for the representation of surface tem-
perature. This measurement procedure was conducted
as quickly as possible, after which the samples were put
back into the container for continuous absorption. Dur-
ing the capillary imbibition, the container was covered to
avoid intense evaporation. Distilled water was carefully
added to maintain a constant water level when necessary.
The test was finally stopped when the sample reached a
constant weight, i.e., the difference between two succes-
sive measurements was no greater than 1% of the mass of
water absorbed by the sample.

Results and discussions

Mineralogical, petrographic and petrophysical properties
As summarized in Table 1, although the apparent densi-
ties of the tested sandstones were similar, obvious differ-
ences existed among their open porosities ranging from
7.69% for DZ sample to 13.02% for LS sample. The open
porosity includes only pores that are open to the outside
of the material. Hence, as expected, LS sandstone was the
most water-absorbent, both under free and forced condi-
tions, due to its larger quantity of open pores.

The results of the XRD analyses are given in Table 2.
Mineralogical compositions of all the tested sandstones
consisted mainly of quartz with a small amount of cal-
cite and microcline as well as a trace of hematite. In YG
sandstone, albite was absent whereas its clay content was
almost two times that of the other sandstones. The pre-
dominant clay mineral type in YG, DZ and LS samples
was kaolinite, mixed layer of chlorite/smectite and mixed
layer of illite/smectite, respectively. Figure 4 presents the
photomicrographs of thin sections of the tested sand-
stones and their petrographic features are summarized
in Table 3. The composition of these sandstones mostly
included quartz, K-feldspars, plagioclase, lithic fragments
and minor amounts of mica. The quartz mainly occurred
as monocrystal and calcite cement filled the pores
between the framework grains that were generally sub-
rounded to sub-angular. Based on the varying range of

Sample  Ageof Physical properties
stratum
Color Apparent density Open porosity Free water absorption Forced water  P-wave velocity
(kg/m3) (%) (mass, %) absorption (km/s)
(mass, %)

YG Jay Sandy brown 2436 (+£219) 9.64 (£0.73) 3.16 (£0.15) 3.95(£0.19) 2.88(+0.23)
Dz Jgp Beige, grayish 2380 (£202) 7.69 (£0.62) 2.31(£0.08) 3.23(x0.12) 2.82 (£0.24)
LS KZJ Brownish red 2328 (£256) 13.02 (£1.43) 3.34(£0.23) 559 (x0.29) 2.55(£0.28)

Note: The average value of each parameter is listed with the standard deviation (SD) indicated in brackets
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Table 2 Mineralogical composition of the tested sandstones by XRD analysis

Sample Content of whole rock minerals (%) Relative content of clay minerals (%)

Quartz Calcite Microcline Hematite Albite Clay S 1/S | K C C/s
YG 62 4 7 1 - 27 - 6 15 79 - -
Dz 57 12 4 1 13 13 - 23 17 2 - 58
LS 58 10 4 1 12 15 - 61 34 5 - -
Note: S=smectite, | =illite, K=kaolinite, C = chlorite, I/S = mixed layer of illite/smectite, C/S = mixed layer of chlorite/smectite

ATESRBGT = e D R o
Fig. 4 Photomicrographs of texture of the tested sandstones on
thin-sections

grain size, YG, DZ and LS sandstones were characterized
as coarse-grained lithic quartzose sandstone, fine-grained
feldspathic sandstone and medium- to fine-grained lithic
feldspathic sandstone, respectively.

The SEM microphotographs show that grains of YG
sandstone were relatively large, flat and well-bonded
(Fig. 5). In comparison, DZ and LS sandstones contained
many rounded and finer grains. As mentioned before,
compared to the others, LS sandstone had a larger poros-
ity due to its loose compaction and a lower clay content.
Consequently, it exhibited a more porous structure with
looser contact and less cementation between adjacent
particles.

Figure 6 presents the curves obtained from MIP tests
by plotting the cumulative volume and log-differential
volume of mercury against pore diameter. The cumu-
lative mercury intrusion per gram of the sample was
comparable for YG sandstone (0.0493 mL/g) and LS
sandstone (0.0486 mL/g). This value decreased slightly
for DZ sandstone (0.0435 mL/g) indicating its lower
porosity. The pore size distribution (PSD) curves of YG
and DZ sandstones can be both characterized as uni-
modal types because most of the pore sizes concentrate
at a relatively narrow range. The peak pore diameter on
each curve corresponded approximately to 0.554 pm
and 0.284 pm, respectively. Note that the PSD curve of
LS sandstone had multiple peaks at about 11.334 um and
0.549 pum but with lower intensity. A certain number of
pores larger than 100 pm were also present.

Pores in stone can be divided into three types based
on their sizes: micropores (<0.1 pm), mesopores (0.1—
2500 pum), and macropores (>2500 pm) [46]. In some
cases, the boundary between mesopores and macropo-
res is also set at 1000 um [11]. It is clear that the tested
sandstones were all dominated by mesopores and their
micropores were similar in values varying between 21.05
and 26.86% (Table 4). It is worth mentioning that the LS
sample had much more pores over a diameter of 1 um as
compared to the other two samples.

Some characteristic pore diameters of each sandstone
are listed in Table 4. Dominant pore diameter range cor-
responds to the zone between the starting and ending
points of the sharp increase on the cumulative mercury
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Table 3 Petrographic features of the tested sandstones by thin-section analysis

Sample Composition

Texture

Primary minerals

Lithic fragments

Interstitial materials Microstructure

Grain sizerange Shape
(Min-max, pm)

YG Quartz, K-feldspar, Siliceous rock, rhyolite,  Clay matrix, Grain supported, 90-2000 From sub-rounded to
mica metamorphic argil- calcareous cement Pore-filling cementa- sub-angular
laceous rock tion
DZ Quartz, K-feldspar, Siliceous rock, siltite, 20-350 Sub-angular
plagioclase, mica micrite, argillaceous
rock, rhyolite
LS Quartz, K-feldspar, Siliceous rock, argil- 16-710 From sub-rounded to
plagioclase, mica laceous rock, siltite, sub-angular

micrite, sericite slate

intrusion curve. Median pore diameter is defined as the
pore diameter at which 50% of the pore volume in the
sample has been intruded by mercury. Average pore
diameter is calculated from the total intrusion volume
and total pore area measured in MIP. As can be seen,
the DZ sample had the narrowest dominant pore diam-
eter range in 0.03-0.6 um with the smallest average pore
diameter and median pore diameter among the tested
sandstones. Although the average pore diameters of YG
and LS samples were quite similar, larger dominant pore
diameter range and median pore diameter of the latter
indicated its wider pore size distribution.

Capillary absorption coefficient

For the quantitative analysis of capillary water absorp-
tion, the cumulative inflow per unit area (kg/m?) against
the square root of time (h*°) is plotted. Ideally, the
curve consists of a fast increase stage followed by a slow
increase stage, both of which can be approximated by
straight lines. The slope of the first stage is then defined
as capillary absorption coefficient A, (kg/m*h%®) and it
is a critical indicator for the water transport properties in
materials:

mj — mgy
VN M

where m; is the wet mass of the sample measured suc-
cessively during the test (kg), 71, is the initial mass of the
dry sample (kg), A is the area of the immersed bottom
surface (m?), and ¢, is the duration from the beginning of
the test (h).

The results presented in Fig. 7 suggest that, at the
beginning of the test, the amount of water absorbed by
the sample increased fast for all the tested sandstones.
Afterwards, the speed of increase gradually slowed
down over time. During the whole absorption process,
the LS sample constantly had a higher value of cumula-
tive inflow per unit area compared to the others. When

Acap =

the test was stopped at 17,303 min (equivalent to 16.98
h%%), this value reached 6.73, 8.46 and 11.47 kg/m2 for
DZ, YG and LS sandstone, respectively. It can be also
noticed from Fig. 7 that the initial part of all curves devi-
ated from a perfect linear relationship, which means that
the inflection point between the first (fast increase) and
second (slow increase) stages of absorption was ambigu-
ous. Such nonlinearity has been regarded as a measure of
stone heterogeneity by David et al. [27]. Under this con-
dition, calculating A ,, based on Eq. (1) becomes very dif-
ficult due to its strong sensitivity to data selection. After
reviewing various data processing methods in the litera-
ture, Feng and Janssen [47] suggested that Hall's model
[48] and a new model proposed by them were suitable to
obtain A, especially for materials with irregular capil-
lary absorption patterns.

Hall's model, which factors in the influence of grav-
ity on capillary absorption, can be justified by both the
unsaturated flow theory and the “sharp front” theory. It is
written as the following equation:

m; —my

A =Acap'\/t_i_m’ti+n (2)

where m and # are fitting parameters.

Feng and Janssen’s model [47] also has a solid physi-
cal background and it is simplified from the Lambert
W-function:

_ ; , 03403
% =Awp-b-(05103—13849-¢ ) ¢

(3)
where b and c are fitting parameters.

As shown in Fig. 7, the results of the capillary water
absorption test were fitted by each model, respectively.
A certain gap existed between the curve fitted by Eq. (2)
(Hall's model) and the measured data, particularly for
LS sandstone, where its cumulative inflow per unit area
was occasionally overestimated or underestimated. In
contrast, Eq. (3) (Feng and Janssen’s model) had a better
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Fig. 5 The SEM microphotographs of the tested sandstones
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Fig. 6 The cumulative intrusion curves and pore size distribution

performance in describing the entire process of capillary
absorption for all sandstones with correlation coefficients
larger than 0.99.

For each sandstone, discrepancies existed between
capillary absorption coefficients fitted by different mod-
els (Table 5). In comparison with Hall's model, Feng and
Janssen’s model tended to obtain a larger A, value, as

p
has been previously reported [47]. The A, value was

curves of the tested sandstones

the largest for the LS sample and the smallest for the DZ
sample, indicating that the LS sample can absorb water
faster than the other two samples. In the literature, the
measured A, values of sandstones vary from 0.34 to
36.43 kg/m?-h*®, depending on their petrophysical prop-
erties [11, 14, 49-51]. Graue et al. [11] divided stones
into three groups with low (<0.5 kg/m*h®?®), medium
(0.5~3.0 kg/m*h®%) and high (>3.0 kg/m*h®®) capac-
ity of capillary water absorption, respectively. According
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Table 4 Measured parameters on the pore structure of the tested sandstones
Sample Pore size distribution (%) Characteristic pore diameter (um)

Micropores Mesopores

<0.1 pm 0.1-1 pm 1-10 pm >10 pum Dominant range Average Median

sl?llume)

YG 2532 56.59 6.56 11.53 0.02~1 0.119 0.362
Dz 26.86 60.98 6.66 5.50 0.03~0.6 0.088 0.282
LS 21.05 38.00 18.91 22.04 0.02~30 0.115 0573
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Fig. 7 Evolution of cumulative inflow per unit area of the tested
sandstones

to this classification, sandstones tested in this study all
showed a medium water absorption capacity.

During the measurement, the gradient of water trans-
port changed at different stages, which resulted in a con-
tinuously decreasing water flux. At the end of the test,
all samples achieved equilibrium conditions for capil-
lary water absorption. Correspondingly, their capillary
moisture contents were calculated in terms of weight in
percentage expression, where the total mass of absorbed
water was divided by the dry mass of the sample. LS
sandstone had a capillary moisture content of 5.03% and
it was more water absorbent than YG (3.47%) and DZ

Table 5 Fitting parameters of different models

(2.92%) sandstones. It can also be noticed that the value
of capillary moisture content for each sandstone was
slightly lower than that of forced water absorption, as
listed in Table 1, indicating that its final degree of satu-
ration was less than 100%. This is attributed to the fact
that the fluid motion in mesopores without dead-end is
mainly governed by capillary force [46]. In an evacuation
vessel under vacuum condition, however, water can even
penetrate in macropores and micropores where the fluid
motion is driven by gravity forces and adsorption forces,
respectively. Another possible reason why the sample
was not fully saturated during capillary imbibition is the
entrapment of air bubbles, which easily occurs in porous
structures with complex geometries [52]. As for the
tested sandstones, their final degrees of saturation after
capillary imbibition ranged from 87.8% to 90.4%, imply-
ing a relatively good connectivity between mesopores.

Height of capillary rise

Figure 8 presents the general views of the tested sand-
stones exposed to capillary water absorption. It appears
that, at the very beginning, no big differences existed in
the heights of capillary rise among the three samples. As
the test continued, however, the rise of capillary water
from the bottom to the upper part became distinctly and
visibly slower in DZ sandstone. Another finding is that
the interface between the wet and dry zones was rela-
tively planar for both YG and DZ samples. In compari-
son, the shape of the interface in the LS sample was quite
irregular, implying nonuniform water absorption.

Sample Hall’s model Feng and Janssen’s model

Ay m n R? Ay b c R?
YG 0914 0.025 0.196 0.996 0.948 14.239 -0.985 0.996
Dz 0.756 0.021 0.000 0.997 0.824 12.796 -1.047 0.998
LS 1.689 0.067 1.070 0.978 2413 6.653 -1453 0.998
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Fig. 8 General views of the tested sandstones during capillary water
absorption test
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Fig. 9 Variation in the height of capillary rise of the tested
sandstones

The variation in the height of capillary rise, measured
using a ruler, is illustrated against the square root of
time in Fig. 9. The rising speed of the water front was
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rapid at the initial stage of the test and then gradually
decreased over time. As expected, the water rose to a
higher level in the YG and LS samples compared to the
DZ sample in the same amount of time. When com-
pared with the curves in Fig. 7, it can also be noticed
that visual saturation occurred before mass saturation
for these two sandstones. More specifically, the sam-
ple mass continued to increase through water absorp-
tion, after the visual capillary front on the surface of the
sample already reached the top. In fact, this process is
correlated with moisture redistribution in the micro-
structure. Through diffusion of some entrapped air
bubbles, water could then more deeply penetrate into
pores and even clay minerals. The lack of measured
data for DZ sandstone at the later period of the test is
related to the minimal contrast in color between the
wet and dry zones. Hence, it was very difficult to visu-
ally determine the exact height of capillary rise at the
surface of sample. It has been previously reported that,
especially for stones with very small porosity and/or
dark color, the water front potentially becomes nearly
invisible [29].

Capillary rise height () can also be predicted directly
from the mass data using [27]:

mj — mgy

"= Sea )

where p,, is the water density (kg/m?), S is the water sat-
uration in the invaded region, and ¢ is the porosity. For
each sample, the final degree of saturation through capil-
lary rise was adopted as S value. As shown in Fig. 9, the
predicted curve of YG sandstone correlates well with its
measured data particularly during the first half of the
test. For both DZ and LS samples, however, the pre-
dicted curve occasionally over- or underestimated the
measured data. In fact, Eq. 4 makes two assumptions, i.e.,
the water front is perfectly horizontal and S remains the
same everywhere in the water invaded region at any time.
This suggests a piston-like imbibition process in the sam-
ple. However, as observed in the LS sample, this is gen-
erally not true due to the heterogeneity of stone, where
the water front can be quite irregular. Variations in the
geometry of water—air interface (planar or curvature) at
different stages of capillary imbibition are common in
sandstones [27, 28]. Interestingly, the water—air inter-
face became less flat or rounder (i.e., with smaller radius
of curvature) when the capillary rise in the sample was
faster. It has also been reported by Tsunazawa et al. [20]
that S was neither homogeneous in the sandstone sam-
ples nor constant throughout the absorption test. For
these reasons, a discrepancy between the measured cap-
illary rise heights and the curve predicted from the mass
data is to be expected.
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Thermography images of the tested sandstones taken
during the test are shown in Fig. 10. Considering the
almost constant room conditions, the nonuniform sur-
face temperature of the samples can be attributed to
differences in spatial distribution of the water content.
Due to the one-dimensional capillary rise of water, as
expected, lower temperature values (dark blue color)
were measured at the bottom part of sample where it had
already absorbed water. The degree of saturation of the
sample gradually decreased with increasing height so that
its surface temperature also increased from the bottom to
the top by a few degrees centigrade. During the imbibi-
tion process, particularly on DZ and LS samples, a transi-
tional zone of temperature above the wetted portion can
be observed, showing light blue color in thermography
images. A similar phenomenon has also been reported by
Barreira et al. [34]. Using electrical resistance measure-
ment, Hassine et al. [29] verified the relationship between
such transition area and the local variation in water sat-
uration close to the water front. It can be attributed to
the moisture transfer by vapor diffusion through the pore
network, as well as vapor condensation in smaller pores
between the wet and dry portions. As time passed, con-
tinuous water absorption resulted in a progressive rise
of the water front which was indicated by an expanding
area of the wetted portion. After the saturation through
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capillary action, the temperature of the entire sandstone
samples decreased and gradually became uniform, imply-
ing a progressively homogeneous water distribution.

Microstructural interpretation of capillary water
absorption characteristics
For the spontaneous upward motion of water in porous
materials, the net driving force mainly depends on two
different forces with opposite effects, i.e., capillary force
and gravity force. A dimensionless Bond (B,) number has
been proposed to assess the relative importance of grav-
ity force towards capillary force [53]:

Apga®

Bo = . (5)

where Ap is the density difference between the two fluids
(kg/m?3), g is the acceleration due to gravity (m/s%), o is
the liquid—gas surface tension (N/m) and a is a charac-
teristic length (m) (e.g., mean pore radius, fracture aper-
ture). For the tested sandstones, very small values of B,
with the order of 107*° were obtained when considering
the average pore size derived from the MIP test (Table 4).
Hence, their water imbibition process can be considered
to be dominated by the capillary force whereas the influ-
ence of gravity force is negligible.
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Fig. 10 Thermography images of the tested sandstones during capillary water absorption
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For incompressible Newtonian liquid under a quasi-
steady state and fully developed laminar flow with no-
slip boundary conditions in a straight capillary tube of
circular cross-sectional shape, the volumetric flow rate g
(m®/s) can be described by the classical Hagen-Poiseuille
equation:

_ 7r* AP

6]—@ / (6)

where AP is the pressure differential between the inlet
and outlet of the tube (Pa), i is the fluid viscosity (Pa-s),
[ and r is the length and radius of the capillary tube (m),
respectively.

According to the Young—Laplace equation, AP induced
by the meniscus, known as the capillary pressure, is cor-
related to the size of the tube as follows:

20 cosb
AP = p (7)

where 0 is the water—solid contact angle.
Hence, the water front moves at a rate of v (m/s):

q ro cost

By combining Egs. (6)—(8), Lucas-Washburn (L-W)
equation is obtained:

rocosf
l= t )
2u

The L-W equation is fundamental for quantitative anal-
ysis of capillary rise in porous materials. The radius of the
capillary tube (r) in equations was previously assumed to
be in accordance with the pore radius at the peak of the
PSD curve [20, 54]. However, this fails to properly repro-
duce the experimentally obtained height-versus-time
data properly for various stones. Instead, for better sim-
ulation, a value of r several orders of magnitude smaller
than the dominant pore radius obtained via MIP should
be considered. In fact, a natural geologic medium such as
sandstone consists of pores with varied shape and size,
whereas the L-W equation assumes a simplified medium.
The true process of capillary imbibition is significantly
affected by numerous complex microstructural features
such as tortuosity of pores, non-circularity of the cross
section of pores, non-uniformity of pore radius, varia-
tion of contact angle, inertial effect and pore wall rough-
ness [55-59]. Yokoyama et al. [52] proposed a model that
considers both pore branching and pore radius variation,
verifying that at branch points, narrower pores serve as
preferential flow path for the rising water due to their
greater capillary pressure. If water in the narrower pore
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reaches the next junction earlier, air bubbles are likely
to be trapped in the wider pore. Moreover, in pores with
varying cross sections, the driving force of water becomes
relatively weaker at wider parts. As a consequence, the
rate of capillary rise in such pores is much slower than
that in a consistently narrow but uniform pores.

Basically, porous structures are constituted by two
distinct elements, i.e., pore chambers and pore throats,
where the chambers are placed between the throats.
Pore chambers have higher volume so that they account
for most of the stones porosity and control the stor-
age of fluids. The transportation of fluids, however, is
mainly governed by the dimension and connectivity of
pore throats. Razavifar et al. [60] pointed out that MIP
data can provide a rough estimate of the throat size dis-
tribution in porous skeletons. In the present study, DZ
sandstone exhibited much lower kinetics for evolution
of both absorbed water mass and height of capillary rise
during imbibition, which can be explained by its smaller
average and median pore diameters. Undoubtedly, capil-
lary water tends to rise faster in larger pores because the
overall path for water motion widens. As for YG and LS
sandstones, despite their similar average pore diameters,
the water absorption process in the YG sample was obvi-
ously retarded. This is attributed to the lower percentage
of mesopores in YG sandstone that play an essential role
in capillary imbibition.

Dincer and Bostanci [4] categorized the PSD curves
of stones into three types as uniform, semi-uniform and
non-uniform. For a uniform PSD curve, the dominant
pore diameter range lies in a relatively narrow zone. In
their study, ignimbrites with uniform pore sizes around
5-10 pum had larger capillary absorption coefficients than
those with semi-uniform and non-uniform PSD curves,
indicating higher potential for water uptake. When the
dominant pore diameter became smaller than 1 pm,
however, the capillary absorption coefficient of the sam-
ple with uniform PSD was greatly reduced. This is due
to the fact that the flow resistance in these small pores
is relatively high. In addition, instead of capillary imbi-
bition, condensation related to adsorption forces might
occur in smaller pores slowing down the transportation
of liquid water. It is also noteworthy that stones with
non-uniform PSD are likely to behave in a heterogene-
ous way [27]. Hence, compared to other sandstones, the
LS sample exhibited a more irregular shaped water front
with less homogeneous distribution of water saturation.

From the perspective of minerology, pores in sandstone
have been classified into four types: residual interparti-
cle pores (normally in the micron scale), grain dissolu-
tion pores (ranging from hundreds of nanometers to the
particle size of individual feldspar grains), clay domi-
nated pores (at the nanoscale) and micro fractures [61].
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Typically, the interparticle pores are fewer and scattered
whereas the clay-dominated pores are much smaller
and continuously distributed. The effects of clay miner-
als on the porous structure of stones vary depending on
the type, content and occurrence of clay minerals. It has
been found that kaolinite, typically observed as vermicu-
lar aggregate, exerts a negative impact on the porosity.
Similarly, illite and mixed layer of illite/smectite act as an
obstruction to the interparticle pore spaces because of
their fibrous or webby morphology [61].

By investigating the fluid flow capacity of sandstone in
detail, Qiao et al. [62] reported that the mineralogy influ-
enced flow and spatial distribution of fluids via two deci-
sive intrinsic factors, namely, pore geometry (pore radius)
and wettability (surface tension, contact angle). With
increasing clay content, the contribution of macropores
to the porosity was reduced whereas the contribution of
micropores was increased due to the formation of large
quantities of intercrystalline pores. Besides, clay minerals
had stronger hydrophilic properties compared to frame-
work grains such as quartz and feldspar. It is worth men-
tioning that the negative impact of illite and mixed layer
of illite/smectite on the fluid flow capacity of sandstone
is higher than that of chlorite and kaolinite. Interestingly,
as reported by Xiao et al. [63], an increase in clay content
caused no significant reduction in the total porosity of
the stone, indicating that clay dominated pores can partly
compensate for the loss of interparticle pores. Mean-
while, for both macropores and micropores, the com-
plexity of their morphologies and arrangements (such as
roughness, shapes and distribution) was enhanced by a
higher clay content which increased the heterogeneity of
the material.

Another fact that should be recognized is that clay
minerals, when interacting with water, tend to expand
and thereby possibly occlude the pore space and obstruct
the pore throats connecting them. Consequently, during
capillary imbibition, the effective size and connectivity of
the flow paths in the samples might be reduced whereas
the tortuosity and heterogeneity are further increased.
As discussed before, the texture of all the tested sand-
stones was grain-supported, with clay matrix and cal-
careous cement filling the pore spaces partly/completely
or coating the framework grains (Table 3). Although the
clay content in the YG sample was the highest among
three sandstones, it was dominated by non-expanding
kaolinite. LS sandstone had a relatively higher content
of illite and mixed layer of illite/smectite, which poten-
tially exerted more significant influences on the fluid flow
capacity. Larger numbers of mesopores in the LS sample
(especially those >1 pm) might compensate for the unfa-
vorable effects of clay minerals on the capillary water
absorption to some extent. However, a more obvious
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heterogeneity was noticed in this sandstone compared to
YG and DZ sandstones.

Implications for grotto heritage sites

The capillary absorption coefficient and the rate of cap-
illary rise are important indicators for the susceptibility
of building stones to deterioration. Larger values of these
parameters indicate higher fluid flow capacity, suggest-
ing a greater potential of the material for massive and
fast water uptake from the surroundings. In reality, cap-
illary water absorption happens in various scenarios, for
instance, when the stone is exposed either to water rising
from the ground or wind-driven rainfall. The water trans-
port distance primarily depends on its petrographic and
petrophysical properties.

As a detrimental factor, water plays an essential role in
directly exerting adverse impacts on stones by impairing
their mechanical behavior through softening and swell-
ing [64, 65]. When considering the horizontal input of
water, shear stress might be induced at the discontinuity
between the wet outer layer and the dry inner core. After
repeated wetting—drying cycles, progressive loss of stone
surfaces tends to occur in form of spalling decay. Water
can also act as a transport vehicle of chemical substances
such as soluble salts and atmospheric polluting agents.
Many pathologies, e.g., powdering, alveolarization,
detachment, discoloration, deposits, efflorescence and
subflorescence, can be attributed to the presence of salts.
These phenomena become visible only when enough salts
have accumulated within the stone. The porous structure
not only governs the transport of fluids in terms of quan-
tity and distribution, but also affects the pressure gener-
ated on the pore walls during salt crystallization [66, 67].
Although different stone types might have similar capil-
lary water absorption characteristics, they actually corre-
spond to quite distinct pore structure systems and flow
paths. Changes in microstructure and the resulting cap-
illary water absorption capacity could potentially induce
significant discrepancies in the long-term durability of
the stone.

Even for a specific stone, its capillary water absorp-
tion characteristics do not remain the same over time.
For grotto heritage sites exposed to the natural environ-
ment, the intrinsic parameters of the material such as
grain size, sorting, mineral composition, porosity, pore
size distribution and homogeneity are continuously
modified and complicated by environmental factors (e.g.,
rainfall, temperature, relative humidity, wind, solar radia-
tion and microorganism). Such weathering effects might
strengthen, retain or damage the material’s macroscopic
behavior including capillary water absorption. Under-
standing the underlying science to stone weathering
processes in more detail lies an essential basis for fully
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comprehending the deterioration mechanisms at grotto
heritage sites.

Conclusions

This study investigated the capillary water absorption of
sandstones from valuable World Heritage Sites in China,
i.e., Yungang Grottoes, Dazu Rock Carvings and Leshan
Grand Buddha. Tests were conducted on small columns
to monitor the variation in the mass of the samples and
the height of capillary rise during water imbibition. The
following conclusions can be drawn.

Increase in the amount of water absorbed by the sam-
ples was fast at the beginning, which then gradually
slowed down over time. During the whole absorption
process, LS sandstone constantly had a higher value of
cumulative inflow per unit area compared to the oth-
ers. As an indicator for the water transport properties
in materials, the measured capillary absorption coeffi-
cient showed that all the tested sandstones had a medium
water absorption capacity.

The water rose to a higher level in the YG and LS sam-
ples compared to the DZ sample in the same amount of
time. The shape of water front was relatively planar for
both YG and DZ samples, which became quite irregular
in the LS sample. Minimal contrast in color between the
wet and dry zones of DZ sandstone induced difficulties in
determining the exact height of capillary rise at the sur-
face of the sample. Infrared thermography proved to be
a practical method for monitoring the water uptake pro-
cess without causing any interference in the test proce-
dure or damage to the sample. It was able to detect subtle
signs that were not visible to the naked eye.

The kinetics of water transport by capillary action was
the fastest for LS sandstone and the slowest for DZ sand-
stone. The differences in macroscopic properties can
be attributed to their different pore structure features,
such as average pore size and pore size distribution.
With increasing average pore diameter, the overall flow
paths were widened to facilitate water rising in the sam-
ple, whereas a wider pore size distribution with multiple
peak pore diameters tended to increase its heterogeneity.
In addition, factors such as the type and content of clay
minerals also exerted influences on the porous structure
of sandstones in various degrees.

Despite these preliminary results in the laboratory,
there are still many open questions regarding the actual
behaviors of sandstones under complex environmental
conditions in the field. As the sandstone keeps chang-
ing over time, qualitative and quantitative analysis of
the correlation between the capillary water absorption
characteristics and its petrophysical features at vari-
ous weathering stages would also be an interesting sub-
ject for the future. Advantages of infrared thermography

Page 150f 17

(portable device, simple operation, instant measure-
ment etc.) exhibit a tremendous potential in detecting
temporal and spatial changes in the moisture distribu-
tion. Comprehensive research, conducted both indoors
and outdoors, is challenging but necessary to clarify the
deterioration and the relevant physical and chemical
processes.
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