Taylor & Francis
Taylor & Francis Group

Imicrmarksnal fermal of
Aechmiermund Hentags

International Journal of Architectural Heritage
5 ¥ Conservation, Analysis, and Restoration

. — ISSN: (Print) (Online) Journal homepage: https://www.tandfonline.com/Ioi/uarc20

Evaluation of the Loss of Uniaxial Compressive
Strength of Sandstones Due to Moisture

Adrienn K. Tomor, John M. Nichols & Zoltan Orban

To cite this article: Adrienn K. Tomor, John M. Nichols & Zoltdn Orban (2023): Evaluation of the
Loss of Uniaxial Compressive Strength of Sandstones Due to Moisture, International Journal of
Architectural Heritage, DOI: 10.1080/15583058.2023.2188313

To link to this article: https://doi.org/10.1080/15583058.2023.2188313

@  ©2023 The Author(s). Published with
license by Taylor & Francis Group, LLC.

ﬁ Published online: 17 Mar 2023.

N\
[:J/ Submit your article to this journal &

A
& View related articles &'

View Crossmark data &'

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=uarc20


https://www.tandfonline.com/action/journalInformation?journalCode=uarc20
https://www.tandfonline.com/loi/uarc20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/15583058.2023.2188313
https://doi.org/10.1080/15583058.2023.2188313
https://www.tandfonline.com/action/authorSubmission?journalCode=uarc20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=uarc20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/15583058.2023.2188313
https://www.tandfonline.com/doi/mlt/10.1080/15583058.2023.2188313
http://crossmark.crossref.org/dialog/?doi=10.1080/15583058.2023.2188313&domain=pdf&date_stamp=2023-03-17
http://crossmark.crossref.org/dialog/?doi=10.1080/15583058.2023.2188313&domain=pdf&date_stamp=2023-03-17

INTERNATIONAL JOURNAL OF ARCHITECTURAL HERITAGE
https://doi.org/10.1080/15583058.2023.2188313

Taylor & Francis
Taylor &Francis Group

8 OPEN ACCESS | ® check forupdstes

Evaluation of the Loss of Uniaxial Compressive Strength of Sandstones Due to
Moisture

Adrienn K. Tomor?, John M. Nichols® and Zoltan Orbanc

aUniversity College London, UK and University of Pecs, Institute of Smart Technology and Engineering, Pecs, Hungary; ®Rezzona Consultants,
Texas, USA; <University of Pecs, Hungary

ABSTRACT

The reduction in uniaxial compressive strength (UCS) was investigated for sandstones under
various moisture levels. Thirty-four UK Darney sandstone samples were tested under six different
moisture conditions. The time-dependent moisture gain and loss were also evaluated. For 77
sandstones identified in the literature, the loss of UCS between oven-dry and saturated conditions
was up to 45%, with an average of 20%. For Darney stone, the average loss of UCS was around 20%,
with UCS around 72 N/mm? when oven-dry and 58 N/mm? when fully saturated. During saturation,
significant loss of UCS occurred soon after exposure to water with 80% of UCS being lost within the
first 2.5-6 hours. For Darney stone 50% of UCS was lost at air-dry conditions. Results from the 78
sandstone types were compared with the equivalent compressive strength defined by BS EN 772-
1:2011 for oven-dry, air-dry, and saturated conditions. The estimated values by BS EN 772-1:2011
for dry and saturated UCS agreed well with the available test data and indicated a lower-bound
solution. For immersed conditions, BS EN 772-1:2011, however, overestimates the reduction in
UCS for a large number of samples and provides an average, instead of a lower-bound solution.
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1. Introduction Factors controlling evaporation include temperature,

humidity, air movement, and surface conditions.

Th iaxial ive strength (UCS) of build-
¢ uniaxial compressive strength ) of bul Testing the UCS of stones as a function of moisture level

ing stones is known to reduce with increasing

moisture levels. This can have notable influence on
the assessment of historical and design of new
structures. The study focuses on sandstones widely
used as cut stone or random rubble masonry. The
engineering, mechanical and mineralogical proper-
ties of sandstones vary widely. Engineering proper-
ties (such as UCS) are influenced by a range of
factors, such as mineral composition (quartz, feld-
spar, lithic grains, clay other constituents), porosity,
grain size, pore size and distribution, density, in-
situ stresses (Xi et al. 2015; Lai et al. 2018; Khanlari
and Abdilor 2015; Yao et al. 2020), and moisture
content.

Moisture content is a balance between moisture
transport and the rate of evaporation (Rirsch and Zhan
2010; Verstrynge et al. 2014). Water rises in the struc-
ture through capillarity action (as a function of pore
structure and viscous forces). It is greatest for small
capillaries and inversely proportional to the pore radius.

is typically carried out under laboratory conditions. Results
may be presented as a direct relationship between dry and
saturated UCS values or as an exponential relationship
between UCS and moisture content. A more complex
relationship has been proposed by Majeed and Abu
Bakarb (2018) between saturated UCS, dry UCS, dry
Brasilian tensile strength, dry density, and pore space
volume.

Apart from the wide range of material properties,
results are also influenced by testing procedures and
chemical changes over longer periods of time. For
example, the height of capillary rise can increase with
age in masonry walls (about seven times over 100 years)
if slightly acidic water washes out lime from the mortar
(Rirsch and Zhan 2010) or the internal pore pressure is
influenced by salt deposition in the pores (Mol and Viles
2013).

A wide range of literature is available for the preser-
vation of historic masonry but no specific guideline has
been identified for structural assessment of the reduc-
tion of UCS related to moisture. For design, the
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European Standard BS EN 1996-1-1:2005 (BSI 2005)
uses the equivalent compressive strength of air-dry
units from BS EN 772-1:2011 (BSI British Standards
Institution 2011) but does not consider the variability
between different stone and unit types.
The key objectives of the paper are to:

e estimate the average reduction of UCS for sand-
stones based on available literature

e estimate the time-dependent relationship between
UCS and moisture gain/loss

e evaluate the equivalent compressive strength by BS
EN 772-1:2011 (BSI 2011) based on available test
data.

2. Literature review
2.1. Guidelines

In masonry structures the source of moisture (Hall and
Hoff 2001) may be rising damp (Hall and Hoff 2007),
wind-driven rain (Orr et al. 2020), humidity, or from
soils in retaining walls.

Water absorption (W) can be measured according to
BS EN 13,755-2008 (BSI British Standards Institution
2008) or ASTM C97-18 (ASTM American Society for
Testing and Materials 2018) for stone (Equation 1). It is
the ratio of the maximum mass of water taken up by the
specimen and mass of dry specimen. Water absorption
can be considered as the upper limit of water content
when immersed in water. It is closely related to effective
porosity and describes the percentage of pores accessible
for the water under normal conditions

W, = M 100% (1)
Mdry

wWhere W is the water absorption, My, is the mass of
specimen after soaking (saturated), and Mg,y is the mass
of specimen after oven drying.

The degree of saturation (S) is the ratio of the volume
of water and volume of voids (Equation 3)

Vwa er
S = (—t) 100% (2)

voids

where S is the degree of saturation, Vi, is volume of
water and V4, is the volume of voids in the specimen.

Water (moisture) content (W) can be measured
according to ASTM D2216-19 (ASTM American
Society for Testing and Materials 2019) for stones and
is the ratio of the mass of water and mass of the stone
(Equation 3). BS EN 772-10-1999 (BSI British Standards
Institution 1999b) describes the same method but it is

specifically for calcium silicate and autoclaved aerated
concrete units

W = (Mspecimen - Mdry) 100% (3)
Mdry

where W is the water (moisture) content, Mpecimen i
the mass of the specimen and M,y is the mass of the
specimen after oven drying.

The uniaxial compressive strength (UCS) of stone
can be measured according to BS EN 1926-2006
(BSI 2006a) or ASTM C170-17 (ASTM American
Society for Testing and Materials 2017). According
to BS EN 1926-2006 (BSI British Standards
Institution 2006b), the sample is dried at (70 = 5)°C
to constant mass, stored at (20 = 5)°C until the ther-
mal equilibrium is reached and tested within 24
hours.

According to BS EN 1996-1-1:2005 (BSI British
Standards Institution 2005) the strength of masonry is
based on the equivalent compressive strength of air-dry
units. The compressive strength of units is determined
according to BS EN 772-1:2011 (BSI British Standards
Institution 2011) and can be tested under three moisture
conditions:

(1) air-dry: storing the specimens at>15°C
and<65% relative humidity for>14 days or drying
at 105°C for=24 hours and cooling for>4 hours

(2) oven-dry: drying the specimens at 105°C or at
70°C and storing them at 20°C until thermal
equilibrium is reached

(3) 6% moisture content: drying the specimens at <
50°C until 6% moisture is reached and storing
them at room temperature for<5 hours

(4) Immersed: immerse the specimens in water at
20°C for=15 hours.

The compressive strength of specimens is converted
into the equivalent compressive strength of air-dry
units using multipliers 1.0 for air-dry and 6% moist-
ure, 0.8 for oven-dry, and 1.2 for immersed
conditions.

While BS EN 1996-1-1:2005 (BSI British Standards
Institution 2005) uses full immersion but can leave
air trapped in the specimens. In laboratory experi-
ments, saturation can alternatively be achieved by
progressive saturation using capillary action (Majeed
and Abu Bakarb 2018), vacuum saturation
(Verstrynge et al. 2014), or fluid injection at low
pressures (Rirsch and Zhan 2010). Mortar is also
a key factor in controlling water ingress and evapora-
tion (Rirsch and Zhan 2010) but the interaction



between mortar and units is outside the scope of the
paper.

2.2. Measuring moisture content in field conditions

For measuring the moisture content in historical struc-
tures, BS EN 16,682:2017 (BSI British Standards
Institution 2017) and Camuffo (Camuffo 2018) group
methods into relative and absolute categories and eval-
uate their application. For masonry the gravimetric
method is the relevant absolute method. The gravi-
metric method is the ratio between the mass of the
removed water and the mass of the dried sample
expressed as % by mass while the volumetric method
is the ratio between the volume of the removed water
and the volume of the moist sample expressed as % by
volume. The gravimetric method requires samples to be
extracted in the field and tested under laboratory con-
ditions. Due to its destructive nature and requiring new
samples to be extracted every time, the method can only
be used for heritage structures in exceptional circum-
stances and under strict supervision.

Sandrolini and Franzoni (2006) proposed a lower
impact gravimetric method for heritage structures that
uses the same drilled holes every time. They extract
brick fragments and power from small drilled holes
(©15-20 mm) up to 150-200 mm depth where the
moisture content is less affected by the outdoor condi-
tions and is more representative of the overall material.
After the moisture content is measured, the fragments
and power are reinserted into their original locations
(hole cavities) and sealed. The samples can be extracted
periodically and moisture content measured on the
same samples at the same locations.

BS EN 16,682:2017 (BSI British Standards Institution
2017) lists a wide range of relative methods that are suitable
for masonry, as shown in Table 1. Relative methods are
generally easy to use but results are not directly compar-
able. Electrical resistance can be a useful tool to identify
complex moisture movement by capillary rise in sand-
stones over time. Capacitance provides a better response
to moisture variation, while the relative humidity (RH)
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moisture sensor is ideally suited for measuring the moist-
ure content (MC) due to sensor “saturation” (Larsen 2012;
Mol and Viles 2013; Semerak and Cerny 1997; Zhao et al.
2012). Microwave is able to distinguish between different
moisture regimes and the overall moisture distribution
(Orr et al. 2020). Evanescent-field dielectrometry (EFD)
can detect moisture and salt content but is less widely used
for building stones (Di Tullio et al. 2010). Time-domain
reflectometry can is a highly sensitive tool for monitoring
changes in internal moisture levels over time up (to ca. 65
mm depth). However, it requires careful installation and
provides relative results (Mollo and Greco 2011; Phillipson
et al. 2008). Nuclear magnetic resonance (NMR) and near
infrared spectroscopy (NIRS) can be useful tools for spe-
cialist applications but are less widely used for field appli-
cations (Proietti et al. 2021). Ultrasound pulse velocity is an
easy-to-use tool but is difficult to calibrate under
field conditions and for inhomogeneous masonry
(Verstrynge et al. 2014; Binda, Cardani, and Zanzi 2010).
Thermography detects thermal differences on surfaces but
does not directly identifying moisture content. It can,
however, be used as in indirect tool for identifying differ-
ences in moisture levels (Di Tullio et al. 2010; Edis, Flores-
Colen, and De Brito 2014). Radar, similarly to microwave
can be a very useful tool to identify localized variation of
water content. It can detect surface moisture content due
to condensation and areas where water penetrated through
the mortar joints to the interior of a construction (Orr et al.
2020; Agliata et al. 2018]). X-ray radiography can accu-
rately determinate the two-dimensional transient moisture
profiles in stones, although it is only suited for specialist
laboratory applications (Roels and Carmeliet 2006).

2.3. Relationship between UCS and moisture
content

A number of researches have investigated the effect of
water content on the uniaxial compressive strength
(UCS) of sandstones. They tested either (a) a large num-
ber of samples from one or two stone types at various
water contents to establish the relationship between
UCS and water content or (b) a limited number of

Table 1. Relative methods for measuring moisture content (BS EN 16,682:2017).

Clause Method Physical principle

B.2 electrical resistance Ohm'’s law

B.3 capacitance dielectric capacity of water

B.4 equilibrium RH equilibrium between RH and MC

Cc2 microwave interference of the water molecule with the electromagnetic radiation (microwave frequency)
C3 evanescent-field dielectrometry (EFD) interference of the water molecule with the electromagnetic radiation (microwave frequency)
C4 time-domain reflectometry (TDR) interference of the water molecule with the electromagnetic radiation (radio frequency)

c5 nuclear magnetic resonance (NMR) magnetic moment and resonant frequency of the water molecule

c6 near infrared spectroscopy (NIRS) reflection of the near infrared radiation

c7 ultrasound pulses speed of ultrasound pulses

c8 thermography

thermal emission of bodies
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samples from a large number of stone types at mostly
dry and saturated conditions to establish the loss of
strength across a range of stones.

Price (1960) tested four different sandstones under
oven-dried, air-dried, and saturated conditions and
observed up to 55% reduction in compressive strength.

Van Eeckhout (1976) summarized test data available
in the literature 1946-1973 for coal mine shales for
a wide range of stones, such as sandstone, limestone,
marble, granite, and shale. He tested the compressive
strength of coal mine shale and found significant reduc-
tion in strength over 60% humidity, with around 50%
loss of strength at 100% humidity. The results were
similar to findings by Wiid (1967) with reduction in
compressive strength around 20-30% up to about 60%
humidity and up to around 50% at 100% humidity. Van
Eeckhout found that the strength of coal mine shales
reduced by humidity fluctuations and with less than
60% humidity the strength can be kept relatively high
and expansion-contraction at a minimum.

Ballivy, Ladanyi, and Gill (1976) tested the effects of
saturation history (drying and re-saturating prior to
testing, saturation method and type of saturating fluid)
on the mechanical properties of three rock types (gneiss,
cemented sandstone, fine-grained limestone). Results
showed that a drying and wetting prior to testing
increased the strength through over-consolidation.
They suggested rock samples to be kept in the at the
same moisture level until testing as they were extracted
in the field, without additional drying and/or wetting
cycles. If this condition cannot be met, specimens
should be saturated using a natural saturation fluid
and using a suitable saturation technique (for example,
axial channel saturation).

Bell (1978) tested 29 samples of Fell sandstone and
found strength reduction between 10-50% with an aver-
age of 32% for 6.5% and 20.7% porosity. He showed that
the strength reduction due to water is proportional to
the porosity of rock.

Priest and Selvakumar (1982) studied two sandstones
and three limestones and formulated a relationship
between uniaxial compressive strength and moisture
content for each rock type (Equation 4)

o, =ae ™ +¢ (4)

where o, is the uniaxial compressive strength (MPa),
w is the moisture content (%), and a, b, and ¢ are con-
stants tabulated for each of the sandstones.

Hawkins and McConnell (1992) and Hawkins (1998)
tested the uniaxial compressive strength of 35 British
sandstone types under oven dry and saturated condi-
tions, four samples each. The reduction in strength
ranged widely between 8-78% with 32% on average.
Studying the relationship between strength and moist-
ure content they found 80-90% of strength loss below
1% moisture content (at ca.<40% saturation) as shown
in Figure 1. For these sandstones, the moisture content
at saturation ranged between 0.75% and 26.7% (2-38%
porosity). They applied the empirical model proposed
by Priest and Selvakumar (1982) to estimate the loss of
strength as a function of moisture content and proposed
a classification scheme for sandstones (sensitivity
classes) according to their loss of strength due to
moisture.

Winkler (1994) summarized a number of earlier stu-
dies on changes in compressive strength due to satura-
tion. He suggested the “wet-to-dry” strength ratio as
a rough indicator of durability for stone with the follow-

ing bands:

(a) 0.8-1.0 Excellent durability

(b) 0.7-0.8 Good to excellent durability
(c) 0.6-0.7 Fair to poor durability

(d) 0.5-0.6 Poor durability

(e) <0.5 Very bad durability.

Bell and Culshaw (1998) tested 12 samples of Sneinton
Formation from the UK and considered the relationship

Compressive strength - Sandstone

o

~——— Donegal Quartzite

Brownstones
Millstone Grit (Type D)

N
o

Holcombe Brook Grit

IS
=

~——Thornhill Rock (Type A)
~—— Crackington Formation

——Pennant (Type A)

Loss of UCS (%)
&
e

[}
o

=
L=
o

0 1 2

3
Moisture (%)

———Pennant (Type B)
—— Pennant (Type C)
—— Penrith (Type A)
———Penrith (Type B)
—— Penrith (Type C)
~——Penrith (Type D)
Greensand (Type A)
Greensand (Type A-Dogger)

<) 6

Figure 1. Test results by Hawkins and McConnell (1992) (Reproduced).



between petrographic characteristics, physical, and
mechanical properties. They found that saturation
reduced UCS by 36% on average. The petrographic
properties were found to have little influence on the
physical and mechanical properties of the tested
sandstones.

Vasarhelyi (2003) analyzed the relationship between
dry and saturated sandstone samples tested by Hawkins
and McConnell (1992) and found linear relationship
between the dry and saturated strengths, as shown in
Equation 5 and Figure 2.

UCSsat = 0.759 UCSdry (R2 = 0.906) (5)

Jeng et al. (2004) and Lin et al. (2005) tested 13
types of sandstones from 8 geological formations in
northern Taiwan and studied the relationship
between saturation and UCS through petrographic
analysis. They proposed relationship between UCS
and the petrographic parameters (grain area ratio
and porosity), expressed as grain-matrix—porosity
content. The porosity was identified to have more
influence on the UCS than the grain and matrix
content.

Vasarhelyi and Van (2006) analyzed published data
on 35 British sandstone types by Hawkins and
McConnell (1992) and proposed a relationship between
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water content and dry and saturated UCS, as shown in
Equation 6

(6)

00 — Ocsat 00 — Ocsat —p'w
( 1—e? >)+( 1—e? )e
where d’ + ¢’ = 09, ¢’ = 2= b = _ln<‘<;oo -) and
w is the water content. The constant b’ can be related to
the constant b used by Hawkins and McConnell (1992)

as given in Equation 7

b/
:@

b )

where n. is the effective porosity and for the analyzed
test data b’ is 6.0259. The model is demonstrated in
Figure 3a for the various stoned types and normalized
results are shown in Figure 3b. The model shows rapid
reduction in strength within around 30% of moisture
content.

Fahimifar and Soroush (2007) tested 220 samples
from a range of rock specimens for the relationship
between saturated UCS and 6 key parameters (water
absorption, porosity, weathering, swelling index, num-
ber of microfissures, and grain size) (Figure 4). They
proposed a Moisture Index Classification system based
on the test results with five rock classes (very strong,

250

200

.~

UCS(sat) =0.759 UCS(dry)

Py

7

R? =0.906
©
&1
g 150
g
]
S 100
.
* -
50 + oo
N .. > : £l
. (3
*
0+= - . .
0 50 100 150

200 250 300 350

UCS gy - MPa

Figure 2. Relationship between the dry and saturated UCS (Vasarhelyi 2003).
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02
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Figure 3. a) UCS vs moisture content and b) relative UCS vs. water content (Vasarhelyi and Van 2006).
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Figure 4. Saturated UCS vs. water absorption (Fahimifar and Soroush 2007).

strong, medium, weak and very weak). While the
strength of strong rocks was not notably affected by
moisture, the strength and other rock properties were
increasingly affected for weaker rocks.

Agustawijaya (2007) tested 39 partially and fully
weathered soft sandstone and siltstone rocks (<20 N/
mm?). Saturation reduced the UCS between 8% and
75% for with an average of 38%. They found a direct
relationship between UCS, porosity, and density. UCS
was also correlated to the point load strength index (Is
(50)) (ASTM American Society for Testing and
Materials 2016) as a useful tool for field testing. The
correlation between UCS and IS(50) was around 14 for
soft rocks that is significantly lower than IS(50) 24 for
hard rocks.

Karakul and Ulusay (2013) tested the effect of satura-
tion on the UCS and tensile strength for 14 different
rock types from Turkey. They found that porosity ()
and clay content (cl) jointly affected the UCS and
expressed them as Effective Clay Content (ECC)
(Equation 8). The ECC is considered as the percentage
of clay minerals which contribute to the decrease in
strength due to moisture content. They proposed
a model for predicting UCS as a function of P-wave
velocity (V,), degree of saturation (Sr) and ECC as
shown in Equation 9

ECC(%) = ncl (8)
log(o.) = 1.368 + 0.794log(1 + V) — 0.201S,

— 0.056ECC (R* = 0.911) )

Verstrynge et al. (2014) and Verstrynge, Schueremans,
and Van Gemert (2012) tested the UCS for low- and
high-quality Diestian and Brusselian ferruginous sand-
stone under quasi-static and creep loading. They found
that saturation reduced the strength between 40-59%

and the effect of moisture content was larger for lower
quality sandstones. Under creep loading all dry speci-
mens showed stable secondary creep phase but failed
rapidly after water was added at the base of the speci-
mens. Acoustic emission monitoring was used to iden-
tify the failure development process under creep
loading, distinguish between the three phases of creep
failure process, and identify rapid failure after
saturation.

Zhou et al. (2016) tested ca. 50 sandstone samples
from Yunnan Province, China under static and dynamic
compression and tension (using Split Hopkinson pres-
sure bar for dynamic tests). Saturation reduced the
compressive strength by an average of ca. 30% under
static loading and ca. 35% under dynamic loading. The
effect of water content on the strength under static and
dynamic loading and during saturation and drying pro-
cesses are summarized in Equations 10-13.

Static — Saturation process o.(w,,) = 46.80

(10)
+19.95¢ 99" R* = 0.944
Static — Drying process o.(w,) = 46.21 ()
+19.89¢ 3% R* = 0.901
Dynamic—Saturation process o.(w,,) = 51.24 (12)
+35.971e 7% R* = 0.929
Dynamic — Drying process o.(w,,) = 52.68 13)

+ 33.368¢0°%%r RZ — 0.924

Wong, Maruvanchery, and Liu (2016) carried out an
extensive study collecting and analyzing test results
available in the literature since 1940s. They summar-
izsed the effect of moisture on UCS and the key



influencing factors. Through statistical analysis they
found the reduction of UCS due to saturation to be
more severe in sedimentary compared to igneous and
metamorphic rocks. The loss of compressive strength
had a normal (bell-shaped) distribution for sandstone
with a mean of around 40% and a positively skewed
distribution for limestone with a lower mean.

Zhang et al. (2017) tested siltstone samples from were
Eidsvold, Queensland, Australia at different saturations
levels. Although siltstones are not sandstones, they are
included in the review as they are closely related to
sandstones and shales. For the samples, the loss of
UCS due to saturation was around 32% as indicated.
The test data shows good agreement with the proposed
model by Priest and Selvakumar’s (Equation 14)

0. = 22.104e” 778" 4+ 48.571 (14)

where w is the saturation level with w =0 for dry and w
=1 for full saturation.

Karakul (2017) investigated the relationship between
UCS and Schmidt hammer rebound as a function of
moisture content. He tested 14 volcanic, sedimentary,
and volcano-sedimentary rock types from Turkey in dry
and saturated conditions. The relationship between
tested and predicted UCS (0.), Schmidt hammer
rebound value (N), and degree of saturation (S,) is
shown in Equation 15

log(o,) = —1.656 + 2.269 log(N)
—0.1023(S,) (R2=094)  (15)

Kim et al. (2017) tested three different dry and saturated
sandstones (Red, Berea, and Buff) under static and
dynamic loading. They proposed relationships between

UCS,.
140
1201
100+

80 -
60
40
20
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compressive strength, water content, bulk density, and
porosity.

Masoumi, Horne, and Timms (2017) tested 71
Gosford sandstone samples using UCS, point and ten-
sile tests. When saturated, UCS reduced by ca. 70% and
the majority of the strength loss occurred below 1%
water content. They applied the empirical model pro-
posed by Hawkins and McConnell (1992) and Priest and
Selvakumar (1982) and found good agreement between
the predicted and experimental values.

Majeed and Abu Bakarb (2018) tested 34 sedimen-
tary rock types in Pakistan. The reduction in UCS was
around 57% due to saturation and they proposed
a correlation between wet and dry USC, as shown in
Figure 5. Using regression analysis, the best fit between
the porosity and the uniaxial compressive strength was
negative exponential correlation for both dry and satu-
rated rock conditions. They also proposed a multiple
regression model for the prediction of saturated UCS
(UCS4¢) based on the dry UCS (UCSg,y), dry Brasilian
Tensile Strength (BTSg.y), dry density (pqry), and pore
space volume (V,), as shown in Equation 16.

UCSsat = 84.110 + 0.385 UCSdry + 2.282 BTSdry
—28.727 pdry — 1.727Vv
(16)

Tang (2018) tested 41 sandstone samples from
Longchang, Sichuan Province, China at different moist-
ure contents and found exponential relationship
between UCS at low water content. He applied the
empirical relationship proposed by Priest and
Selvakumar (1982) given in Equation 4 with constants

Line 1:1 .,
/7

+ . UCS,,=0.57UCS,,, +5.63
. R*=0.72

0" 20 40 60 80 100120 140 UCS,,

Figure 5. UCSg,¢ vs. UCSyyy.
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Figure 6. Review of literature and test data (Rabat, Cano, and Tomas 2020).

of a, b, and c as 80.604, —0.9044, and 43.17, respectively,
and found good correlation with the tests results.

Liu et al. (2020) tested 42 samples of clay-bearing red
sandstone from Yichang, Hubei Province, China for
a range a different saturations levels and number of
freeze-thaw cycles. For dry samples UCS reduced by
37% after 50 freeze-thaw cycles. Critical saturation was
around 60%, beyond which freeze-thaw damage
increased rapidly up to 90% under similar freeze-thaw
cycles.

Rabat, Cano, and Tomas (2020) reviewed the test
data and models proposed by other researchers for
various stone types and tested four porous calcarenite
building stones from Spain (Figure 6). The loss of UCS
for the four stone types was around 45.8% that agreed
closely with other models. They found strong correla-
tion between UCS, Point Load Strength Index I sy and
Young’s Modulus.

Yasar (2020) tested the long-term wetting character-
istics and saturation induced strength reduction of tuffs
and andesites. He found reduction in UCS due to
saturation between 16-53%. Before testing under air-
dry conditions, samples were left in laboratory condi-
tions for three months. Atmospheric moisture reduced
the UCS between 12% and 30%. For field and laboratory
testing, it is therefore particularly important to ensure
that the moisture content of samples is not affected by
atmospheric moisture.

2.4. Time-dependent strength loss

Test data and models on the rate of saturation and time-
dependent strength loss is next summarized. As only
limited data is available for sandstones, results from
other stones are also included.

Liu, Yang, and Yu (2015) tested time-dependent
saturation of low-grade metamorphic slate. Although
not a sandstone, 75% of the saturation in slate occurred
within the first 24 hours and reduced the UCS by
over 35%.

Celik and Ergul (2015) tested two different types of
tuffs for the reduction of strength after four different
times of saturation (1, 6, 24, 48 hours). Although not
sandstones, the greatest strength reduction for tuffs
occurred within the first hour (31.96% and 40%) of
saturation and the total strength loss during 48 hours
was 43.99% and 52.44% for the two tuff types. The
relationship between dry and saturated strength was
linear for each saturation time and correlations were
identified.

Zhou et al. (2016) tested sandstones where ca. 90% of
saturation occurred during the first 5 hours. During the
drying process samples remained around 90% saturated
up to ca. 70 hours. The effect of moisture content on the
strength under both soaking and drying processes was
around the same.

Tang (2018) tested the relationship between UCS,
soaking time, and water content with 80-90% of UCS
lost during the first 15 hours of saturation. Tang also



found homogeneous water distribution to cause lower
UCS compared to non-homogeneous water distribution.

Yates, Richardson, and Miglio (2012) reviewed the
current codes for testing engineering properties of
natural stone under dry and wet conditions. They
tested the compressive strength and the effect of
soaking time for a sandstone and a limestone at
three saturation times (1, 60, 2880 minutes). For
sandstone the greatest, 30%, reduction in strength
occurred within 1 hour of saturation. When fully
saturated, the strength reduced up to 43% for sand-

IR 65258/G | Gagago a8
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stones and up to ca. 25% for limestones. They
reviewed the current codes of practice and high-
lighted that the flexural strength in European
Standards is tested dry and used together with
a safety factor of generally 6. Alternatively, the
lower expected value (LEV) can be used instead of
the mean value with a safety factory of 3 (instead
of 6) to take the statistical variation into account. In
the United States, safety factors between 6 and 8 are
used depending on stone types (e.g., limestone, sand-

200
< Intergranular

\@s

<—— Quartz
grains
> ¢

.

Figure 7. a) Stone appearance and b) micrographic details using cross-polarized light.

Figure 8. Testing process.
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stone, granite) that can better reflect the variability of
results for the stones.

Liu et al. (2020) tested dehydration of sandstones and
found that over 90% of UCS was lost at low degree of
saturation below 60%. Critical saturation was around
60% for freeze-thaw damage.

3. Uniaxial compressive testing
3.1. Stone specification

To explore the relationship between UCS and moisture
content, Darney lower carboniferous sandstone (quarts
arenite) was selected from Northumberland, UK. The
sandstone has a light-yellow color with fine, well-sorted
subangular and high sphericity grains. The petrographic
analysis indicates quartz grains, intergranular voids, and
some feldspar, as shown in Figure 7

The density of the stone was 2150-2170 kg/m’ and
porosity 16.0-17.1%, tested according to BS EN
1936:2006 (BSI British Standards Institution 2006c).
Water absorption was 4.9-5.3% (BS EN 13,755:2008,
(2008)) and water absorption coefficient of capillarity
23.82 g/m’sec™® (BS EN 1925:1999, BSI 1999a). The

Table 2. Test results.

compressive strength perpendicular to bedding plane
at oven dried condition was 35.3-65.1 N/mm? (BS EN
772-1:2011, (2011)), flexural strength under (3-point)
concentrated loading 3.5-4.1 N/mm?® (BS EN
12,372:2006, (2006a)), frost resistance (56 cycles) tech-
nological test A 3.4-4.1 N/mm” (BS EN 12,371:2010,
(2010)) and breaking load at dowel hole 0.87-1.43 par-
allel (Type IIa), and 0.81-1.74 kN parallel to edge (Type
IIb) (BS EN 13,364:2002, (2002)).

3.2. Testing procedure

Within the current test series 35 samples of Darney
stone samples of 100 mm x 100 mm x 100 mm dimen-
sion were tested for UCS at six different moisture levels.

Moisture absorption was measured according to BS
EN 13,755-2008 (BSI British Standards Institution 2008).
Specimens were dried at (70 £ 5) Celsius in an oven to
constant mass (my) and weighed to an accuracy of 0.01 g.
Samples were next placed in water at (20 £ 10) Celsius
initially to half the height and next fully submerged until
constant mass was reached (m;), see Figure 8. Water
absorption (A) was calculated using Equation 17 and

Sample  Moisture  Dry density ucs Moisture ucs UCS of oven
Set No. (%) (g/cm®) (N/mm?) (%) (N/mm?)  dry (N/mm?)
1 Oven dry 1 0.05 2.1 69.5 Mean 0.05 7.7 100%
2 0.04 2.2 73.1 CoV (%) 27 3.4
3 0.05 2.1 69.9
4 0.05 2.1 71.6
5 0.05 2.2 69.1
6 0.04 2.2 74.9
7 0.04 2.2 744
8 0.09 2.2 727
9 0.04 2.2 74.3
10 0.05 2.2 67.6
2 Air dry " 0.18 2.2 60.5 Mean 0.16 61.4 86%
12 0.13 2.1 62.8 CoV (%) 21.86 1.4
13 0.14 2.1 61.4
14 0.14 2.1 61.9
15 0.22 2.1 60.7
3 Wet 16 0.45 2.2 57.9 Mean 0.45 60.9 85%
(24 hrs oven dry) 17 0.54 2.1 60.4 CoV (%) 11.45 33
18 0.40 2.2 61.4
19 0.40 2.2 60.8
20 0.45 2.1 64.1
4 Wet 21 0.45 2.2 60.4 Mean 0.60 59.9 83%
(19 hrs oven dry) 22 0.95 2.2 CoV (%) 33.8 23
23 0.62 2.2 61.9
24 0.36 2.1 58.7
25 0.59 2.1 585
5 Wet 26 433 2.2 57.9 Mean 4.43 59.4 83%
(5 hrs oven dry) 27 433 2.1 59.6 CoV (%) 248 14
28 436 2.2 59.3
29 4.59 2.1 59.7
30 453 2.2 60.3
6 Saturated 31 6.03 2.2 57.4 Mean 6.07 57.9 81%
32 6.44 2.1 57.2 CoV (%) 3.15 1
33 5.96 2.1 58.0
34 5.89 2.1 58.2
35 6.03 2.1 58.8




results are listed in Table 2. Water absorption was around
6% when fully saturated.
mS

_md
——— x 100
mq

A= (17)

To test the UCS at six different moisture levels, samples
were dried either in air or in the oven for different
periods of time following the water absorption
measurement:

e Set 1 - Oven-dry: 10 samples dried in the oven to
a constant mass (0.05% moisture)

e Set 2 - Air-dry: 5 samples air dried to a constant
mass (0.16% moisture)

e Set 3 - Oven-dry (24 hours): 5 samples dried in the
oven for 24 hours (0.45% moisture)

e Set 4 - Oven-dry (19 hours): 5 samples dried in the
oven for 19 hours (0.6% moisture)

e Set 5 - Oven-dry (5 hours): 5 samples dried in the
oven for 5 hours (4.43% moisture)

e Set 6 - Fully saturated: 5 samples tested fully satu-
rated (6.07% moisture).
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UCS was tested parallel to the bedding plane in
a VJT6000 concrete cube testing machine at 5 kN/s
loading rate. Test results are listed in Table 2 with the
mean and coefficient of variation (CoV) for each set.
UCS was around 70 N/mm? for oven dry and 58 N/mm?
for saturated samples. Saturation reduced the UCS by
around 20%.

The relationship between UCS and moisture content
are shown in Figure 9 with an indicative correlation of
61.004 x %% (R* = 0.6828). About half the loss in UCS
occurred within 0.16% moisture gain, at air-dry
conditions.

4, Analysis
4.1. Loss of UCS due to saturation

All available test data on the reduction of UCS for
sandstones due to saturation was collated from the
literature (Bell 1978; Bell and Culshaw (1998);
Masoumi, Horne, and Timms (2017); Zhou et al.
(2016); Majeed and Abu Bakarb (2018); Hawkins and

4 5 6 7

Moisture (%}

Figure 9. UCS vs. moisture for test data.

300
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A Testdata - Current (Darney stone)
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0L ———— Majeed and Abu Bakarb (2018} .
NE —--—- Rabat et al. (2020)
E S
S 150 . ® o R
o1 100 % 5‘\ ;
(=] o
= y=0.8017x-8.6108
50 R?=0.9138
0
0 50 100 150 200 250 300
UCS4r, (N/mm?)

Figure 10. Summary for all data.
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Table 3. Average relationship between UCS,,: and UCS4,, from literature.

Source Stone type Model
Current study Sandstones UCSsat = 0.8017 UCSdry — 8.6108
(R2=0.9138)
Vasarhelyi (2003) for Hawkins and McConnell (1992) Sandstones UCSsat = 0.759 UCSdry
(R2 = 0.906)
Majeed and Abu Bakarb (2018) Various UCSsat = 0.57 UCSdry + 5.63
(R2=0.72)
Rabat, Cano, and Tomas (2020) Various UCSsat = 0.5416 UCSdry
(R2 =0.939)

McConnell (1992); Tang (2018); Jeng et al. (2004);
Agustawijaya (2007); Liu et al. (2020)) to identify the
average relationship. Tests focused on either the (a)
variability of UCS for individual stone types or (b) on
the variability of UCS among different stone types. If
different types of stones were tested within one test
series, only sandstones were included in the current
analysis. To allow different sandstone types to be
meaningfully compared, multiple test data for the
same stone types were represented by the average
values only.

All available test data for 78 different sandstones,
including the current tests for Darney stone are shown
in Figure 10. The average relationship between saturated
UCS (UCSs,¢) and oven dry UCS (UCSg,y) is shown in
Equation 18 and indicates an average reduction of 20%
in UCS under saturation.

UCSgo= 0.8017 UCS4ry—8.6108  (R*= 0.9138)

(18)

Three researchers have proposed correlations between
UCS,,¢ and UCSq,y that are included in Figure 10 and
listed in Table 3. Vasarhelyi (2003) based his model on
a similar set of 35 British sandstone tests by Hawkins
and McConnell (1992) and identified an around 25%
reduction in UCS due to saturation. This is similar to
the current model with 20% reduction. Majeed and Abu
Bakarb (2018) tested a wider range of 34 sedimentary
rocks (including limestones, sandstones, dolomites)
with around 33% reduction. Rabat, Cano, and Tomas
(2020) tested four porous calcarenite building stones

with around 45% reduction in UCS. For sandstones,
the average reduction in UCS is therefore around 20-
25%, while for a wider range of stones it is notably
greater.

4.2. Time-dependent strength loss

Five sets of test data have been published in the litera-
ture on the rate of saturation. For moisture gain (soak-
ing), two tests were published by Zhou et al. (2016) and
Tang (2018) on sandstones and one by Liu, Yang, and
Yu (2015) on slate. On moisture loss (during drying)
two tests were published by Zhou et al. (2016) and Liu
et al. (2020) on sandstones. Moisture loss for the current
sandstone samples was also measured. Results are how-
ever not directly comparable as Zhou et al. (2016) dried
samples under laboratory conditions with very good
ventilation at 25°C and Liu et al. (2020) in an electric-
drying oven with forced convection at 110°C.

As part of the current test series, five sets of samples
were tested for the rate of saturation for the first 24
hours and for moisture loss up to 300 hours under
indoors conditions at 16°C.

The collated test data for normalized saturation levels
against time are shown in Figure 11 together with the
current test data. Zhou et al. (2016) and Tang (2018)
provide high-resolution relationships for early satura-
tion while Liu, Yang, and Yu (2015) only provides data
after 24 hours.

For the available tests, full saturation is reached
within 24-48 hours for sandstones and around 240

S
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Figure 11. Saturation vs. soaking time.
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Figure 12. UCS vs. soaking time.
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Figure 13. UCS vs. saturation.

hours for slate. During soaking, 80% of saturation is
reached within 2-15 hours for sandstone and 48 hours
for slate. The drying test results are not comparable as
they were carried out under very different conditions.
Five sets of test data have been published in the
literature on UCS against saturation time, three on
sandstones by Zhou et al. (2016), Tang (2018), and
Yates, Richardson, and Miglio (2012) one on tuff by
Celik and Ergul (2015) and one on slate by Liu, Yang,
and Yu (2015). The collated test data normalized for
UCS against time is shown in Figure 12. Eighty percent
of the UCS is lost within 2.5-6 hours for sandstones and
tuff and 48 hours for slate, corresponding to around
20% of saturation time for the individual stones.
Finally, the relationship between UCS and saturation
time identified for 19 stone types by Zhou et al. (2016),
Tang (2018), Masoumi, Horne, and Timms (2017),
Hawkins and McConnell (1992) and the current tests
is shown in Figure 13 for the available sandstones tests.
The loss of UCS under full saturation ranges widely
between 10-65%. Figure 13 also includes the equivalent
compressive strength as a function of saturation defined
by BS EN 772-1:2011 (BSI British Standards Institution
2011). BS EN 772-1:2011 adjusts the equivalent com-
pressive strength of air-dry units using multipliers 1.0
for air-dry and 6% moisture, 0.8 for oven-dry and 1.2 for
immersed conditions. For air-dry conditions with 20%

reduction in UCS, BS EN 772-1:2011 shows good agree-
ment (lower-bound solution) for the test data. For full
saturation (immersed conditions) the estimated ca. 30%
reduction by BS EN 772-1:2011, however significantly
overestimates many of the stone types up to 65% reduc-
tion in UCS and provides an average, rather than lower-
bound solution.

The BS EN 772-1:2011 (BSI British Standards
Institution 2011) estimate of ca. 30% reduction in UCS
under immersed conditions is, however, similar to the
average 20-25% reduction indicated by the 78 sand-
stones tests (Equation 5, Equation 18, Figure 10 and
Table 3).

To provide a safe estimate, the adjustment factor
needs to be reviewed for a wider selection of stones
based on further tests. As a general figure, a lower-
bound solution around 50% reduction in UCS is likely
to be more a realistic (lower-bound) estimate. 50%
reduction would be the equivalent of a 1.6 multiplier
(instead of the current 1.2) for immersed conditions.
For individual stones the adjustment factor generally
can be reduced, based on test data.

5. Conclusions

The effect of moisture content was investigated on the
uniaxial compressive strength (UCS) of sandstones.
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From an extensive literature review, test data for 77
sandstone types was collated for the loss of UCS,
together with available models. Thirty-four UK Darney
stone samples were tested under six different moisture
conditions. The rate of moisture-gain and loss was
evaluated with respect to UCS. Findings for the
reduction of UCS were compared with the equivalent
compressive strength used in BS EN 772-1:2011 for

oven-dry, air-dry, and saturated conditions.
Summary of findings:

o Test data for 77 different sandstone types was col-
lated to identify the loss of UCS. Under full-
saturation UCS reduced up to around 45%, with
the average reduction of around 20%.

e UCS for the UK Darney sandstone was 72 N/mm”
under oven-dry and 58 N/mm?® under saturated
conditions, with around 20% loss of UCS. About
half the loss of UCS occurred within the first 0.16%
moisture gain, at air-dry conditions. Findings
agreed well with the test data for 77 sandstones
published in the literature.

o The rate of saturation was strongly nonlinear and
occurred soon after exposure to water. For sand-
stones 80% of saturation occurred within 2-15
hours and full saturation was typically reached
within 24-48 hours. During drying, 80% of moist-
ure loss was reached between 12-48 hours. The
time required for drying was around four times
longer than the saturation time.

e Significant loss of UCS occurred soon after exposure
to water. For sandstones 80% of UCS loss occurred
within the first 2.5-6 hours and UCS was reduced up
to 45% when fully saturated.

e The BS EN 772-1:2011 estimates for the effect of
moisture on UCS were compared with the available
test data. Adjustment factors for the equivalent
compressive strength of air-dry and oven-dry con-
ditions showed good agreement with lower-bound
solution. For immersed conditions, the BS EN 772-
1:2011 estimate of 30% reduction in UCS is how-
ever significantly smaller than some of the test
results up to 45% loss in UCS.

e BS EN 772-1:2011 is likely to overestimate the
equivalent compressive  strength  under

immersed conditions. The adjustment factor

needs to be reviewed. A 50% reduction in

UCS under saturation is proposed as a more

conservative (lower-bound) estimate that would

be the equivalent of a 1.6 multiplier (instead of
the current 1.2) for immersed conditions. For
individual stone types, the adjustment factor
can generally be reduced based on test data.

The effect of moisture content on UCS is of particular
importance for assessing low-strength historic masonry
and for designing new masonry structures. Further work
is needed to identify the variability and lower-bound
estimates for the effect of moisture on UCS for sandstones.
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