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Chapter

Physical and Mechanical Properties
of Herrnholz Granite: An Ideal
Experimental Material
Ying Li and Rui Wu

Abstract

Granite, as the most common plutonic rock of the Earth’s crust and the most
widely used paving block and building stone in industrial activities, has been widely
employed in experimental investigations on its chemical composition, physical prop-
erties, and mechanical responses. This chapter focuses on the physical and mechanical
properties of Herrnholz granite while emphasizing that it is an ideal experimental
material for its homogeneity and fine-grained nature. Among the properties discussed
here are density, porosity, pore size distribution, ultrasonic wave velocities, strength,
fracture toughness, and hydroscopic/hygroscopic properties. Preliminary laboratory
data sets to reveal relationships between the hygroscopic properties and mesoporous
character of the Herrnholz granite as a result of water adsorption on internal fabric
elements, such as pores, and microcracks.

Keywords: Herrnholz granite, fine-grained nature, homogeneity, mesoporous media,
mechanical response, hygroscopic expansion

1. Introduction

Granite is the most common plutonic rock of the Earth’s crust and has been used
for a variety of rock engineering and geomechanical purposes, including underground
disposal of radioactive waste (e.g., see [1–3]), cavern construction for liquid natural
gas or liquid petroleum gas storage (e.g., see [4, 5]), and geothermal energy extraction
from hot dry rock (e.g., see [6, 7]). To select a specific site for those geotechnical
applications, geological (e.g., geometry, hydrology, and geochemistry), engineering
(e.g., stress state, physical, and mechanical properties), and socioeconomic (e.g.,
seismicity, water, and land resources) conditions are typically taken into account [8–
10]. Physical and mechanical properties of the host rock are normally evaluated at a
later stage of the site selection process when all other factors are favorable. Granite has
also been used as a construction stone, such as building facades, walls, sockets, and
sculptures (see [11–14]), due to its abundance, petrophysical properties, durability,
and textural uniformity. A detailed examination of the physical and mechanical prop-
erties of such granite helps to evaluate its long-term behavior in various building
situations and environmental conditions.
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The physical and mechanical properties, such as the bulk density, porosity,
and uniaxial compressive strength, of a variety of granite have been reported (e.g.,
[7, 14–21]). In some cases, the ultrasonic velocity test [14, 22–25], the Schmidt ham-
mer test [14, 25, 26], or the absorption test [14, 27–29] were performed, providing
insights into the relationships between measured properties, for example, the rela-
tionship between UCS and porosity, between UCS and Schmidt rebound hardness,
and between ultrasonic velocity and porosity. Note that these studies typically do not
include microstructure characterization, such as grain size, grain shape, and pore size
distribution, which indeed have been shown to be related to the mechanical and
physical response [16, 30–32].

This chapter aims to provide an overall picture of Herrnholz granite by expanding
on its microstructural characteristics and physicomechanical properties. For initial
microstructure characterization, a series of techniques including optical petrographic
and fluorescence (i.e., filling microcracks with a fluorescent dye) microscopy, mer-
cury injection porosimetry, and nitrogen adsorption analysis were employed. Subse-
quent mechanical properties investigation involved a series of uniaxial compressive
strength (UCS) tests and single edge notch bending (SENB) tests. Deformation and
elasticity variation of Herrnholz granite in response to a range of relative humidity,
referred to as the hygroscopic properties, and to the progressive water imbibition,
referred to as the hydroscopic properties, were evaluated under controlled climatic
conditions using a unique combination of on-specimen strain, applied load and dis-
placement, and digital image correlation (DIC).

2. Granite studied

Granite studied in this chapter was sourced from the Herrnholz quarry (HQ), east
of the Hauzenberg pluton (HP), NNW of Munich, in Germany (Figure 1a). The
Hauzenberg pluton � 100 km2�

in area), together with the Kristallgranite
� 400 km2�

in area) and the Fuerstenstein � 100 km2�

in area) plutons, are
commonly located between the Danubian fault and the Bavarian Lode shear zone
(Figure 1b), and represent the westernmost part of the South Bohemian Massif.
Granite in the Hauzenberg pluton was formed during the Variscan orogeny and
intruded late-to post-kinematically at � 320 Ma (e.g., [33, 34]) within the
Moldanubian part of the southwestern Bohemian Massif. Rapid cooling 100∘C=Mað �
for 2–3 Ma) and a single phase of exhumation under relatively consistent tectonic
conditions have produced homogeneous granite with minimal to no ductile tectonic
overprint, which makes it a popular building stone in the region.

Two hundred samples were cut from a single 0:6 m3 block (Figure 1d) of
Herrnholz granite for a range of geomechanical laboratory testing. The block showed
little to no discoloration or staining, indicating its unweathered nature. All samples
were oriented relative to the principle splitting directions, the ‘rift’, ‘grain’, and
‘hardway’. The rift is the plane along which the granite cleaves with the greatest ease,
followed by the grain, and lastly by the hardway. The easiest splitting direction is most
likely due to parallel micro-cracks in the homogeneous fine-grained granite, the grain
may be determined by inherited mineralogical characteristics (e.g., cleavage of feld-
spar and mica), or tectonic fractures, and the hardway may be a direction at right
angles to the other two.
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A suit of 35 mm� 22 mm� 15 mmHerrnholz granite prisms was prepared for thin
sections (35 mm� 22 mm, � 30� 5 μm thick) observation. Biotite grains can be dis-
tinguished from others under plane-polarized light by their brownish appearance
(Figure 2a), while muscovite crystals are distinctive in crossed-polarized light by
their mottled appearance with rainbow pattern (Figure 2b). Quartz can be distin-
guished from feldspar because it is generally clear and lacks visible twinnage or
cleavage, despite all being shades of dark gray through to white in crossed-polarized
light. These observations indicate granitic mineralogical assemblage of our selected

Figure 1.
(a) Map showing the location of the Bohemian Massif; (b) Simplified geological map (modified after Refs.
[33, 34]) showing the location of Herrnholz quarry (HQ) with respect to the distribution of three largest granite
intrusive plutons in the westernmost part of the South Bohemian Massif: FP, Fuerstenstein Pluton; HP, Hauzenberg
Pluton; K, Kristallgranite. (c) Photo of the Herrnholz quarry front; and (d) photo of the selected block for samples
preparation, showing rift, grain, and hardway planes.
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specimen, with interlocking quartz (50% in area fraction) and feldspars (38% in area
fraction), together with a small portion of mica (11% in area fraction). The grain size,
calculated as average length of each grain’s longer and shorter axes, is generally
between 0.03 and 1 mm, with a mean diameter of 0.23 mm and a standard deviation
of 0.13 mm.

3. Methods

3.1 Microstructure observation

Pore spaces (e.g., pores and cracks) within a thin section are hardly detected by
microscope examination when not highlighted by iron or other filling minerals (e.g.,
[15]). A combination of optical petrographic and fluorescence microscopy was there-
fore employed to characterize the distribution of pore spaces in Herrnholz granite.
Thin sections were dyed with a fluorescent pigment, which caused throughgoing
pores and cracks to glow neon-green under ultraviolet light. We merged images
obtained with crossed-polarized light and ultraviolet light into a single 3.2 Mpx mosaic
(Figure 3), over which various cracks, for example, grain boundary cracks,
intragranular cracks, and intergranular cracks connecting grain boundaries to the
inside of grain, were able to be detected. In general, quartz crystals most commonly
contain single intragranular or intergranular cracks, while feldspar crystals commonly
contain a population of cleavage-parallel intergranular cracks.

Total porosity ϕtð Þ, defined as the fraction of bulk volume occupied by the total
pore space, can be determined from the difference between the bulk and grain den-
sity. Bulk densities ρbð Þ of two oven-dried Herrnholz granite prisms
25 mm� 25 mm� 40 mmð Þ at a temperature of 80∘C for three days <0:1%ð mass
change in 24 h) were calculated as the ratio of oven-dry mass to bulk volume. The
masses of these samples were directly measured using an analytical balance (accuracy
of 0.001 g), and the volume was determined from vernier caliper (accuracy of

0.01 mm) measured dimensions. Grain densities ρg

� �

of the same samples were

measured using a helium pycnometer (model: AccuPyc II196, the accuracy of 0:02 m3

in grain volume). After placing the oven-dried sample in a sample cell of known

Figure 2.
Petrographic thin section of Herrnholz granite (a) in plane-polarized light, showing biotite (Bt) in brown; (b) in
crossed-polarized light, showing interlocking quartz (Qtz), K-feldspars (Kfl) in form of microcline, perthite (Prt),
and plagioclase (Plg), all in shades of dark gray through to white, and muscovite (Mu) with rainbow patterns.
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volume at an initial pressure, helium gas was admitted to fill the sample cell and the
resulting pressure was measured. The grain volume can be calculated from the two
measured pressures, the known volume of the sample cell, and the added helium gas
using the ideal gas law.

Other pore space properties, including accessible porosity, pore size distribution,
and specific surface area of the Herrnholz granite were quantified using a combination
of mercury injection porosimetry and nitrogen adsorption analysis. A suite of seven
20 mm� 6:5 mm� 6:5 mm Herrnholz granite prisms was prepared for mercury
porosimetry. Frommeasured intrusive volume of mercury under controlled pressures,
mercury injection porosimetry can provide information on pore volume or porosity,
as well as a wide range of pore throat size (typically from 3 to 10 nm up to microns).
The nitrogen adsorption method can evaluate the size of mercury-inaccessible small
pores by measuring the amount of adsorbate at a series of relative pressures. To this
end, two intact 40 mm� 10:5 mm� 10:5 mm samples were prepared for nitrogen
adsorption analysis using an automated gas sorption analyzer, Autosorb iQTM. The
existing instrument software AsiQwin™ computed connected surface area and pore
size distribution based on the Brunauer-Emmett-Teller (BET) [35] and BarretJoyner-
Hallenda [36] model, respectively. The details of these models have been discussed in
the mentioned papers; hence, they were not explained here.

3.2 3D ultrasonic tomography

3D ultrasonic tomography on three cuboidal 160 mm� 160 mm� 160 mmð Þ
specimens of Herrnholz granite was performed under ambient conditions. Three
dimensions of the tested specimens relative to the quarry fabric, that is, rift, grain, and
hardway (see Figure 1d) were denoted as G1, G2, and G3, respectively. Figure 4
presents a schematic representation of the ultrasonic tomography setup along the G1
direction (as an example), in which an array of nine in-house piezoelectric (PZT)
transmitter (model: PCT-MCX) [37] and nine passive PZT receivers (model:
KRNBB-PC) [38] were mounted on the top and bottom surfaces of the granite cube,

Figure 3.
Superimposed micromosaic obtained with crossed-polarized light and ultraviolet light, indicating regions of
(i) cleavage cracks: in straight and parallel patterns within a grain; (ii) grain boundary cracks: along grain
boundaries; (iii) intergranular cracks: connecting grain boundaries to the inside of a grain; and (iv) intragranular
cracks: within a grain in random or parallel distributed sets (Qtz: quartz; Kfl: K-feldspar; Prt: perthite; Bt: biotite;
Mu:muscovite).
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respectively, through two aluminum array holders (gray blocks, see Figure 4).
A pulsing unit was used to apply a 300 V impulse source, with a duration of 1 μs, to
the PZT transmitters. Each transmitter emitted an impulse source in a sequential
manner, and the waveforms on nine receivers were recorded by the data acquisition
system at a sampling rate of 20 MHz and 16-bit resolution.

Each specimen was modeled as 6� 6� 6 cubic elements, each having
dimensions of 26:7 mm� 26:7 mm� 26:7 mm, for tomography. As indicated by
dashed lines in Figure 4, there were 81 straight ray paths (assuming wave
propagation by straight rays) that sample most of the elements between the
transmitter and receiver planes (i.e., G1 planes). The time intervals for the first
P-wave arrivals from the transmitters to the receivers and the distance of each trans-
mitter–receiver pair were stored in two 9� 9 arrays to derive the P-wave velocity
array. P-wave velocity structure was derived at the center of each cubic elements
using the Moore-Penrose pseudoinverse. More detail and the mathematical descrip-
tion of this inversion problem have been described in Ref. [39]; hence, they were not
explained here.

Figure 4.
Schematic representation of ultrasonic tomography setup. G1, G2, and G3 denote the three dimensions relative to
the three principle splitting directions, and S and R indicate the Source and Receiver, respectively.
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3.3 Rock mechanics laboratory testing

In order to determine elastic and brittle properties of Herrnholz granite, a range of
uniaxial compressive strength and single-edge notch three-point bending (also known
as three-point bending) tests were performed with a custom static loading frame (see
details in Ref. [40]) at the Rock Physics and Mechanics Laboratory, ETH Zurich. With
the loading frame, the applied load and piston displacement are directly measured
with a load cell and displacement transducer, respectively. Surface strains of a tested
sample can be tracked using a range of extensometry products connected to the test
machine controller. These include a radial chain extensometer (Epsilon Model 3544)
and a four-point averaging longitudinal extensometer (Epsilon Model 3442RA1),
which are often employed together in UCS tests to measure radial and axial strains,
respectively, of a cylindrical sample as it is compressed (see Figure 5a), and a crack
mouth opening displacement gauge (Epsilon Model 3541) that can be used directly on
a SENB specimen with the knife edges glued to the test specimen or, alternately, with
bolt-on knife edges mounted on the test specimen. In order to avoid effects associated
with creeping of the adhesives or localized damage during bolt-hole preparation, the
crack mouth opening displacement gauge in this study is clamped by knife edges
manufactured within an L-shape titanium holders, of which the 8 mm-deep leg is
embedded in the notch (> 8 mm deep) of a SENB specimen (see Figure 5b).

3.3.1 Uniaxial compressive strength tests

UCS tests were performed on 10 cylinders (50 mm in diameter, 140 mm in height)
under ambient conditions to determine elastic properties, for example, Young’s mod-
ulus (E) and Poisson’s ratio (v), and brittle properties that include the crack initiation

Figure 5.
Setup of uniaxial compressive strength (UCS) and single edge notch three-point bending (SENB) tests with a
custom static loading frame at the Rock Physics and Mechanics Laboratory, ETH Zurich. (a) A UCS specimen was
mechanically mounted with longitudinal and circumferential extensometers; (b) A SENB specimen was mounted
with a knife edges-clamped crack mouth displacement gauge.
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(CI) threshold, critical damage (CD) threshold, and UCS of Herrnholz granite. Every
specimen was cored in the same direction and ground into two parallel end surfaces.
The specimens were loaded at a constant displacement (piston) rate (4 mm/min) to
failure, with load and displacement (incl. piston and sample) being logged over the
failure process. To minimize the potential of damaging the displacement transducers,
the failure of each specimen was arrested by a servo-controlled break detection
mechanism that instantaneously unloaded the specimen when the load dropped more
than 0.02% of the peak.

Stress–strain curves developed during the failure process were used to determine
both the elastic and brittle properties. Young’s modulus was determined as the slope
of the linear portion of each axial stress–axial strain σað vs. ϵaÞ curve, basically
between 20% and 50% of the average UCS. Poisson’s ratio was determined by linear
regression of the radial strain–axial strain ϵrð vs. ϵaÞ curve over the same stress
interval. The CI threshold represents the axial stress at which new cracks begin to
form and can be determined using the crack volumetric strain reversal method
[41, 42]. In this method, the crack volumetric strain ϵCVð Þ is calculated using the
following formula:

ϵCV ¼ ϵvol � ϵEV (1)

where ϵvol is the volumetric strain, assumed to be ϵa þ 2ϵr;ϵEV is the elastic
volumetric strain and can be calculated by:

ϵEV ¼ 1� 2v
E

σa (2)

The CD threshold corresponds to the start of unstable crack growth and can be
determined by the reversal point in the volumetric strain-axial stress ϵvolð vs. σaÞ
curve.

3.3.2 Single edge notch bending tests

SENB tests were performed on 4 Herrnholz granite beams under ambient
conditions to determine their fracture toughness. Every beam is 400 mm long, with a
span length between the bearings of 360 mm, a cross-section of 90� 90 mm, and a
3 mmwide, 9 mm deep saw-cut notch in the outer bending radius. Two of the samples
were loaded to failure under load-point displacement (piston) control at a rate of
1 μm=s. The other two samples were subjected to staged loading increases (ranging
from 50 % to 98 % of the predetermined peak load) with load-point displacement
maintained for up to 30 min between each load stage, aiming to gain insights into the
time-dependent behavior of the Herrnholz granite. The fracture toughness of
Herrnholz granite can be determined from the measured peak load using the follow-
ing formula:

KIC ¼ F

w
ffiffiffi

h
p 3 l

h

ffiffi

a
h

p

2 1þ 2 a
h

� �

1� a
h

� �3
2
1:99� a

h
1� a
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� �

2:15� 3:99
a

h
þ 2:7

a

h

� �2
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2

4

3

5

3

5 (3)

where F is the measured peak load, l is the span length, w and h are the sample
width and height, respectively, and a is the initial depth of the notch.
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3.4 Water imbibition and adsorption tests

Increases in the water content of intact rock, either through exposure to high
ambient humidity, or the addition of liquid water, have been shown to increase strains
[27–29, 43] and change mechanical properties [44–49]. To differentiate the conditions
that lead to these variations, we refer to them as hygroscopic (when related to
humidity changes) and hydroscopic (when related to water immersion and/or imbi-
bition) properties. The hydroscopic and hygroscopic properties of Herrnholz granite
were determined through water imbibition experiments on two free-standing 115�
65� 35 mm granite prisms, and water vapor adsorption experiments on a single
granite cylinder (50 mm in diameter and 140 mm in length) subjected to unconfined
compression, respectively.

3.4.1 Liquid water imbibition tests

Water imbibition tests on two 115� 65� 35 mm granite prisms were performed
with distilled water as the wetting fluid proceeded from the top to the bottom of each
specimen as a combined result of gravity and capillary effect. The test arrangement is
schematically presented in Figure 6, where water was introduced to the upper sample
surface through two pieces of 65 mm wide filter paper folded with one end covering
the sample surface and the other immersed in a distilled water reservoir � 15 mm
above the specimen. Aluminum blocks were placed on the filter paper to ensure a
positive contact surface between the saturated filter paper and the sample. In order to
track the surface deformation of the specimens undergoing gradual wetting, time-
lapse photographs were acquired using a combination of Sony Alpha A7RII digital
camera and Sony FE 24–105 mm F4 G OSS zoom lens with the sensor plane parallel to
the vertical plane 65� 115ð mm) of the tested sample. Digital Image Correlation (DIC)
analysis of hundreds of photographs taken over 16–24 h was undertaken in Ncorr
software [50]. The details of this software have been discussed in the mentioned
papers; hence, they were not explained here.

Figure 6.
Schematic diagram of the capillary imbibition experiment on a free-standing 115� 65� 35 mm granite prism.
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3.4.2 Water vapor adsorption tests

To derive hygroscopic properties of Herrnholz granite, two uniaxial compression
tests on a single Herrnholz granite cylinder (50 mm in diameter and 140 mm in
length) exposed to “staged” and “continuous” humidity variation were performed.
The first “staged” test employed a humidity stepping protocol, before the sample was
removed, checked, oven dried, and prepared for the second test, which employed a
“continuous” humidity stepping protocol (see flowchart in Figure 7a). The sample
was dried in an oven at 80∘C for 3 days prior to each test to ensure identical initial
moisture conditions and to prevent inadvertent damage to the microstructure. The
sample was then transferred to a custom static loading frame with integrated climate
chambers [40] and loaded for 1 day with a constant axial stress of 0.1 MPa, 20%
humidity, and 55∘C to allow the sample to equilibrate. During the staged test, relative
humidity was ramped in a stepwise manner from 20 to 42, 62, 82, and 90% before
returning to 20%. We increased the relative humidity from 20% to 90% in the
continuous test before returning to 20%. In both tests, the axial stress increased at a
rate of 1 MPa/s from 0.1 to 54 MPa (the predetermined CI threshold), then decreased
at the same rate and remained constant at 0.1 MPa for 1 and 48 h (Figure 7b and c).
Throughout the hold stages, cumulative strains were observed while axial stress was
held constant at 0.1 MPa. During the loading stages, axial stress-strain relationships
were used to derive elastic properties at each humidity level.

Figure 7.
Flowchart of the “staged” and “continuous” uniaxial compression tests (a), with panels (b and c) illustrating the
10 load/unload/hold cycles and 5 load/unload/hold cycles, respectively.
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4. Results and discussion

4.1 Density, porosity, and pore size distribution

The mass and volume ratios of three tested specimens indicate an average bulk

density of 2:61 g=cm3, and grain density of 2:664 g=cm3. Their uncertainties δρ

ρ

� �

resulted from the uncertainties in mass δm
m

� �

and volume δV
V

� �

measurements and can
be evaluated by:

δρ

ρ
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δV

V

	 
2

þ δm

m

	 
2
s

: (4)

This provides an uncertainty of 0.08% or 0:002 g=cm3 in the bulk density, and
0.10% or 0:003 g=cm3 in the grain density.

Total porosity ϕtð Þ was derived from the difference between the grain and bulk

density, that is, 1� ρb=ρs, as 1.9%. Its uncertainty δϕt

ϕt

� �

was given by

δϕt

ϕt

¼ 1
ρg � ρb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ρb

ρg
δρs

 !2

þ δρbð Þ2
v

u

u

t (5)

and calculated as 0.2%.
The combination of mercury injection porosimetry and nitrogen adsorption

analysis provides a wide range of pore size distributions over 3 nm to 100μm
(Figure 8). The conversion of mercury intrusion pressure to the corresponding pore
throat size (i.e., the Washburn equation, 1921) indicates pore throat sizes ranging
from 10 nm to 100 μm (see Figure 8a). Nitrogen adsorption analysis shows that pores
with a diameter smaller than 10 nm account for 80% of the specific surface area,
which is averaged at 0:46 m2=g (see Figure 8b) based on the BET model.

The intrusive volume of mercury ranged from 2.63 to 6:17 mm3=g (mean at
4:22 mm3=g) at pressures up to � 400MPa (see Figure 8a), suggesting an average
mercury-accessible porosity of 1.15%. The nitrogen adsorption analysis provides a
pore volume of sim 0:5 mm3=g (or a porosity of 0.14%) over a pore diameter range of
3–10 nm, which, when compared to the pore volume 4:22 mm3=gð Þ or porosity
(1.15%) accessible by mercury, implies that only 1/12 of the small pores are accessible
to nitrogen. The cumulative pore volume measured from mercury injection
porosimetry � 1:2 mm3=gð Þ is slightly greater than that from the nitrogen adsorption
analysis � 0:8 mm3=gð Þ over the overlapped diameter range of the two techniques,
that is, 10� 100 nm, indicating a greater differential of pore volume with respect to
pore diameter. This slight inconsistency may be due to the nonuniform pore geometry
(e.g., wedge-shaped pore) of the analyzed sample [51].

4.2 Ultrasonic wave velocities

3D ultrasonic tomography shows a nearly isotropic P-wave velocity along three
directions and a uniform P-wave velocity structure in each plane. Figure 9a as an
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example demonstrates the structure of P-wave velocity along the G1 direction, giving
a mean velocity of 3981 m=s, with standard deviation of 68.5 m/s among 64 elements.
Note that P-wave velocities of the outermost elements on the G2 and G3 surfaces were
omitted given the lack of effective coverage of straight rays. P-wave velocities in the
G2 and G3 direction were similarly characterized, giving 3977 � 60, and
3988� 64 m=s, respectively. Single-peaked normal (or Gaussian) distributions of P-
wave velocities in three directions were shown in the probability density functions of
Figure 9b, with very close peak values (cf. 3997 m=s, 3995 m=s, and 3995 m=s) in
three directions. We therefore conclude isotropic wave propagation along three prin-
ciple splitting directions, and a high degree of homogeneity in P-wave velocity over
each plane of the Herrnholz granite. Repeated analysis on the other two specimens
was carried on, and the overlapping probability histograms of P-wave velocity

Figure 8.
Comparison of nitrogen adsorption analysis and mercury injection porosimetry results for pore size distribution.
(a) Cumulative pore volume and mercury-accessible porosity as a function of pore throat diameter and applied
pressure by mercury porosimetry. (b) Cumulative pore volume and surface area as a function of pore diameter
during nitrogen adsorption.
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distribution were presented in Figure 9c, showing average P-wave velocities of
3914� 74, 3925� 71, and 3982� 64 m=s, respectively, of three tested specimens.

4.3 Elastic properties, brittle properties, and progressive failure characteristics

Axial stress–strain curves (Figure 10) derived from ten UCS tests indicate a con-
sistent brittle failure process among ten tested Herrnholz granite cylinders: (i) closure
of preexisting cracks prior to a linear stress response; (ii) linear elastic behavior
corresponding to a linear portion of the stress-strain curve; (iii) stable crack growth
over the CI and CD interval; and (iv) unstable crack growth over the CD threshold,
which leads to failure at the peak stress (i.e., the UCS). The measured UCS ranges
between 127 and 158 MPa, with a mean value of 143 MPa, and a standard deviation of
12 MPa. Axial stress-axial strain curves (Figure 10a) present a consistent linear por-
tion between 30 and 35% of the UCS. Young’s modulus and Poisson’s ratio were
calculated by deriving the linear stress–strain relationship (see details in Section 3.3.1)

Figure 9.
P-wave velocity tomography of three cuboidal 160 mm� 160 mm� 160 mmð Þ specimens of Herrnholz granite.
(a) P-wave velocity structure in the G1 direction; (b) P-wave velocity histograms along the G1, G2, and G3
directions of one specimen. (c) P-wave velocity histograms for three tested specimens.

Figure 10.
Axial stress-strain curves derived from uniaxial compression tests on herrnholz granite cylinders in ambient
conditions. (a) Axial stress-axial strain curves overloading; (b) Axial stress-volumetric strain curves overloading.
CI: crack initiation threshold; CD: crack damage threshold.
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over this interval, indicating a mean Young’s modulus of 35 GPa, and Poisson’s ratio of
0.28 under ambient environmental conditions.

Three of the tested samples were instrumented with a radial chain extensometer
(see Figure 5a), which allowed for the determination of radial strain, and thus the
volumetric strain and crack volumetric strain. The crack volumetric strain reversal
method (see in Section 3.3.1) indicates an average CI threshold of 47 � 1:2MPa
(Figure 10b), � 35% of the UCS, consistent with existing measurements typically
between 30 and 35% of the UCS [42, 52–55]. The CD threshold is estimated to fall
between 58% UCS and 92% UCS, corresponding to the volumetric strain reversal
point [53, 56, 57] and the dilation point (transition of volumetric strain from positive
to negative), respectively.

SENB tests demonstrate an exceptionally consistent failure load of
14:54 kN� 0:18kN, suggesting a (theoretical) average fracture toughness of 1:82�
0:02 MPa �m1=2 following Eq. (3). Progressive failure characteristics during the load
relaxation phase of one staged test (see test description in Section 3.3.2) were
observed through a progressive increase in crack mouth opening displacement when
the piston displacement was held at 98% of the predetermined peak load. This,
however, requires to be supported by additional tests (e.g., [58]).

4.4 Hydroscopic expansion

Horizontal and vertical expansion in association with water imbibition were
observed in two tested Herrnholz granite specimens. Figure 11 demonstrates the
evolution of vertical strains of one tested sample (as an example) during water imbi-
bition. Adopting a compression negative convention in reporting strains, the vertical
strains are extensional (Figure 11) upon wetting and progress to more than 30 mm
below the top surface at the end of wetting (Figure 11f).

Heterogeneities observed in the vertical strain field (see Figure 11) indicate imbi-
bition occurs along preferential capillary conduits that appear to be oriented parallel to
the micro-crack fabric. Although laboratory studies have previously found little vari-
ability in the initial (24 h) capillarity of granite containing a population of preferen-
tially oriented micro-cracks, longer-term (38 days) water uptake can be up to 20%
greater in the grain-parallel orientation than the rift parallel [13].

Calculated mean linear strain assumed to be ϵvertical þ 2ϵhorizontalð Þ=3,
progressively increased with water imbibition in both samples, up to 4:7 � 104, and
4:0� 104, respectively, at the end of two tests. These strain magnitudes are
consistent with those previously documented in association with complete wetting of
Hauzenberg granite [29] and other granitic rocks [27, 28]. This suggests that
Herrnholz granite specimens behave in a similar manner to these previously
tested granitic materials. Hydroscopic expansion observed in other rock types [27, 59,
60] is one (e.g., limestone and marbles) or several (e.g., sandstone) orders of
magnitude greater than that observed in Herrnholz granite specimens, which
could be associated with mineral composition, pore size distribution, and
grain/micro-crack fabric.

4.5 Hygroscopic expansion and elastic weakening

Axial and radial expansion of the Herrnholz granite cylinder subjected to a step-
wise increase in relative humidity was observed in both the ‘staged’ and ‘continuous’
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tests. Strains evolution over the 0.1 MPa hold periods (see test description in Section
3.4.2) provides information on the rock deformation in response to ambient humidity
change. As is demonstrated by Figure 12, the axial strain during the staged test
consistently increased with increasing humidity and typically stabilized after approx-
imately 37 h at each humidity level. The response of radial strain is relatively smaller
max :2:0� 104�

vs. 3:0� 104�, and it continued to progress throughout each humidity
interval. Calculated volumetric strain, assumed to be axial strain þ2� radial strain,
during the staged test consistently increased with increasing humidity, up to 3:0� 104

at the end of the 90% humidity stage. The overall evolution of strains in the staged test
compares favorably with that in the continuous test, with the maximum volumetric
strain in the continuous test reaching a more-or-less stable peak of 8:0� 104 at the
end of 90% humidity level.

Figure 11.
Vertical strain evolution during water imbibition of a free-standing granite prism.
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Young’s modulus and Poisson’s ratio at varying humidity conditions were derived
from axial stress–strain relationships during loading steps (see test description in
Section 3.4.2) at each humidity level. Overall, Young’s modulus in the staged and
continuous tests decreased from � 43 to � 44 GPa, respectively, down to � 38 GPa in
response to relative humidity increasing from 20% to 90% (see Figure 13 for the
staged test as an example). Returning humidity to 20% resulted in a recovery of
Young’s modulus, with a persistent 0.5 GPa increase in stiffness on completion of the
staged test, and a similar decrease in stiffness on completion of the continuous test.
Poisson’s ratio (calculated from the staged test) increased from 0.12 to 0.26 across the
humidity range, with a 60% recovery when the humidity level was reduced to 20%
(Figure 13). Assuming an isotropic medium, bulk modulus from Young’s modulus (E)
and Poisson’s ratio derived by E

3� 1�2vð Þ increased from 18.8 GPa to 26 GPa, before
decreasing to 22 GPa at the completion of the staged test (Figure 13).

4.6 Pore size effect on hydroscopic and hygroscopic properties

The deformation and elasticity variations of Herrnholz granite in response to the
addition of liquid water or exposure to high humidity conditions have been commonly
attributed to the physical process of water vapor adsorption [43, 49]. It exhibits
different stages depending on the pore size within the absorbent media. In general,
adsorption in micropores (pore diameter < 2 nm based on Ref. [61]) is dominated by
the interactions between the adsorbed fluid and pore wall due to the small pore size.
Micropore filling is therefore continuous at low relative pressure [61], with a limiting
amount adsorbed at the saturation pressure. In contrast, the size of meso- 2 nm<ð
pore diameter < 50 nm based on Ref. [61]) and macropores (pore diameter > 50 nm

Figure 12.
Temporal evolution of strains (axial, radial, and volumetric) during hold periods across the 20–90% relative
humidity range of the staged test.
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based on Ref. [61]) is significantly larger than the effective range of adsorbent-
adsorptive interaction (a few nm). Therefore, adsorption in meso- and macropores
depends not only on the fluid-wall attraction, but also on the attractive interactions
between the fluid molecules, leading to a sharp increase in the amount of adsorbate as
relative pressure increases to a critical level, or even unrestricted monolayer–multi-
layer formation during adsorption. More precisely, Gor and Neimark [62] developed
an adsorption model for mesoporous media, which describes the adsorption stress as a
function of environmental conditions, pore size within the absorbent media, and
adsorbate–-adsorbent interaction.

Combing the volumetric expansion Δϵvolð Þ and changing bulk modulus (K) with
the assumption of a linear Hooke law, the adsorption stress σa ¼ KΔϵvolð Þ developed
from ‘zero’ to 25 GPa as relative humidity increases from 20% to 90%, agreeing well
with modeled adsorption stress change for cylindrical pores with a characteristic
diameter (i.e., 10 nm for Herrnholz granite, see Section 4.1). This model predicts a
contrast of adsorption stress of a factor of � 2 between the 5 nm diameter and 10 nm
diameter pores under the same environmental conditions for water vapor adsorption.
We therefore expect larger adsorption-induced strains and elastic variations for intact
rock containing smaller micropores or microfractures with smaller apertures.

5. Conclusions

Based on the material characterization results that involve microstructure distribu-
tion, acoustic wave velocity, elastic and brittle properties, and hydroscopic and
hygroscopic properties, the following conclusions about the Herrnholz granite can be
drawn:

Figure 13.
Temporal evolution of Young’s modulus, Poisson ratio, and bulk modulus (calculated from axial stress-strain
measurement) for the staged test. The sharp change in Young’s modulus immediately after the 1-h hold interval is
indicated by dashed vertical lines.
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1.fine-grained granite with grain sizes ranging from 0.03 to 1 mm (mean 0.23 mm,
standard deviation 0.13 mm);

2.mesoporous media with a majority of 10 nm diameter mesopores providing
4.6 m2/g specific surface areas;

3. isotropic wave propagation along three major splitting directions, with a mean
velocity of 3982(�64) m/s;

4.homogeneous material, as evidenced by a high degree of consistency in bulk
density, porosity, stress–strain response, and fracture toughness across multiple
samples;

5.detectable variations in strains and elastic properties caused by water vapor
adsorption, which has not been widely recognized in rock mechanics or earth
surface process research.
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