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A B S T R A C T

Tensile loading plays a critical role in geological processes like landslides and earthquakes, as well as engineering 
applications such as hydraulic fracturing and tunnel excavation. We investigate elastic wave behavior across 
cemented rock fractures under tensile stress conditions. Ultrasonic measurements and uniaxial direct tension 
tests were performed concurrently on quartz diorite and diabase specimens with and without individual 
cemented fractures to determine the influence of tensile stress on the characteristics of elastic waves. Results 
show that increasing tensile stress leads to enhanced wave attenuation and reduced velocity, amplitudes, and 
dominant frequency of transmitted waves. These changes are primarily driven by the formation and growth of 
microcracks near cemented rock fractures under tensile stress. The jointed quartz diorite samples experienced 
progressive reductions in static and dynamic fracture stiffness. In contrast, jointed diabase samples maintained 
nearly constant static fracture stiffness and only saw decreases in dynamic fracture stiffness. The reduction in 
dynamic fracture stiffness is attributed to microscopic damage that modifies elastic wave velocity and dissipation 
but is not captured by static stress-strain measurements. The gradual decrease in dynamic fracture stiffness re
flects stable crack growth, while sudden reductions indicate crack coalescence at the interface. We propose that 
dynamic fracture stiffness, assessable with seismic wave measurement, is a more reliable indicator of tensile 
damage than static fracture stiffness due to its sensitivity to low strains and ability to capture microstructural 
changes. These findings provide valuable insights into seismic methods applied to assess stress conditions on rock 
discontinuities in the field.

1. Introduction

Rock fractures are ubiquitous in the Earth’s crust and play an 
important role in physical and chemical processes that are relevant to 
tectonic activities (e.g., earthquake rupture and volcanic eruption) and 
engineering applications (e.g., hydrocarbon recovery, CO2 sequestra
tion, nuclear waste storage, underground excavation, and geothermal 
energy extraction). Stress states on rock fractures commonly change 
with natural events, such as fault slip and deep tectonic tremor, and 
anthropogenic activities, such as hydraulic fracturing and underground 

excavation. The change in stress state influences the properties of rock 
fractures and then affects wave propagation and attenuation in subsur
face rock masses.1–4 However, stress conditions in underground rock 
mass are challenging to access due to limited direct access for obser
vation and measurement. Geophysical surveys using elastic waves have 
proved to be among the most promising tools in capturing the 
stress-dependent behavior of rocks and assessing the state of stress along 
rock fractures.5–9 Therefore, the stress dependence of elastic wave 
properties across rock fractures has attracted considerable attention 
from geoengineering and geophysics communities.
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In the laboratory, the stress dependence of elastic wave propagation 
across rock fractures has been extensively studied through the combi
nation of ultrasonic monitoring and mechanical loading tests.4,10–18 Past 
experimental studies revealed that, for normal incidence of P and S 
waves upon single non-weld rock fractures under uniaxial compression, 
increasing compressive stress led to (i) an increase in the wave velocity, 
(ii) an increase in the transmitted energy, (iii) an increase in the 
amplitude of the spectral peak, and (iv) a shift of spectral peak toward 
the higher frequency.10,13,14 For P and S waves propagation across a rock 
fracture under the mixed compressive and shear stress state, increasing 
shear stress resulted in higher wave velocity and amplitude during the 
elastic loading period with near-zero local slip rate.11,15,16,18 After 
reaching the peak shear stress, wave velocity and amplitude decreased 
with the reduction in shear stress and an abrupt increase in the local slip 
rate.11,15,16,18 Observations by Nakagawa et al.19 showed that the shear 
stress applied to a rock fracture caused partial conversion between P- 
and S-waves. The increasing shear stress enhanced the amplitude of the 
shear-induced converted waves but moderately affected directly trans
mitted waves across the rock fracture.19 Recent studies have docu
mented acoustic measurements on individual rock fractures under 
uniaxial normal stress and pore pressure oscillations.20–22 It was found 
that elastic wave velocity and spectral amplitude oscillate following the 
same trend as the pore pressure oscillations. Additionally, the imposed 
shear loading moderately reduced the relative change in wave velocity 
caused by the dynamic stress. Recent work on multifrequency ultrasonic 
approach and wave transmission across nonlinear rock joints has pro
vided new insights into extracting static modulus and understanding 
damage characteristics in complex rock masses under compression.23,24

However, the majority of past studies have focused on compressive 
and shear stress conditions, with relatively little attention given to 
tensile stress effects on wave propagation across rock fractures. This is 
due to the conventional viewpoint that rock fractures are open or weakly 
connected and incapable of supporting tensile loading. Contrary to this 
perspective, field surveys and laboratory studies have demonstrated that 
certain rock fractures (e.g., veins, dikes) are cemented with diagenetic 
materials,25–27 allowing them to withstand tensile stresses up to several 
megapascals.28–30 In many natural and anthropogenic events, such as 
the formation of basins in buried sediments,31 fault sliding and earth
quake rupturing,32 and the stress redistribution caused by tunneling and 
mining operations,33 rock fractures could locally endure tensile loading. 
Thus, the knowledge concerning elastic wave propagation across 
cemented rock fractures under tension is of great practical and scientific 
significance for many geophysical and geotechnical disciplines. To 
address this gap, we developed an experimental approach combining 
ultrasonic pulse transmission and direct tensile testing to examine wave 
propagation across rock fractures under tensile stress. Our preliminary 
work investigated the tension dependency of elastic wave behaviors in 
natural limestone veins.34 Nevertheless, the limited data from limestone 
specimens were insufficient to generalize the tension-dependent wave 
behaviors observed across cemented rock fractures.

In this study, laboratory experiments are carried out on artificially 
cemented fractures to advance our understanding of the elastic wave 
behavior across cemented rock fractures subjected to tensile loading. We 
adopt the quartz diorite and diabase as the host rock of synthetic 
cemented fractures to investigate the effects of the host rock type. The 
experimental results show that the wave velocity, amplitudes, and 
dominant frequency decrease while wave attenuation increases upon 
the increased tensile load. The relative changes in elastic wave proper
ties for rock samples with single cemented fractures could be larger or 
smaller than those for their intact counterparts, depending on the host 
rock lithology. We perform the thin-section analysis of post-mortem 
cemented rock fractures to understand the tension-induced evolution 
of elastic wave attributes regarding microstructural features and 
cracking patterns of rock specimens. The quartz diorite has greater 
heterogeneities in grains and micro defects than the diabase, causing a 
more complex cracking mode and more significant changes in wave 

properties for jointed quartz diorite specimens. The dynamic and static 
fracture stiffness are estimated using the inverse hyperbolic and 
displacement discontinuity models to analyze the bulk behavior of 
cemented rock fractures under tension. Both dynamic and static fracture 
stiffness for jointed quartz diorite continuously decrease with the 
increasing tensile load. By contrast, the dynamic fracture stiffness 
gradually declines while the static fracture stiffness remains almost 
constant for jointed diabase specimens under tension.

2. Materials and methods

2.1. Specimen preparation

This study adopted a quartz diorite from Fujian Province, China, and 
a diabase from Inner Mongolia, China, as host rocks for preparing syn
thetic cemented fractures, with an ultra-high-performance cement 
developed by Teng et al.35 as the filling material to artificially cement 
the fractures. The quartz diorite consists of 75 % plagioclase, 10 % 
quartz, 7 % biotite, 6 % hornblende, and less than 2 % of augite, apatite, 
and zircon; its lath-shaped plagioclase grains have a size between 0.1 
mm–0.2 mm for the short axis and 0.6 mm–1.5 mm for the long axis 
(Fig. 1a). The diabase has a mineralogical composition of 55 % plagio
clase, 44 % augite, and less than 1 % of olivine and zircon; the di
mensions of lath-shaped plagioclase grains are 0.15–0.3 mm and 
0.6–1.0 mm for the short and long axes, respectively (Fig. 1a). The 
ultra-high-performance cement comprises Portland cement (57.7 % 
wt.), silica fume (14.4 % wt.), quartz powder (14.4 % wt.), high-range 
water reducer (2.1 % wt.), and water (11.4 % wt.).35 This cement has 
a higher tensile strength than the host rocks, thus allowing us to 
investigate the influences of host rock and cement-rock bonding on the 
properties of elastic waves propagating across the fractures subjected to 
tensile loading.

Four rock cylinders with 49 mm in diameter and 100 mm in length 
were first prepared using each host rock (quartz diorite or diabase). 
Then, a through-going fracture was introduced in the middle of three 
rock cylinders via a modified Brazilian test36 (Fig. 1c). The fracture 
surfaces were characterized using a three-dimensional scanner (Carl 
Zeiss Comet L3D 5M). After that, the ultra-high-performance cement 
with a mass of 10 g was sandwiched between two halves of a rock cyl
inder to create a cemented rock fracture. Following the same process, six 
fractured rock specimens, i.e., QD-F-1, QD-F-2, and QD-F-3, with the 
quartz diorite as host rock and D-F-1, D-F-2, and D-F-3 with the diabase 
as host rock, were produced for this study (Fig. 1b). The remaining two 
intact rock cylinders, labeled by QD-I and D-I, were used to ascertain 
reference measurements (Fig. 1b). Note that the end surfaces of all rock 
specimens were polished to ensure flatness and parallelism. In addition, 
an intact aluminum specimen with identical dimensions to rock speci
mens was prepared to calibrate the experimental test system. The 
aluminum specimen was also used as the reference to evaluate wave 
attenuation in rock samples. The mechanical and physical properties of 
all materials used in this study are given in Table 1.

2.2. Experimental setup and procedure

This study employed a test configuration that integrated an ultra
sonic testing system with a displacement-controlled loading system to 
perform simultaneous ultrasonic pulse-transmission measurements and 
uniaxial tension tests on rock specimens (Fig. 2a). The ultrasonic testing 
system38 consists of an Olympus pulser/receiver (model 5077 PR), a pair 
of Olympus P-wave transducers at a frequency of 1 MHz (model V192), a 
Tektronix digital oscilloscope (DPO 2012B), and a computer for data 
acquisition laptop, was applied to take acoustic measurements in this 
study. The two P-wave transducers, connected to the pulser/receiver, 
were aligned and positioned at the ends of the rock sample for pulse 
transmission testing.38–40 During each measurement, one transducer 
converted the square signal from the pulser/receiver into an incident 
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wave, which was introduced into the rock specimen. The other trans
ducer detected the transmitted wave after it passed through the spec
imen. The transmitted signal was then digitized, displayed, and recorded 
by a digital oscilloscope. A custom-made connecting device was used to 
mount the ultrasonic transducers and the rock specimen onto the 
displacement-controlled loading test system.34 Vaseline was applied 
between the specimen and the transducer interfaces before testing to 
ensure good coupling. The rock specimen was bonded to a metal cap 
using 3M DP460-NS epoxy resin, which was allowed to cure for 24 h to 
achieve sufficient bonding strength between the rock and the metal cap 
(Fig. 2b). Screws were then used to assemble the metal caps, ensuring 
the stability of the sample during tensile loading.

Before testing on rock specimens, a baseline test was conducted on 
the aluminum sample to calibrate the above-described test configura
tion. In the calibration test, the uniaxial tensile loading was applied to 
the aluminum sample at a constant strain rate of 1 × 10− 5 s− 1 until 
reaching 20 kN. Meanwhile, ultrasonic pulse-transmission tests were 
performed on the aluminum sample at every 1 kN increment. The 

transmitted waves collected from an aluminum sample under tension 
showed minimal changes at each loading step, consistent with theoret
ical expectations, confirming the stability and reliability of our experi
mental setup.41,42 After the calibration, the test configuration was 
adopted to carry out experiments on rock specimens following the same 
procedure until their failure. The transmitted waveforms with a 100-μs 
duration were recorded at each increment of 1 kN during the tensile 
loading process. Note that 32 waveforms were stacked for each ultra
sonic measurement to obtain a high signal-to-noise ratio. In addition, 
two 20 mm-long strain gauges were oppositely mounted on the middle 
of the surface of the tested rock sample to record the longitudinal strain.

2.3. Ultrasonic wave data processing

To quantitatively describe the behavior of elastic waves propagating 
across rock specimens, we compute a set of essential wave properties, 
including the P-wave velocity (VP), peak-to-peak amplitude (APTP), 
maximum spectral amplitude (Smax), dominant frequency (fd), and wave 

Fig. 1. Rock specimens used in this study: (a) Micrographic images of thin sections of quartz diorite (left), diabase (center), and cement (right), (b) Photographs of 
intact and fractured quartz diorite (left) and diabase (right) specimens, and (c) illustration of modified Brazilian test.

Table 1 
Basic Physical and Mechanical Properties of Materials Used in this Study.

Materials Uniaxial compressive strength 
[MPa]

Uniaxial tensile strength 
[MPa]

Young’s modulus 
[GPa]

Bulk density [kg/ 
m3]

Poisson’s 
ratio

Porosity 
[%]

Quartz Diorite 215.2 5.2 74.90 2807 0.33 0.54
Diabase 360.5 7.9 98.20 2915 0.35 0.42
Ultra-High-Performance 

Cement
193.8 8.6 46.76 2320 0.24 0.45

Aluminum – – 68.0037 270037 0.3337 –
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attenuation (1000/Q) from collected ultrasonic waveforms.
The P-wave velocity was computed as the sample length (L) divided 

by the travel time of transmitted waves (t), i.e., VP = L/ t. We deter
mined the travel time by picking the first extremum and zero-crossing of 
pulse amplitude for calculating the first-extremum and first-break wave 
velocities, respectively (Fig. 2c). The first-extremum wave velocity (Ve) 
is determined by the first-extremum time at which the amplitude rea
ches its first extremum.43 The travel time of pulses in rock specimens is 
corrected by measuring the difference in the timing of the 
first-extremum amplitude when the rock core lies between the trans
ducers relative to when the transducers are placed directly in contact.44

The first-break wave velocity (Vb) is calculated from the first-break time 
(i.e., onset time) at which the signal’s energy is first detectable.45 The 
onset time is less influenced by the dispersion-dependent waveform 
modification, which is more consistent than the first-extremum time 
relying on picking some later waveform features likely to be affected by 
wave dispersion.44 Comparisons of wave velocities calculated from 
various methods are made in Table 2. Both first-extremum and 
first-break wave velocities exhibit similar trends with increasing tensile 
load.

In our experiment, the ultrasonic waveforms were less noise- 
contaminated and recorded at a high sampling rate (109 Hz) such that 
the Nyquist frequency (5 × 108 Hz) is much larger relative to their 
frequency bandwidth (105–106 Hz). Such high-fidelity signals allow 

greater accuracy in determining the onset time of signals46; thus, this 
study focuses only on the evolution of the first-break wave velocity.

The peak-to-peak amplitude, defined as the difference between the 
trough and peak amplitudes of the first-arriving pulse, was directly 
determined from the received waveforms. As illustrated in Fig. 2d, we 
extracted signals from the original waveforms through a taper function. 
Then we conducted the fast Fourier transform on the tapered signals to 
derive the frequency spectra,10 with the maximum spectral amplitude 
and dominant frequency further determined. Based on the frequency 
spectra, the inverse of the quality factor (1/Q) was assessed through the 
spectral ratio method in which ln(A1 /A2) = − πfL[(1 /Q1v1) − (1 /Q2v2)]

(subscripts 1 and 2 denote the aluminum reference and the rock spec
imen, respectively) to quantify wave attenuation in rock specimens.47

Furthermore, we define the relative variation (ΔΨ) of an elastic wave 
property as a function of the normalized load using the ratio ΔΨ = (Ψτ −

Ψ0) /Ψ0, where Ψτ and Ψ0 are values of the aforementioned elastic wave 
properties measured at a specific tensile load (Ψτ) and before tensile 
loading (Ψ0), respectively.

2.4. Microstructural analysis

The tension-driven failed rock specimens were carefully recon
structed using transparent epoxy resin to prepare thin sections for 
petrographic microstructural analysis. The thin sections parallel to the 

Fig. 2. Experimental setup and representative data for this study: (a) Schematic of the self-developed test configuration, (b) Illustration of the specimen-transducers 
assembly achieved by the custom-made connecting device, (c) Illustration of travel time picking using different methods, (d) Illustration of the extraction of first 
arriving pulses via a taper.
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loading direction were cut from the epoxied post-mortem cemented rock 
fractures. The Nikon Eclipse 50i POL Polarizing Microscope equipped 
with a digital camera was employed to identify and capture the micro
structural features of the well-prepared thin sections. We manually 
identified the microscopic scale defects, including microcracks and 
pores in the representative thin sections, and conducted quantitative 
analysis.

2.5. Methods for estimating static and dynamic fracture stiffness

The fracture stiffness is defined as the ratio of the incremental stress 
across the fracture to the corresponding incremental displacement. In 
the quasi-static mechanical case, the static fracture stiffness (κS) is rep
resented by the slope of the tangent to the stress-displacement. The 
fracture deformation can be determined by subtracting the deformation 
of the host rock from the total deformation of a fractured rock sample.48

For jointed rock specimens with the linear tensile stress-displacement 
relation, κS can be obtained from a linear fitting of the stress versus 
displacement curve; while for jointed rock specimens with a nonlinear 
deformational behavior under tension, κS can be calculated by fitting the 
tensile stress-displacement curves via the empirical model in the 
following34

κS =

1
κi

(
1
κi
+ d

ασt

)2 (1) 

where d is the displacement of the cemented fracture under tension, κi is 
the initial fracture stiffness at zero tensile stress, σt is the tensile strength 
of rock joints, and α is a correction factor.

On the other hand, dynamic fracture stiffness (κD) is related to the 
transient evolution of elastic waves accompanied by dynamic rock 
fracture deformation. Based on the displacement discontinuity model, 
the measured wave velocity and the spectral amplitudes can be used to 
calculate the transmission coefficient (|T(ω)|) across a rock fracture as10 

|T(ω)|=

⎡

⎣
4
(

κD
Z

)2

4
(

κD
Z

)2
+ ω2

⎤

⎦

1
2

(2) 

where ω is the angular frequency, κD is the dynamic fracture stiffness, 
and Z is the wave impedance given by the product of rock density and 
phase velocity. κD equals to the value that produces the best linear 
regression between the theoretically predicted and experimentally 
measured frequency spectra. Note that κD can be frequency dependent.49

3. Results

3.1. Mechanical responses of rock specimens under tension

Fig. 3a shows that the stress-strain curves of both intact and jointed 
quartz diorite specimens are nonlinear from the beginning of the loading 
to the failure (i.e., peak stress). The higher the degree of nonlinearity, 
the lower the uniaxial tensile strength (UTS), but the larger the failure 
strain (FS). Regardless of the existence of cemented fractures, the slope 
of stress-strain curves (i.e., effective modulus) of quartz diorite speci
mens gradually decreases with the increasing tensile stress (Fig. 3a). The 
quartz diorite specimens with cemented fractures have lower UTSs than 
the intact specimens. The average UTS of jointed quartz diorite speci
mens is 4.93 ± 0.35 MPa, i.e., about 90 % ± 6 % of the UTS of the intact 
quartz diorite sample. In addition, the jointed quartz diorite specimens 
exhibit larger FS than the intact counterpart. The mean FS of jointed 
quartz diorite specimens is 225 ± 47 με, which is around 134 % ± 28 % 
of that of the intact quartz diorite specimen.

In contrast, the stress-strain curves of all diabase specimens are 
nearly linear up to failure, exhibiting a typical brittle failure behavior for Ta
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both intact and jointed diabase specimens (Fig. 3b). The effective 
modulus for diabase specimens with cemented fractures is lower than 
that for the intact diabase specimen. The jointed diabase specimens have 
lower UTSs compared to the intact sample. The UTS of diabase speci
mens with cemented fracture varies from 3.87 to 6.47 MPa, approxi
mately 49 %–82 % of the intact diabase. The FS of jointed diabase 
specimens could be larger or smaller than that of the intact diabase 
sample. There is no clear correlation among the effective modulus, UTS, 
and FS for all diabase specimens. D-F-3 has UTS and FS similar to D-I, 
and D-F-1 has UTS and FS similar to D-F-2. It is likely due to localized 

microstructural variations at the cement interface or within the diabase 
matrix. These variations may result from heterogeneities in grain size, 
microcracks, and cement bonding quality, leading to differences in 
fracture behavior.

The comparison between Fig. 3a and b indicates that the UTS of the 
intact quartz diorite specimen is smaller than that of the intact diabase 
specimen. By contrast, jointed quartz diorite specimens have higher or 
lower UTS than jointed diabase specimens. In addition, the FS of quartz 
diorite specimens is much greater than that of the diabase specimens.

Fig. 3. The tensile stress-strain relationships for (a) Quartz diorite specimens and (b) Diabase specimens.

Fig. 4. Wave velocity and its relative variation during the tensile loading process for (a–b) Quartz diorite specimens and (c–d) Diabase specimens. The normalized 
tensile load is determined by normalizing a specific tensile load to the ultimate load at the tensile failure.
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3.2. Elastic wave properties in rock specimens under tension

3.2.1. Wave velocity
Independent of the host rock type, the wave velocity (VP) in intact 

and jointed rock specimens decreases with the increasing tensile load, 
where jointed rock specimens exhibit lower wave velocities than the 
intact ones (Fig. 4). VP for quartz diorite specimens is in the range of 
3800–4250 m/s, which is lower than that for diabase specimens in the 
range of 5900–6140 m/s (Fig. 4a & c). The relative reduction and 
decreasing rate in VP for quartz diorite specimens are more significant 
than those for diabase specimens (Fig. 4b & d). VP in quartz diorite 
specimens exhibits a maximum drop of 4 %–7 %, while the maximum 
reduction in VP for diabase specimens ranges from 0.09 % to 0.42 %. The 
decreasing trend of VP for jointed quartz diorite specimens resembles 
that for the intact quartz diorite specimen (Fig. 4b). Besides, jointed 
quartz diorite specimens show more significant VP reduction than the 
intact counterpart under the same tensile loading level, especially at 
higher tensile forces. These observations are consistent with stress-strain 
relations of quartz diorite specimens, where quartz diorite specimens 
with or without fractures exhibit a similar nonlinear deformational 
behavior, and jointed quartz diorite specimens have smaller UTSs and 
greater FS than the intact sample. By comparison, the relative decrease 
of VP is smaller for jointed diabase specimens than for the intact diabase 
specimen at a given tensile load (Fig. 4d). Specifically, the VP decreasing 
trend of D-F-3 is analogous to that of D-I, while D-F-1 and D-F-2 display a 
similar decreasing trend in VP. This phenomenon corresponds to the 
stress-strain relations of diabase specimens, where D-F-3 has similar UTS 
and FS to D-I, and D-F-1 has comparable UTS and FS to D-F-2.

3.2.2. Wave amplitudes
The peak-to-peak amplitude (APTP) monotonically decreases as the 

tensile load increases for quartz diorite and diabase specimens (Fig. 5a & 
c). Independent of the host rock type, APTP for jointed rock samples is 
smaller than that for intact specimens at a given tensile load. The jointed 
quartz diorite specimens display a similar variation of APTP with the 
intact counterpart under tension (Fig. 5a). The APTP for jointed diabase 
specimens drops smoothly with the increasing tensile load, while it 
decreases at an increasing rate for the intact diabase specimen (Fig. 5c). 
APTP for quartz diorite specimens displays maximum decreases of 24 %– 
40 %, while the utmost reduction in APTP for diabase specimens is from 
9 % to 45 % (Fig. 5b & d). The intact and jointed quartz diorite speci
mens exhibit similar APTP reduction trends with increasing tensile force 
(Fig. 5b). Under a specific tensile loading level, the relative APTP 
decrease for jointed quartz diorite specimens is comparable to that for 
the intact sample. By contrast, the jointed diabase specimens generally 
display a smaller APTP reduction than the intact diabase specimen, 
especially under high tensile forces (Fig. 5d). The relative APTP decrease 
for the intact diabase specimen increases at an increased rate throughout 
the tensile loading process. For tensile loads below 82 % of the ultimate 
load, D-F-1, D-F-2, and D-F-3 exhibit a similar APTP decreasing trend, 
with the APTP ultimately reducing by 7 %–8 %.

The maximum spectral amplitude (Smax) gradually decreases with 
the tensile force for quartz diorite and diabase specimens; the jointed 
rock specimens have smaller Smax than the intact samples (Fig. 5e & g). 
The tension-driven variation of Smax resembles that of the APTP decline. 
The Smax decrease is roughly identical to the APTP reduction for quartz 
diorite and diabase specimens at a specific tensile force (Fig. 5f & h). 
Specifically, the Smax reduction for QD-F-1 and QD-F-3 is more signifi
cant than that for QD-I, while QD-F-2 exhibits a similar trend of Smax 
drop compared to QD-I (Fig. 5f). The relative decrease in Smax for D-F-1, 
D-F-2, and D-F-3 is commonly smaller than that for D-I, particularly 
when the tensile load is high (Fig. 5h).

Compared to wave velocity (VP), wave amplitudes (APTP and Smax) in 
quartz diorite and diabase specimens are less sensitive to tensile loading, 
except for the last data point. As the tensile load reaches approximately 
90 % of the failure force, D-F-3 shows significant reductions in APTP and 

Smax. In contrast, APTP and Smax remain gently reduced for D-F-1 and D-F- 
2. This observation is consistent with wave velocity trends.

3.2.3. Dominant frequency
For both host rock types tested in this study, the dominant frequency 

(fd) for intact and jointed rock specimens gradually shifts toward smaller 
values as the tensile load increases (Fig. 6). The values of fd for quartz 
diorite specimens are at 0.24–0.37 MHz, lower than that for diabase 
specimens at 0.62–0.72 MHz (Fig. 6a & c). At a given tensile load, fd for 
jointed quartz diorite specimens is smaller than that for the intact 
sample (Fig. 6a). In contrast, there is no clear correlation between the 
cemented fractures and fd for diabase specimens (Fig. 6c). The values of 
fd for D-F-1 and D-F-2 are lower than that for D-I, while D-F-2 exhibits a 
slightly larger fd than D-I throughout the tension. The quartz diorite 
specimens display the maximum fd drop of 9 %–22.5 %, while the 
dominant frequency for diabase specimens ultimately decreases by 2 %– 
7 % (Fig. 6b & d). The tension-driven fd shifting tendency for jointed 
quartz diorite specimens is similar to that for the intact counterpart 
(Fig. 6b). The relative fd decrease for QD-F-1 and QD-F-2 is close to that 
for QD-I, whereas QD-F-3 exhibits more significant fd shifts than QD-I at 
a specific tensile loading level. By comparison, the tension-induced fd 
drop for jointed diabase specimens is generally smaller than that for the 
intact diabase specimen, especially at the high-level tensile loading 
(Fig. 6d). D-F-1, D-F-2, and D-F-3 exhibit a similar fd decreasing trend 
with a maximum fd reduction of 2 %–2.5 %, whereas the fd decrease for 
D-I accumulates at a faster rate to 7 % over the tensile process.

The evolution of dominant frequency (fd) is in accord with that of 
wave velocity (VP) and amplitudes (APTP and Smax) for rock specimens 
subjected to uniaxial tensile loading (Figs. 4–6). Compared to VP, APTP, 
and Smax, the dominant frequency fd displays local plateaus upon the 
rising tensile load. The fd drop is generally greater than the VP reduction 
but smaller than the decreases of APTP and Smax throughout the tensile 
loading.

3.2.4. Wave attenuation
Wave attenuation (1000/Q) in intact and jointed quartz diorite and 

diabase specimens linearly increases with the tension (Fig. 7a & c). The 
jointed quartz diorite specimens exhibit more wave attenuation (i.e., 
larger 1000/Q) than the intact sample at a given tensile force, and the 
difference gradually becomes more significant as the tensile force in
creases (Fig. 7a). Similar trends of 1000/Q are observed for diabase 
specimens D-F-1 and D-F-3, but 1000/Q for D-F-2 is comparable to that 
for D-I throughout the tensile process (Fig. 7a). Wave attenuation 
(1000/Q) increases at a much higher rate for diabase specimens than for 
quartz diorite specimens with the tensile loading force (Fig. 7b & d). The 
value of 1000/Q for quartz diorite specimens ultimately increases by 
560 %–730 %, while diabase specimens display the accumulated growth 
in 1000/Q of 2300 %–5700 % over the tensile process. The jointed 
quartz diorite specimens exhibit an increasing trend of 1000/Q similar 
to the intact sample (Fig. 7b). The accumulated increase in 1000/Q for 
the intact quartz diorite specimen is 1.1–1.3 times larger than that for 
jointed quartz diorite specimens. By comparison, the intact diabase 
specimen displays a much faster rate of the relative 1000/Q increase 
than the jointed diabase specimen (Fig. 7d). The 1000/Q growth for the 
intact diabase sample is 1.5–2.5 times higher than that for jointed dia
base specimens.

Wave attenuation (1000/Q) exhibits approximately opposite altering 
trends to the dominant frequency (fd) for rock specimens under tension 
(Figs. 6 and 7). Among all wave properties evaluated in this study, 1000/ 
Q is the most sensitive to the uniaxial tensile loading, while APTP and 
Smax take second place.

3.2.5. Comparison of wave characteristics between intact and. Jointed rock 
samples

Stress-strain behavior and relative wave velocity change show 
consistent tend that D-F-3 is similar to its intact counterpart D-I (Figs. 3b 
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Fig. 5. Wave amplitudes and their relative variation during the tensile loading process for (a), (c), (e), and (g) Quartz diorite specimens, and (b), (d), (f), and (h) 
Diabase specimens. The normalized tensile load is determined by normalizing a specific tensile load to the ultimate load at the tensile failure.
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& 4d). However, relative changes in peak-to-peak amplitude (Fig. 5d), 
maximum spectral amplitude (Fig. 5h), dominant frequency (Fig. 6d), 
and wave attenuation (Fig. 7d) do not show such similarity between D-F- 
3 and D-I. Instead, jointed diabase samples show similar trends and are 
significantly different from the intact sample.

A significant drop was measured at the last data point in both peak- 
to-peak amplitude and maximum spectral amplitude in D-F-3 sample. 
Note that this is a significant drop in relative terms but not in absolute 
value. The absolute drop of this last data point is only a fraction (~5.8 
%) of that in the last data point of the intact rock.

3.3. Static and dynamic fracture stiffness

Using the methods outlined in Section 2.5, we evaluate both the 
static and dynamic fracture stiffness of cemented rock fractures to better 
interpret the variations in elastic wave parameters under tensile stress. 
Specifically, dynamic fracture stiffness is assessed using transmitted 
wave data, while static fracture stiffness is determined from mechanical 
stress-displacement data. To facilitate the analysis of tension-induced 
variations, the fracture stiffness values are normalized to their corre
sponding pre-tension values, as shown in Fig. 8. This normalization al
lows for a more direct comparison of the effects of tensile loading on 
fracture stiffness.

For jointed quartz diorite specimens, the normalized static and dy
namic fracture stiffness gradually and continuously decreases with the 
increasing tensile load (Fig. 8a). The maximum reduction in the 
normalized static fracture stiffness is 37.3 %–97.6 %, which is greater 
than that in the normalized dynamic fracture stiffness having a value of 
33.1 %–64.4 %. Notably, sample QD-F-3, which is most similar to the 

intact specimen in terms of mechanical behavior and wave attributes, 
experienced the least reduction in static fracture stiffness, suggesting 
that the microcracking damage in the host rock of QD-F-3 is similar to 
that undertaken by the intact sample under tension. For jointed diabase 
specimens, the static fracture stiffness remains almost constant, whereas 
the dynamic fracture stiffness decreases by 7.1 %–13.3 % throughout the 
tensile process until the failure of the fractured diabase specimen 
(Fig. 8b).

3.4. Microstructural characterization

The microscopic images of the representative thin sections of 
epoxied post-mortem cemented rock fractures are illustrated in Fig. 9. 
The quartz diorite contains mineral grains, siliceous cementation, and 
heterogeneous distributed micro-cracks (Fig. 9a). For the cemented 
fracture embedded in the quartz diorite, the tension-induced crack 
propagates through the host rock, the cement, and the rock-cement 
interface, with several clearly identified deflections (Fig. 9b). The dia
base consists mainly of the finer-grained matrix and uniformly dispersed 
micro-pores (Fig. 9b). The tension-driven failure occurs at the cement- 
diabase interface for the cemented fracture implanted in the diabase 
(Fig. 9b).

We conducted imaging analysis on twenty microscopic photos of thin 
sections with ImageJ. Fig. 10a illustrates the identification of micro
structural features in some typical images. The quantitative size distri
bution of grains and micro defects in quartz diorite and diabase are 
presented in Fig. 10b and c. The diabase exhibits a narrower grain and 
microdefect size distribution than the quartz diorite. Fig. 10b shows that 
the grain size for the quartz diorite, mostly ranging from 0.211 mm to 

Fig. 6. Dominant frequency and corresponding relative variation during the tensile loading process for (a–b) Quartz diorite specimens and (c–d) Diabase specimens. 
The normalized tensile load is determined by normalizing a specific tensile load to the ultimate load at the tensile failure.

H. Yang et al.                                                                                                                                                                                                                                    International Journal of Rock Mechanics and Mining Sciences 186 (2025) 106024 

9 



0.589 mm, is much larger than that for the diabase, primarily within 
0.024–0.199 mm. The micro defect size for the quartz diorite, mainly in 
the range of 0.106–0.298 mm, is greater than that for the diabase, 
mainly within the range of 0.039–0.148 mm (Fig. 10c).

4. Discussion

4.1. Comparison of elastic wave propagation under tension and 
compression

Our experiments show that tensile loading significantly impacts 
elastic wave propagation across cemented rock fractures, reducing wave 
velocity, amplitude, and dominant frequency while increasing attenu
ation. We make a comparison between our work and previous research 

Fig. 7. Wave attenuation and its relative variation during the tensile loading process for (a–b) Quartz diorite specimens and (c–d) Diabase specimens. The normalized 
tensile load is determined by normalizing a specific tensile load to the ultimate load at the tensile failure.

Fig. 8. The normalized dynamic and static fracture stiffness for (a) Quartz diorite and (b) Diabase fractured specimens throughout the tensile process. The 
normalized tensile load is determined by normalizing a specific tensile load to the ultimate load at the tensile failure.
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Fig. 9. Representative thin-section microphotographs of post-mortem cemented fractures in (a) Quartz diorite specimens and (b) Diabase specimens subjected to 
uniaxial tensile loading.
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focusing on wave propagation under compression loading,10,17,50,51

where the stress for compression is set to be positive while that for 
tension is negative (Fig. 11). It indicates consistent trends in elastic wave 
behavior under both compression and tension stress conditions. The 
stress dependency of elastic wave properties can be attributed to the 
variation in stiffness of microscopic scale fractures. Under compression, 
increasing stress enhances fracture stiffness by closing apertures and 
increasing asperity contact.52 In contrast, tensile stress promotes frac
ture opening through microcrack growth, which reduces fracture stiff
ness. The comparison also reveals that attenuation is more sensitive to 
tensile stress, whereas spectral amplitude is more responsive under 
compression. This suggests the potential of using different elastic wave 
parameters to distinguish between stress states in jointed rocks.

The variation in elastic wave properties can be linked to the elastic 
nonlinearity of the rock specimens,53 arising from microcracks, 
grain-grain contacts, inter-grain cementation, etc.41 The greater relative 
changes in wave properties observed in intact diabase than jointed ones 
indicate higher elastic nonlinearity in intact diabase. This observation is 
consistent with the findings of Manogharan et al.,20,54 which attribute 
the reduced nonlinearity in jointed samples to strain localization near 
the fracture. The tension-driven debonding or weakening is observed at 
the cement-diabase interface, indicating that stress concentration occurs 
(Fig. 9). Conversely, jointed quartz diorite specimens exhibit greater 
nonlinearity than intact ones under tensile loading, which is likely due 
to the higher local compliance introduced by fractures in the host 

rock.21,55 The stress-strain curves of quartz diorite (Fig. 3a) support this 
explanation, and further analysis reveals that the tension-driven cracks 
cross the host rock, host-cement interfaces, and cement, indicating sig
nificant strain in the host rock (Fig. 9). Our results suggest that micro
cracks in the host rock significantly influence wave propagation 
behavior, highlighting the need to consider both host rock and fracture 
properties when interpreting wave propagation behavior in surveying 
applications.

4.2. Influence of cemented rock fractures

Our results show that the tension-induced debonding for quartz 
diorite specimens with cemented fractures passes through the host rock, 
the cement, and the rock-cement interface, with multiple deflections 
observed (Fig. 9a). This behavior, consistent with the numerical results 
of Virgo et al.,56 is likely due to the high strength contrast between the 
host rock and the cement and the kinking of the interfacial crack. The 
elastic moduli mismatch of the mineral phases creates stress concen
trations, promoting crack initiation inside the quartz diorite under 
tension. The tightly interlocked crystals in quartz diorite also contribute 
to both intergranular and intragranular cracking, leading to significant 
microcracking in the host rock matrix during loading. In contrast, 
jointed diabase specimens fail mainly along the cement-diabase inter
face (Fig. 9b). It can be attributed to the weaker bond strength compared 
to the host rock, which concentrates tensile stress and directs tensile 

Fig. 10. (a). Illustration of evaluating microstructural features of rock samples based on microscopic photos of representative thin sections, where blue lines 
represent the long axis of grains, and red curves stands for micro defects; histograms showing the distribution of (b) grain size and (c) micro defect size for quartz 
diorite and diabase. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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fracture propagation.57,58 Similar behavior has been observed in 
calcite-cemented fractures in field,59 where the interface plays a critical 
role in controlling fracture propagation.

The mechanical response of jointed rocks with cemented fractures to 
tensile stress could be closely linked to their microstructural 
features.60–65 Quartz diorite exhibits nonlinear stress-strain behavior 
similar to that of naturally fractured rocks with high density of 
pre-existing microcracks.66 These microcracks intensify local stress 
concentrations and accelerate crack propagation,67 forming multiple 
fracture process zones,68,69 and reducing effective modulus under ten
sile load,70 explaining the pronounced nonlinearity observed in the 
stress-strain curve. The diabase, on the other hand, shows a linear 
stress-strain relationship similar to limestone with natural fractures.66

This is because the diabase has fewer pre-existing microcracks (Fig. 10), 
leading to a more uniform stress distribution in the host rock and crack 
propagation occurring primarily on the cemented joint interface and 
near the peak tensile load.68

The influence of cemented fractures on elastic wave behavior is 
similarly tied to microstructural changes. In quartz diorite, tensile stress 
expands pre-existing microcracks and pores, reducing elastic moduli, 
wave velocities, and amplitudes, while increasing attenuation. The 
largest pre-existing microcracks in quartz diorite, approximately 0.8 mm 
in size, can grow to the millimeter-to-centimeter scale that is compa
rable to the wavelength, causing substantial wave scattering. In contrast, 
diabase, with fewer microcracks, experiences less deformation and 
moderate changes in wave properties. However, the failure is rapid 
when the jointed sample reaches failure stress. The variation of wave 

attributes adjacent to failure can hardly be captured because the ultra
sonic wave tests were conducted in incremental internal of 1 kN. The 
abrupt variations in peak-to-peak amplitude and maximum spectral 
amplitude for the D-F-3 specimen (Fig. 5d & h) may be a data point 
captured during the unstable cracking process right before the sample 
failure, which was not attained for D-F-1 and D-F-2. Future research 
using time-lapse wave measurements with higher time resolution could 
provide better insights.

4.3. Insights from static and dynamic fracture stiffness

Increases in wave velocity, wave amplitudes, dominant frequency, 
and a decrease in wave attenuation across individual rock fractures with 
increasing compressional load have been explained by the enhancement 
of fracture stiffness.1,71 Static and dynamic fracture stiffness showed 
similar variation trends in the Quartz diorite specimens, but drastically 
different trends in the jointed diabase specimens. Static fracture stiffness 
was unchanged during the tensile loading process, while the dynamic 
fracture stiffness decreased by 7.1–13.3 %. The plausible explanation is 
that the microscopic damage at low strains modifies elastic wave ve
locity and dissipation, manifesting itself as a decrease in the dynamic 
fracture stiffness, while such low strains are not sensible by the 
quasi-static stress-strain measurements using strain gauges, resulting in 
negligible changes in the static fracture stiffness. The gradual decrease 
in the dynamic fracture stiffness could be a manifestation of the stable 
crack growth along the cement-diabase interface, while the sudden 
reduction in the dynamic fracture stiffness reflects the coalescence of 

Fig. 11. Comparison of elastic wave behaviors across single rock fractures under uniaxial tension and compression: (a) normalized wave velocity, (b) normalized 
maximum spectral amplitude, (c) normalized dominant frequency, and (d) normalized value of 1000/Q. Note the vertical axes are at log scale for better visualization. 
Note that stresses extracted from those studies range from − 7 MPa to 120 MPa; hence, we normalize compressive and tensile stresses by 120 MPa and − 7 MPa, 
respectively. Besides, wave properties are normalized by the value at the start point of the loading.
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cracks at the cement-diabase interface.
More significant decreases in the fracture stiffness are observed for 

jointed quartz diorite specimens rather than jointed diabase specimens 
with the increasing tensile load (Fig. 8). These observations are broadly 
consistent with the relative changes in elastic wave properties, partic
ularly in the wave velocity and dominant frequency. It suggests that the 
microscopic characteristics of the host rocks dominate the tension- 
induced variation of fracture stiffness and then govern the elastic 
wave behaviors across cemented rock fractures. Dynamic fracture stiff
ness performs as a more reliable indicator of tensile deformation than 
static fracture stiffness because it reflects, consistently, the tensile 
loading process for both quartz diorite and diabase specimens, regard
less of their differences in microstructural characteristics. In addition, 
dynamic fracture stiffness can be assessed using seismic waves, which is 
important for field applications.

5. Conclusions

In this study, we conducted ultrasonic pulse-transmission measure
ments and direct tensile tests on quartz diorite and diabase specimens, 
both with and without cemented fractures, to investigate elastic wave 
attributes across individual cemented rock fractures under tension. Re
sults indicate that increasing tensile load decreases wave velocity, 
amplitude, and dominant frequency while increasing wave attenuation. 
Wave amplitude and attenuation are particularly sensitive to tensile 
loading.

Our measurements show that rock lithology significantly impacts 
elastic wave behavior under tension. Diabase samples exhibit higher 
wave velocity, greater amplitudes, higher frequency, and lower atten
uation compared to quartz diorite specimens. Jointed diabase shows less 
change in wave attributes than intact diabase, indicating lower elastic 
nonlinearity. In contrast, jointed quartz diorite has more pronounced 
changes, suggesting higher elastic nonlinearity. The host rock type also 
influences fracture stiffness: jointed quartz diorite shows decreasing 
static and dynamic fracture stiffness, whereas jointed diabase exhibits 
reduced dynamic fracture stiffness but constant static fracture stiffness 
under tension. This difference is primarily attributed to the higher het
erogeneity in quartz diorite, which promotes microcracking and stress 
redistribution more effectively than in diabase.

Our findings enhance the understanding of elastic wave responses 
and tensile mechanical properties of individual cemented rock fractures 
under uniaxial tension. Elastic wave changes can act as proxies for 
assessing deformation and damage in fractured rock masses subject to 
tensile loading, relevant to fluid injection, excavation, or seismic ac
tivity. However, quantifying the influence of rock matrix and cemented 
fractures remains challenging due to complex interactions among rock 
matrix properties, cement characteristics, and microstructural features. 
Advanced modeling and further experimental research are required for 
precise quantification. The focus on artificial fractures also calls for 
broader studies in diverse geological settings. Replicating in-situ stress 
conditions such as cyclic tension and mixed loading scenarios is essential 
for comprehensively understanding fracture behavior in both natural 
and engineered environments.
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