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ABSTRACT 
For the design of deep excavations, it is essential to characterize how the surrounding rock mass deforms elastically under 
excavation-induced stresses. During the initial stages of excavation, the rock response typically occurs within the small-
strain range and can be approximated as linear elastic. Under these conditions, the small-strain (dynamic) modulus, Ed, 
governs the initial stiffness of the rock,  
Accurate characterization of small-strain stiffness is critical for predicting stress redistribution and for the design and sizing 
of support systems (e.g., rock bolts and anchors). Finite element analyses used to assess rock behaviour therefore require 
an elastic modulus representative of this initial stiffness. In this context, the dynamic modulus provides a more realistic 
representation of the small-strain response of rock than the conventional static modulus, Es, and contributes to a more 
reliable estimation of the corresponding rock mass modulus for predicting stress redistribution around excavations. 
The small-strain modulus captures the initial elastic behaviour prior to the onset of yielding or damage, thereby enabling 
more efficient and economical design. A review of the literature indicates that the static modulus Es is often 20–50% lower 
than the dynamic modulus Ed, which can result in an underestimation of stiffness when Es is used for small-strain 
applications. 
In this paper, the relationship between Es and Ed is investigated using results obtained from the same core samples, 
tested first using ultrasonic pulse velocity measurements and subsequently through conventional uniaxial compression 
testing. 

 
RÉSUMÉ 
Pour la conception des excavations profondes, il est essentiel de caractériser la manière dont le massif rocheux 
environnant se déforme de façon élastique sous l’effet des contraintes induites par l’excavation. Durant les premières 
étapes de l’excavation, la réponse du massif se situe généralement dans le domaine des petites déformations et peut être 
approximée comme linéaire élastique. Dans ces conditions, le module dynamique, Ed, gouverne la rigidité initiale du massif 
rocheux. 
Une caractérisation précise de la rigidité à petites déformations est essentielle pour prédire la redistribution des contraintes 
et pour le dimensionnement des systèmes de soutènement (p. ex. boulons d’ancrage, tirants). Les analyses par éléments 
finis utilisées pour évaluer le comportement du massif rocheux nécessitent donc un module élastique représentatif de cette 
rigidité initiale. Dans ce contexte, le module dynamique fournit une représentation plus réaliste du comportement à petites 
déformations que le module statique conventionnel, Es, et permet une estimation plus fiable du module du massif 
rocheux utilisé pour prédire la redistribution des contraintes autour de l’excavation. 
Le module à petites déformations traduit le comportement élastique initial avant l’apparition de la plastification ou de 
l’endommagement, ce qui permet une conception plus efficace et économique. Une revue de la littérature indique que le 
module statique Es est souvent de 20 à 50 % inférieur au module dynamique Ed, ce qui peut conduire à une sous-
estimation de la rigidité lorsque Es est utilisé pour des analyses en petites déformations. 
Dans cet article, la relation entre Es et Ed est étudiée à partir de résultats obtenus sur les mêmes carottes, testées d’abord 
par mesures de vitesse des ondes ultrasoniques, puis par essais de compression uniaxiale conventionnels 

 
 

1 INTRODUCTION 
 

At the design stage of excavation support systems, the 
reliable characterization of rock mechanical properties is 
essential. Among these, stiffness plays a critical role in 
controlling deformation. In engineering practice, the 
stiffness used for numerical analyses is the rock mass 
stiffness, which is inferred from laboratory measurements 

of intact rock stiffness together with the geological 
characteristics of the rock mass, including discontinuities, 
bedding, weathering, and rock quality. In particular, the 
stiffness at the initial stage of deformation is best 
represented by the dynamic (small strain) modulus, 𝐸𝑑, 
rather than the static modulus (Fattahi and Moradi 2018). 

At the early stages of excavation, the rock mass 
typically responds within the small-strain range, typically on 



 

the order of 10-6 to 10-4, where its behavior can be 
reasonably approximated as linear elastic. Under these 
conditions, the small-strain modulus of the intact rock 
governs its initial elastic response and provides the basis 
for estimating the corresponding rock mass stiffness, which 
controls the onset of deformation around the excavation. 
This modulus reflects the intact elastic response prior to the 
development of significant microcracking, yielding, or 
damage (Shen et al., 2024; Chapman et al., 2023). 

In contrast, the static modulus, 𝐸𝑠, corresponds to 

higher strain levels, typically on the order of 10-3 to 10-5, and 
is generally lower due to the progressive activation of 
discontinuities and inelastic mechanisms. Consequently, 
𝐸𝑑 is more appropriate for describing the initial response 

immediately following excavation, while 𝐸𝑠 is more 
representative of the deformation at working strain levels 
(Wang et al. 2020, Shen et al. 2024). 

Numerous empirical relationships have been proposed 
in the literature to correlate 𝐸𝑑 and 𝐸𝑠, including both linear 
and power-law formulations, with coefficients that depend 
on rock type, structural features, porosity, and degree of 
weathering (Zhang et al. 2024). 

 
2 LITERATURE REVIEW AND BACKGROUND 

 
A large number of publications are available in the literature 
presenting relationship between the dynamic modulus, 𝐸𝑑, 

and the static modulus, 𝐸𝑠. These studies consistently 

indicate that the ratio between 𝐸𝑠and 𝐸𝑑exhibits significant 
variability as a function of rock type, microcracks, porosity 
and degree of weathering.  

According to the literature, the dynamic elastic modulus 
(Ed) of rocks is generally higher than the static modulus 
(Es), with typical Ed/Es ratios ranging from 1 to 2 (Eissa 
and Kazi, 1988). This corresponds to the static modulus 
being roughly 20 % to 50 % lower than the dynamic 
modulus, depending on rock type and testing conditions. 

In general, 𝐸𝑑, derived from ultrasonic or seismic wave 
propagation, represents the small-strain stiffness of the 
material and is therefore systematically higher than the 
static modulus obtained from laboratory loading tests (Al- 
Shayea, 2004; Brotons V. et al., 2014). 

The relationship between 𝐸𝑑 and 𝐸𝑠 is commonly 
expressed using empirical formulations, including linear 
relationships of the form: 

 
 

𝐸𝑠 = 𝐴𝐸𝑑 + 𝑏 

 
 
Logarithmic and power-law expressions, reflecting the 
nonlinear stiffness degradation of geomaterials with 
increasing strain have been established. Table 1 presents 
a compilation of representative correlations reported in the 
literature for various rock types (Reza Asef and 
Farrokhrouz, 2017; Shen et al, 2024; Panchal et al, 2024). 

It is worth noting that this subject has been extensively 
investigated not only in geotechnical engineering but also 
in the oil and gas industry, where large datasets are 
obtained from geophysical measurements. In this context, 
the dynamic modulus is inferred from wave velocities and 
used to estimate the corresponding static modulus, 

enabling the characterization of rock stiffness under in-situ 
stress conditions representative of field behavior (Shen et 
al 2024). 

From an engineering standpoint, the distinction 
between 𝐸𝑑 and 𝐸𝑠 reflects the strain dependency of 
stiffness, whereby the dynamic modulus corresponds to the 
initial tangent modulus at very small strains, while the static 
modulus represents the secant or tangent modulus at 
working strain levels. Consequently, the use of appropriate 
modulus values requires careful consideration of the strain 
level induced by the excavation process, and the 
application of suitable correlations to ensure a realistic 
representation of ground deformation. 

 
Table 1. Relationship proposed by various authors 
between static (Es) and dynamic (Ed) elastic moduli 

 

Equation R2 Rock type Reference 

Es = 1.137Ed − 9.68 0.92 Granite Belikov et al. 
(1970) 

Es = 1.263Ed − 29.5 0.82 Igneous-
Metamorphic 

King (1983) 

Es = 0.64Ed − 0.32 

 

0.84 All types Eissa and Kazi 
(1988) 

Es = 0.69Ed + 6.40 

 

0.75 All types McCann and 
Entwisle (1992) 

Es = 0.2807Ed 0.60 Sedimentary Brautigam et al. 
(1998) 

Es = e(0.0477Ed) 0.72 All types Fahimifar and 
Soroush (2003) 

Es = 0.541Ed + 

12.852 

0.60 Limestone Ameen et al. 
(2009) 

Es = 0.867Ed − 

2.085 

0.96 Sedimentary  Brotons et al. 
(2014) 

Es = 0.932Ed − 

3.421 

0.97 All types Brotons et al. 
(2016) 

Es = 0.014Ed
1.96 

 

0.87 Limestone Najibi et al. 
(2015) 

Es = 1.153Ed − 15.2 

 

-- All type Nur and Wang 
(1999) 

Es= 0.541Ed + 

12.852 

0.60 Limestone Ameen et al. 
(2009) 

Es = 0.014Ed
1.96  Limestone Najibi et al. 

(2015) 

 
Based on a review of the literature, deriving a single 
universal equation to estimate the static modulus (Es) from 
the dynamic modulus (Ed) is challenging because 
numerous empirical correlations exist, often varying by rock 
type and geo-structural features. Therefore, caution should 
be exerted. 

 
3 EXPERIMENTAL PROGRAM 

 
3.1 Sample Selection and Sampling 
In this study, the tested rocks were selected from the 
Ottawa and Montreal regions. These rocks are mainly 
relatively dense with low primary porosity. However, the 



 

mechanical behavior of these rocks might be influenced by 
microstructural features such as bedding planes and/or 
microfractures. These features can be invisible, but they 
can significantly affect the wave propagation and 
mechanical response of this rock, especially at small strain 
levels (Gagné and Fuerst 2016, Assefa et al. 1999, Kang 
2018). The potential presence of such microstructures 
must therefore be considered when interpreting test 
results. 

For the Ottawa site, six rock cores were selected to 
represent the local rock conditions. The rocks consist 
primarily of limestone with interbedded shale layers. 
Among the six samples, only one exhibited a low Rock 
Quality Designation (RQD) of 55% and was described as 
heavily weathered; for this sample, performing a static 
compression test was not possible. The remaining five 
samples were described as moderately weathered, with 
RQD values ranging from 82% to 93% and unconfined 
compressive strength (UCS) values between 61.6 MPa and 
109.6 MPa. The dynamic modulus (Ed) was determined at 
Englobe Laboratory using ultrasonic equipment, in addition 
to the static modulus obtained from unconfined 
compression tests. 

At the Montreal site, 20 samples were collected from a 
regional sedimentary rock formation composed primarily of 
calcareous rock; however, four of these core samples 
consisted of intrusive mafic rock. The RQD values were 
consistently above 90%, and UCS values ranged from 
125.5 MPa to 267.1 MPa, indicating excellent rock quality.  

 
3.2 Ultrasonic testing 

 
For all specimens, ultrasonic pulse velocity measurements 
were systematically performed prior to mechanical testing 
in order to avoid any alteration of the rock fabric resulting 
from loading‑induced damage. This testing sequence 
ensures that the dynamic elastic properties reflect the intact 
rock response at very small strain levels and are not 
influenced by microcrack initiation or propagation 
associated with uniaxial compression failure. Following 
ultrasonic testing, the same specimens were subjected to 
unconfined compression tests to determine the static 
elastic modulus and Poisson’s ratio, thereby allowing a 
direct comparison between dynamic and static properties 
measured on identical material. 

The dynamic elastic properties of the rock samples 
were determined in the laboratory using ultrasonic testing 
conducted with a PUNDIT device (Portable Ultrasonic 
Non‑Destructive Digital Indicating Tester). This 

non‑destructive technique allows the characterization of 
material stiffness at very low strain levels, representative of  
the initial elastic behavior. 

 

 
Figure 1: Shear Wave Transducer for E-Modulus ( 
Extracted from Device manual) 

 
The test principle consists of measuring the 

propagation time of ultrasonic waves through a rock 
specimen. In the present study, both compressional 
(P-wave) and shear (S-wave) transducers were used to 
enable a complete ultrasonic characterization of elastic 
properties. The transmitting and receiving transducers 
were positioned on opposite faces of the specimen in a 
direct transmission configuration. For shear wave 
measurements, particular care was taken to ensure proper 
transducer alignment and polarization. 

Prior to testing, specimen end faces were carefully 
prepared to ensure good contact between the transducers 
and the rock surface. A coupling gel was applied to improve 
acoustic transmission. The ultrasonic travel path 
corresponded to the distance between the two transducers, 
which was measured accurately using a caliper. 

 
3.2.1 Shear-Wave Velocity Parameter Selection 

 
Ultrasonic parameter selection for rock core testing 
depends primarily on specimen dimensions and material 
characteristics. According to PUNDIT operating guidelines, 
the ultrasonic wavelength should exceed the average grain 
size while remaining significantly smaller than the core 
diameter to minimize scattering and boundary effects. 
ASTM D2845 further recommends a minimum lateral 
specimen dimension of at least five wavelengths. 
Appropriate transducer frequency (Figure 2), effective 
acoustic coupling, accurate arrival-time picking, and 
precise determination of the acoustic path length are 
essential to ensure reliable and reproducible laboratory 
results  

 



 

 
 

Figure 2: Frequency selection (Manuel PUNDIT©2017      
Proceq SA). 

  
3.2.2 Pre-Processing Results  

 
Laboratory ultrasonic testing of rock cores produced stable 
and repeatable waveforms under controlled conditions. For 
all specimens, the recorded A-scans displayed sufficient 
signal quality to allow clear identification of the first 
coherent shear-wave arrival. Transmission times showed 
low variability between repeated measurements on the 
same specimen, indicating consistent acoustic coupling 
and stable test conditions. These time for wave 
propagation provide a reliable basis for subsequent 
shear-wave velocity determination and dynamic elastic 
parameter calculations. 

 
 

 
 
Figure 3: Sample of measurement results 
 
 

3.3 Method of calculation 

The compressional wave velocity, 𝑉𝑝, was calculated from 

the measured travel time and the specimen length 
according to: 

𝑉𝑝 =
𝐿

𝑡𝑝
 

 

Where:  

𝑉𝑝  is the compressional wave velocity (m/s), 

𝐿  is the specimen length corresponding to the distance 

between the transmitting and receiving transducers (m), 

and 

𝑡𝑝  is the P-wave travel time (s) measured by the PUNDIT 

device. 

Similarly, the shear wave velocity, 𝑉𝑠, was calculated as: 

𝑉𝑠 =
𝐿

𝑡𝑠
 

 
where tsis the S-wave travel time (s). 

Specimen length was measured accurately using a caliper 
to ensure precise determination of wave velocities. 

The dynamic Poisson’s ratio (𝜈𝑑) was determined 
entirely from ultrasonic measurements using the measured 
P- and S-wave velocities, according to the classical elastic 
wave relationship for isotropic materials: 

𝜈𝑑 =
𝑉𝑝

2 − 2𝑉𝑠
2

2 (𝑉𝑝
2 − 𝑉𝑠

2)
 

The dynamic elastic modulus (𝐸𝑑) was then calculated from 
the ultrasonic wave velocities, the bulk density of the rock, 
and the dynamic Poisson’s ratio using the following 
expression: 

𝐸𝑑 = 𝜌𝑉𝑠
2 

3𝑉𝑝
2 − 4𝑉𝑠

2

𝑉𝑝
2 − 𝑉𝑠

2  

 
Where: 

 

𝐸𝑑  is the dynamic elastic modulus (Pa), 
𝜌 is the bulk density of the rock (kg/m³), 

𝑉𝑝and 𝑉𝑠 are the compressional and shear wave velocities 

(m/s), and 
𝜈𝑑is the dynamic Poisson’s ratio. 

 
Bulk density was determined through laboratory 
measurements. The elastic parameters derived using this 
approach represent the stiffness of the rock material in the 
small-strain domain and are considered representative of 
the initial tangent modulus applicable to low-strain 
engineering problems, such as the early response of rock 
masses during excavation. 
 

 
3.4 Factors Influencing Ultrasonic Test Results  

 
3.4.1 Experimental Factors 

 
The reliability of ultrasonic pulse velocity measurements is 
strongly influenced by several experimental parameters 
that must be carefully controlled. The selection of an 
appropriate transducer frequency (Zhang et al, 2023 is 
critical, as it governs the ultrasonic wavelength relative to 



 

both the rock grain size and the specimen dimensions, 
thereby affecting wave scattering, signal attenuation, and 
measurement resolution. To minimize boundary and 
near-field effects, specimen dimensions must be 
sufficiently large compared to wavelength. In particular, 
ASTM D2845 recommends a minimum lateral specimen 
dimension of at least five wavelengths to ensure 
representative wave propagation within rock specimens. 

Specimen geometry and end-face preparation also play 
an important role in measurement accuracy. Smooth, 
plane, and parallel specimen faces are required to ensure 
consistent contact between the transducers and the rock 
surface, and to avoid artificial distortion of the acoustic 
travel path. Acoustic coupling quality is another essential 
factor governing the efficient transmission of ultrasonic 
energy. Inadequate coupling can significantly reduce signal 
amplitude, increase noise levels, and lead to uncertainty in 
wave arrival time identification. In this study, coupling gel 
was systematically applied to improve signal transmission 
and measurement repeatability. 

Accurate alignment of the transmitting and receiving 
transducers is required to ensure that ultrasonic waves 
propagate along the intended direct path through the 
specimen. Misalignment may introduce non-axial wave 
components or increase apparent travel times, resulting in 
underestimation of both compressional and shear wave 
velocities. This aspect is particularly critical for shear wave 
measurements, as S-waves propagate within a defined 
polarization plane and are highly sensitive to transducer 
orientation. Finally, precise determination of the acoustic 
path length is fundamental, as wave velocity is directly 
proportional to the distance between transducers. Any error 
in specimen length measurement therefore propagates 
linearly into calculated wave velocities and associated 
dynamic elastic parameters. 

 
3.4.2 Factors Affecting Calculation and Interpretation 

 
Beyond the experimental setup, several data processing 
and interpretation choices influence the accuracy, 
repeatability, and comparability of ultrasonic velocity 
results. A clear and consistent definition of the time for 
wave propagation used for velocity calculation is essential, 
as different picking methods (e.g., first‑break detection, 
threshold crossing, or peak amplitude identification) may 
yield systematically different travel times and, 
consequently, affect calculated wave velocities. The 
selected picking criterion should therefore be clearly 
documented and applied consistently to all specimens. 

Signal processing procedures, including gain 
adjustment, filtering, or waveform smoothing, may improve 
the signal‑to‑noise ratio but can also modify waveform 

characteristics and influence arrival‑time identification. 
These procedures must be carefully selected and explicitly 
reported to ensure reproducibility of the results. When 
repeated measurements are performed on the same 
specimen, the averaging procedure and the treatment of 
potential outliers should also be defined in order to maintain 
statistical robustness and reduce measurement 
uncertainty. 

Interpretation of ultrasonic measurements generally 
relies on the assumption of material homogeneity and 

continuity along the wave propagation path. Deviations 
from these assumptions, such as the presence of 
microcracks, bedding features, anisotropy, or other 
heterogeneities, may locally affect wave velocities and lead 
to variability in the derived dynamic elastic parameters. 

The accuracy of rock density values used in the 
calculation of dynamic elastic modulus is also critical, as 
uncertainties in density directly impact the modulus 
estimates. Care must therefore be taken to ensure that 
density measurements are representative of the tested 
specimens. Finally, caution is required when comparing 
laboratory ultrasonic results within situ measurements or 
with values obtained using alternative testing methods, 
given differences in strain levels, stress conditions, and 
measurement scales. Scale effects should also be 
considered when extrapolating laboratory core‑scale 

measurements to rock mass behavior, since larger‑scale 
structural features and discontinuities are not captured in 
intact rock specimens. 

 
3.5 Static modulus calculation method  
 
The static elastic modulus (𝐸𝑠) was determined from 
uniaxial compression tests performed on the same rock 
core specimens previously tested by ultrasonic pulse 
velocity measurements. In accordance with ASTM D7012 
Method D, 𝐸𝑠 was calculated as the secant modulus 
between 10% and 50% of the uniaxial compressive 
strength (UCS) using the stress–strain curve obtained 
during testing. 
 

𝐸𝑠 =
𝜎50 − 𝜎10

𝜀50 − 𝜀10
 

 
where 𝜎10and 𝜎50are the stresses corresponding to 10% 

and 50% of the UCS, respectively, and 𝜀10 and 𝜀50 are the 

associated axial strains. The resulting 𝐸𝑠 values were 

compared with the dynamic elastic modulus (𝐸𝑑) derived 

from ultrasonic measurements.  

 
4 RESULTS 

 
Ultrasonic testing performed using the PUNDIT device 
provided reliable and repeatable measurements of both 
compressional (Vp) and shear (Vs) wave velocities for all 
tested rock samples. The measured wave travel times, 
combined with accurately determined acoustic path 
lengths, yielded wave velocity values representative of the 
intact rock response at very low strain levels. 

Based on the measured P‑ and S‑wave travel times and 
specimen lengths, the calculated wave velocities reflect the 
elastic behavior of the intact rock in the small‑strain 
domain. These velocities, together with 
laboratory‑measured bulk density, were used to determine 
the dynamic elastic parameters, including the dynamic 
Young’s modulus (Ed) and the dynamic Poisson’s ratio (𝜈𝑑) 
for each specimen. 

The resulting values of Ed represent the small‑strain 
elastic stiffness of the tested materials and are considered 
reliable due to their fully ultrasonic derivation and the high 
repeatability of the velocity measurements. This approach 



 

minimizes uncertainties associated with assumed material 
properties and ensures that the calculated dynamic 
modulus is representative of the intrinsic elastic behavior of 
the rock. 

 
4.1 Ottawa Site 

 
Table 2 presents the measured static and dynamic elastic 
moduli, together with the uniaxial compressive strength 
(UCS), for the five specimens tested. All specimens were 
obtained from the same geological formation and consist of 
limestone interbedded with shale. Although the number of 
specimens is limited, they were included in this study 
because they were collected from the same site, carefully 
handled to preserve their integrity, and tested under 
identical laboratory conditions using the same testing 
procedures. Consequently, the dataset provides a 
consistent basis for comparing the measured static and 
dynamic elastic moduli. 

 
Table 2. Measured geotechnical properties of the samples 

 

Sample  

Uniaxial 
Compressive 

Strength 
(MPa) 

Static Young’s 
modulus (Es) 

(GPa) 

Dynamic 
Young’s 
modulus 

(Ed) (GPa) 

1 99.8 33.8 63.5 

2 64.8 64.1 52.6 

3 61.6 33.8 43.6 

4 109.9 80.1 66.2 

5 68.3 34.9 53.1 

 
Figure 4 presents the relationship between the static 
modulus (Es) and the dynamic modulus (Ed). The linear 
equation, y =1.1431x – 14.44, with an R² value of 0.2351, 
indicates a weak correlation between Es and Ed. Two 
samples exhibit unusual behavior, with Ed values 
approximately 20% lower than Es values. 

A review of these two samples shows that they are of 
the same rock type and have similar relatively high RQD 
values. Notably, Sample 4 displays a high compressive 
strength. Visual inspection of these two samples (Figure 5), 
compared to the other three samples, does not reveal any 
distinguishing features that could explain the lower Ed 
values. 

 

 
 

Figure 4 : Es Vs Ed for Limestone – Ottawa site 

The unconstrained linear regression produced a positive 
slope of 1.143, indicating that specimens with higher 
dynamic modulus generally tended to exhibit higher static 
modulus. However, the coefficient of determination was 
relatively low (R² = 0.235), indicating considerable scatter 
in the data. Consequently, while a positive trend is 
observed, the relationship is weak and should be 
interpreted with caution, particularly given the limited 
number of specimens. 

 

 
 

Figure 5: Rock sample before and after compression test  
 

4.2 Montreal Site 
 

Tables 3 and 4 present the measured static and dynamic 
elastic moduli, together with the uniaxial compressive 
strength (UCS), for the tested specimens. To better 
evaluate the relationship between the two elastic moduli, 
the results were grouped according to lithology. The 
calcareous rocks are presented in Table 3, whereas the 
intrusive mafic rock specimens are presented in Table 4. 
This geological grouping allows the influence of rock type 
on the relationship between the static and dynamic elastic 
moduli to be assessed more clearly. 

 
Table 3. Measured geotechnical properties of the samples- 
Montreal Site – Calcareous rock 

 

Sample  

Uniaxial 
Compressive 

Strength 
(MPa) 

Static Young’s 
modulus (Es) 

(GPa) 

Dynamic 
Young’s 

moduus (Ed) 
(GPa) 

1 138.5 59.00 64.90 

2 185,1 65.60 62.40 

3 145.3 58.70 60.00 

4 116.9 47.80 62.90 

5 173.7 63.70 62.00 

y = 1.1431x - 14.445
R² = 0.2351
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6 145.2 75.90 69.90 

7 173.3 68.10 66.40 

8 153.9 50.80 68.70 

9 130.4 66.60 46.50 

10 147.0 70.20 47.50 

11 142.5 67.50 35.50 

12 163.2 72.50 84.40 

13 178.3 64.20 72.10 

14 154.9 73.50 68.00 

15 143.2 67.50 61.10 

16 125.5 38.90 64.90 

 
Table 4. Measured geotechnical properties of the samples- 
Montreal Site – Intrusive mafic rock 

 

Sample  

Uniaxial 
Compressive 

Strength 
(MPa) 

Static Young’s 
modulus (Es) 

(GPa) 

Dynamic 
Young’s 

moduus (Ed) 
(GPa) 

17 193.9 65.80 67.20 

18 185.7 66.00 65.80 

19 267.1 66.60 80.00 

20 244.8 66.80 70.40 

 
Figure 6 presents the relationship between the static and 
dynamic elastic moduli for the calcareous rock specimens. 
The regression analysis resulted in the equation Es= 
0.0203Ed + 64.419 with a coefficient of determination of 

𝑅2 = 0.0005. The near-zero slope and extremely low 𝑅2 
indicate that no statistically meaningful linear relationship 
exists between the static and dynamic elastic moduli for the 
investigated specimens. 
 

 
 
Figure 6. Es Vs Ed for limestone – Montreal site 
 
Figure 7 illustrates the relationship between the static and 
dynamic elastic moduli for the intrusive mafic rock 
specimens. The fitted linear regression yielded the 
equation Es = 0.0477Ed + 62.918 with a coefficient of 
determination of R2 = 0.4114, indicating a weak positive 
relationship between the two elastic moduli. However, 
because the regression is based on only four specimens, 

the dataset is insufficient to establish a statistically reliable 
empirical correlation.  

 

 
 
Figure 7. Es Vs Ed for Intrusive rock – Montreal site 
 
As shown in Table 3 and 4 the uniaxial compressive 
strength (UCS) of the rock samples ranges from 130 to 244 
MPa, indicating very strong rock. The RQD values are 
consistently above 90%, reflecting very good rock quality.  

Unexpectedly, 50% of the limestone specimens and 
25% of the intrusive mafic rock specimens exhibited 
dynamic elastic modulus (𝐸𝑑) values lower than the 

corresponding static elastic modulus (𝐸𝑠). This observation 
contrasts with the commonly reported behavior in the 
literature, where the dynamic modulus generally exceeds 
the static modulus 

Visual examination of these samples does not reveal 
any noticeable differences in lithology or material 
characteristics that could explain this behavior 

 
5 DISCUSSION 

 
Although empirical correlations between dynamic and 
static elastic moduli have been reported for many 
carbonate and calcareous rocks, the present dataset does 
not show a meaningful relationship. This may be attributed 
to several factors. The static modulus varies over a 
relatively narrow range compared with the dynamic 
modulus, which reduces the sensitivity of regression 
analyses and limits the detection of clear trends. In 
addition, the tested calcareous rocks likely exhibit local 
heterogeneity in mineralogy, cementation, porosity, and 
microstructural fabric, all of which can affect ultrasonic 
wave propagation differently from the response measured 
during uniaxial compression. 

A further explanation lies in the fundamentally different 
strain regimes and deformation mechanisms captured by 
the two methods. The dynamic modulus is obtained from 
ultrasonic wave propagation at very small strains and is 
therefore highly sensitive to microcracks and grain-contact 
conditions. In contrast, the static modulus is derived at 
higher strain levels, where crack closure and early 
nonlinear deformation significantly influence the apparent 
stiffness. As a result, variations in dynamic modulus are not 
necessarily reflected proportionally in the static modulus. 

y = -0.0203x + 64.419
R² = 0.0005
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These interpretations remain plausible, as no petrographic 
or microstructural analyses were performed to directly 
confirm the governing mechanisms. 

A noteworthy result is that a considerable number of 
samples exhibit Ed < Es, particularly for the Montreal site, 
which differs from trends commonly reported in the 
literature. While exceptions to the general expectation (Ed 
> Es) have been observed in very high-modulus rocks (E > 
100 GPa), where static values may exceed dynamic ones 
(Zhang et al., 2023), this condition does not apply here 
since all measured moduli are below this range. The 
observed discrepancy is therefore more likely related to the 
distinct physical principles underlying ultrasonic and static 
measurements. 

Ultrasonic testing is highly sensitive to microcracks, 
intergranular defects, incipient discontinuities, and 
imperfect coupling between the transducer and the rock 
surface. Even micro-defects that are not visually detectable 
can reduce wave velocity and lead to an underestimation 
of the dynamic modulus. In addition, the dynamic modulus 
is frequency-dependent and generally increases with 
loading frequency, as higher frequencies reduce the time 
available for microcrack deformation and energy 
dissipation. It has been reported that increasing frequency 
from low to high can raise the dynamic modulus by up to 
70% (Zhang, 2023), which may further contribute to 
discrepancies between dynamic and static measurements. 

Conversely, during uniaxial compression, increasing 
axial stress promotes partial closure of pre-existing 
microcracks, thereby increasing stiffness and potentially 
resulting in higher Es values. This effect is particularly 
relevant for sedimentary limestones characterized by 
microstructural discontinuities and anisotropy. 

From a practical standpoint, these findings indicate that 
dynamic modulus values of intact rock alone should not be 
interpreted as a direct or conservative estimate of intact 
rock stiffness. Although it is often assumed that Ed exceeds 
Es, the present results show that this relationship is not 
systematic.  

 
6 CONCLUSION 

 
This study examined the relationship between dynamic and 
static elastic moduli of sedimentary rocks from the Ottawa 
and Montréal formations using laboratory measurements 
conducted on identical rock core specimens. The results 
indicate that no meaningful correlation exists between the 
dynamic modulus (Ed) and the static modulus (Es) for the 
tested dataset.  

The commonly assumed condition that the dynamic 
modulus systematically exceeds the static modulus does 
not always hold. A substantial proportion of the tested 
samples, particularly from the Montréal site with a larger 
data set, exhibited dynamic modulus values lower than 
static values, despite very high UCS and RQD indicators. 

This behavior is probably attributed to the strong 
sensitivity of ultrasonic wave propagation to microstructural 
defects and microcracks, which may remain open at very 
small strain levels but partially close during static loading, 
leading to higher apparent stiffness. From a practical 
engineering perspective, these findings highlight the 

limitations of applying generalized empirical correlations to 
estimate static modulus from dynamic measurements. 

The results underscore the importance of developing 
site‑specific correlations.  
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