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Rock mechanical properties are critical for drilling, wellbore stability, and well stimulation. There are usually two laboratory
methods to determine rock mechanical properties: static compression tests and acoustic velocity measurements. Rocks are
heterogeneous, so there are significant differences between static elastic constants and the corresponding dynamic ones. Usually,
static test results are more representative than dynamic methods but the static tests are time consuming and costly. Dynamic
methods are nondestructive and less expensive, which are practical in the laboratory and field. In this paper, we compare the
static and dynamic elastic properties of Eagle Ford Shale by triaxial compressive tests and ultrasonic velocity tests. Correlations
between static and dynamic elastic properties are developed. Conversion from dynamic mechanical properties to static
mechanical properties is established for better estimating reservoir mechanical properties. To better understand the relationship
of static and dynamic mechanical properties, 30 Eagle Ford Shale samples were tested. According to the test results, the dynamic
properties are considerably different from the static counterparts. For all tested samples, static Young’s modulus is lower than
dynamic Young’s modulus, ranging from 55% to 90%. The difference of the static and dynamic Young’s moduli decreases with
the increasing of confining pressure. The reason may be because the microcracks closed in high confining pressure. Correlations
between static and dynamic Young’s modulus are developed by regression analysis, which are crucial to understand the rock
mechanical properties and forecast reservoir performance when direct measurement of static mechanical properties is not
available or expensive. There are no strong correlations between static and dynamic Poisson’s ratios observed for the tested
samples. Two potentially major reasons for the discrepancy of the static and dynamic properties of Eagle Ford Shale are
discussed. Lithology and heterogeneity may be the inherent reasons, and external causes are probably the difference in strain
amplitude and frequency.

1. Introduction

In recent decades, shale gas is more and more important in
the global energy and petroleum industry. Shale gas in the
U.S.A. is predicted (AEO, 2011) at about 45% of all gas pro-
duction by 2035. The increasing significance of shale gas res-
ervoirs needs deeper understanding of shale behaviors. Most
shale rocks are heterogeneous and anisotropic, which contain
quartz, clays, carbonates, feldspars, and so on. Knowledge of
mechanical properties of shale rocks is important in lost
return, wellbore stability, and hydraulic fracturing design

during shale gas development [1, 2]. The most widely used
mechanical properties in oil development are Young’s mod-
ulus and Poisson’s ratio, which affect the fracture growth
during hydraulic fracturing [3, 4]. Mechanical properties
can be obtained either from static compression tests or from
dynamic acoustic velocity measurements [5]. Determining
rock static elastic properties directly from compression tests
is time consuming, complicated, and expensive. While deter-
mining dynamic elastic properties in the laboratory as well as
in in situ condition is easy, nondestructive, and inexpensive.
Therefore, prediction of static elastic properties from
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dynamic elastic parameters and investigation of the correla-
tions of rock static and dynamic properties are meaningful
and necessary. The laboratory measurements of rock
mechanical properties include ultrasonic velocity tests from
which the dynamic elastic parameter can be determined as
well as direct strength tests including compressive tests and
tensile tests, where rock strength and static elastic properties
are determined.

Many studies have worked on establishing the relation-
ships between static and dynamic elastic properties of lime-
stones, sandstones, carbonate, and granites [6–13]. Ide [14]
first indicated that dynamic Young’s modulus is higher than
static Young’s modulus for granite samples. Simmons and
Brace [15] concluded that the dynamic elastic modulus was
considerably higher than static elastic modulus when confin-
ing pressure is low. The difference was decreased when con-
fining pressure increased. When confining pressure is in
excess of 30,000 psi, the static and dynamic moduli are
closely equal to each other. King’s [16] experimental results
indicated that dynamic modulus was always higher than
static modulus of Boise sandstones. Jizba and Nur [17] con-
ducted a simultaneous experiment to investigate the static
and dynamic bulk moduli on sandstones. They concluded
that the static and dynamic bulk moduli were linear related
and the correlation was affected by confining pressure. Yale
and Jamieson [18] concluded that static elastic constants
and dynamic elastic constants are different for most rocks.
Testing frequency and pore fluid may cause the differences.
Ciccitti and Mulargia [19] concluded that the static modulus
of Calcare Massiccio mudstone-limestone is 5–10% lower
than the dynamic modulus. Holt et al. [20] conducted an
experiment on three different shales and concluded that
dynamic moduli are higher than the static counterparts.
And the difference was related to inclination angle. He et al.
[9] proposed that the dynamic moduli of Bakken samples
were considerably different from the static moduli measured
by triaxial compression tests.

Previous research on the comparison of static and
dynamic properties mainly focuses on sandstone, limestone,
and carbonate [6, 17, 21, 22]. In this paper, we focus on mea-
suring and comparing the static and dynamic elastic proper-
ties of Eagle Ford Shale. Static elastic properties were
measured by triaxial compression tests. Ultrasonic velocity
measurements were conducted to obtain the dynamic elastic
properties with 1MHz frequency. Correlations are developed
based on the static and dynamic parameters of 30 Eagle Ford
Shale samples to adjust the uncertainty of elastic moduli cal-
culated from the acoustic measurements for Eagle Ford Shale
formation and to lower the cost and test time.

2. Theory and Experimental Procedures

2.1. Theory. According to Hook’s law, the static mechanical
properties investigated in this work are static Young’s modu-
lus (Es) and static Poisson’s ratio (νs) which are the key
parameters to determine rock mechanical properties. In this
study, static Young’s modulus (Es) and static Poisson’s ratio
(νs) are measured from triaxial compression tests. Static

Young’s modulus is calculated as equation (1):

Es =
Δσ
Δε

, ð1Þ

where σ is the axial stress and ε is the axial strain.
The static Poisson’s ratio is expressed as equation (2):

νs =
εy
εx

�
�
�
�

�
�
�
�
, ð2Þ

where εy is lateral strain εy and εx is the longitudinal strain.
Dynamic Young’s modulus (Ed) and dynamic Poisson’s

ratio (νd) can be calculated from acoustic velocities and sam-
ple bulk density. The elastic constants are calculated based on
equations (3) and (4) (Brich, 1960, and Kate, 2012).

Ed = ρv2s
3v2p − 4v2s
v2p − v2s

 !

, ð3Þ

vd =
v2p − 2v2s

2 v2p − v2s
� � , ð4Þ

where ρ is sample density, g/cm2, vp is compressional wave
velocity, and vs is shear wave velocity, km/s.

2.2. Sample Descriptions. In this work, Eagle Ford Shale sam-
ples were used to investigate the relationship between static
elastic properties and dynamic counterparts. All the tested
samples are prescreened for visible microcracks using a com-
puted tomography (CT) scanner with a resolution of 30μm,
and only these samples with no recognizable fractures are
used for testing. Eagle Ford Shale is dark colored calcareous
mudstone with small amounts of clay minerals. White
stringers of calcite with thickness about 1mm or less are
obvious on the end faces of the sample plugs (Figure 1).
The SEM photomicrograph (Figure 2) shows the calcite
microcrystalline crystals and grains, the nanofossil frag-
ments, and organic matter filling the pore space. The TOC
ranges from 2.1wt% to 5.9wt%, likely resulting in the dark
color. X-ray diffraction (XRD) data shows the average of
24.2% quartz, 62.2% calcite, and 5.5% of total clays, with
minor amounts of dolomite, gypsum, and pyrite.

2.3. Experimental Procedures. 30 cylindrical Eagle Ford Shale
samples were prepared for this study with 1 inch in diameter
and 3 inches in length. Each sample was cut into two subsam-
ples. Subsample A is 2 inches in length, which is used for the
triaxial compression test. Subsample B is 1 inch in length,
which is for the acoustic velocity test. Because the two sub-
samples are cut from one sample, we regard that heterogene-
ity is not the dominant reason that caused the difference of
the test results. Then, the triaxial compressive tests and
acoustic velocity tests were conducted on each subsample at
room temperature (20°C). The sample preparation and test
procedures strictly followed the ASTM standard. Triaxial
compression strength, static Young’s modulus, and static
Poisson’s ratio were obtained from subsample A. Dynamic
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Young’s modulus and dynamic Poisson’s ratio were deter-
mined from subsample B. The experimental setup schematics
of acoustic velocity tests and triaxial compressive tests are
shown in Figures 3 and 4.

Before triaxial compression tests and ultrasonic velocity
tests, samples were prescreened using an industrial CT with
a resolution of 30μm; only the samples without detectable
fractures were used in the tests. All samples were dried for
24 hours, and then, physical parameters were measured
before static and dynamic tests. Triaxial compression tests
were performed on each subsample A. Displacement control
was used to conduct the compression test and loading rate
was based on the ASTM standard (ASTM D3967-08) [23].
Acoustic velocity measurements were performed on each
subsample B following the ASTM D2845 [24] standard at
various confining pressures (4, 7, 14, 20, 27, and 35MPa)
with 1MHz frequency acoustic velocity sensors in all tests.

The reason why we choose these confining pressures is
based on the formation pressure under a normal pressure
system. After mechanical tests, samples were crushed to
measure the mineralogy and TOC. Then, static and
dynamic elastic constants were determined from the
results of triaxial compression tests and acoustic velocity
tests, respectively.

3. Experimental Results and Analysis

Triaxial compression tests and acoustic velocity tests were
conducted on 30 Eagle Ford Shale samples. Static and
dynamic elastic constants were obtained according to equa-
tions (1) to (4). Relations between static and dynamic param-
eters were investigated by regression analysis. The
correlations of static and dynamic elastic constants were dis-
cussed below.

3.1. Vp and Vs Relationships. The linear relationship of Vp
and V s was observed (Figure 5). As shown in Figure 5, Vp
and V s are very well correlated with high regression coeffi-
cient, R2 = 0:91; the correlation equation of Vp and V s is
shown in equation (5). The V s can be well predicted in the
same formation. Because the acquisition of Vp from seismic
data is much cheaper than V s, this correlation equation is
valuable for estimating V s from Vp.

V s = 0:4502Vp + 0:6214: ð5Þ

3.2. Correlation between Static and Dynamic Young’s Moduli.
After triaxial compression tests and ultrasonic velocity tests,
as well as according to equations (1) and (4), static and
dynamic Young’s moduli were obtained and compared with
various confining pressure (4, 7, 14, 20, 27, and 35MPa);
see Figures 6–11. In the tested Eagle Ford Shale samples,
static and dynamic Young’s moduli are linearly correlated
and static Young’s moduli are always lower than the dynamic
Young’s moduli under all tested confining pressure. Our test

Figure 1: CT radiograph of an Eagle Ford sample cored
perpendicular to bedding.

15 𝜇m

Figure 2: SEM photomicrograph of an Eagle Ford sample cored
parallel to bedding.

Hydrostatic pressure

Core sample

P receiver

P source

Figure 3: The experimental setup schematic of acoustic velocity
tests.
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results are consistent with most of the previous studies [15,
19, 20].

Figure 12 showed the relation between static and
dynamic Young’s moduli under different confining pres-
sures. As confining pressure increased from 4MPa to
35MPa, the trendline of static and dynamic Young’s moduli
is gradually close to the 45° straight line, indicating the differ-
ence is static and dynamic Young’s moduli which decreased
with confining pressure increase. The correlations of static
and dynamic Young’s moduli under various confining pres-

sures are listed in Table 1. As observed, the static and
dynamic Young’s moduli have good linear correlation with
coefficient of correlation between 86% and 88%. With the
confining pressure increasing from 4MPa to 35MPa, the dif-
ference of maximum dynamic Young’s moduli and maxi-
mum static Young’s moduli decreased, from 24.03GPa to
18.41GPa. The ratio of static Young’s moduli to dynamic
Young’s moduli also verified the difference of the static and

Load

Confining pressure

Figure 4: The experimental setup schematic of triaxial
compressional tests.
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dynamic Young’s moduli which decreases with the increas-
ing of confining pressure, which is consistent with previous
studies [17, 25]. The reason may because the microcracks
closed in high confining pressure.

3.3. Static and Dynamic Poisson’s Ratios. The correlation
between static and dynamic Poisson’s ratios is not distinct.
Unlike Young’s modulus, the relationship between static
and dynamic Poisson’s ratios is significantly scattered.
Figure 13 exhibited the static and dynamic Poisson’s ratios
when confining pressure is 20MPa. As observed, the data
points are quite discrete and less consistent. There are also
no correlations between the static and dynamic Poisson’s
ratios under other confining pressures (4, 7, 14, 27, and
35MPa). The reason why the correlation between dynamic
and static Poisson’s ratios is poor may partially be because
of the heterogeneous and anisotropic properties of Eagle
Ford shale. The existence of microcrack and hard minerals
in the sample may also cause the scatter of the correlation.

3.4. Validating the Proposed Correlations. According to the
correlations between static and dynamic Young’s moduli
under various confining pressure (Table 1), the static
Young’s modulus can be estimated by dynamic Young’s
modulus, which is named as predicted static Young’s modu-
lus (Esp). To verify the validity of the empirical relations, the
predicted static Young’s modulus have been compared with
the measured static Young’s modulus (Esm). Figures 14–19
showed the predicted static Young’s modulus versus the
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Table 1: Correlations between Es and Ed.

CP
(MPa)

Correlation R2 max Ed − Esð Þ
(GPa)

Es/Ed

4 Es = 0:5567Ed + 3:5231 0.8635 24.03
55%–
74%

7 Es = 0:571Ed + 3:7303 0.8721 23.94
57%–
76%

14 Es = 0:5836Ed + 3:967 0.8718 23.36
59%–
77%

20 Es = 0:6091Ed + 4:1448 0.8835 22.56
62%–
80%

27 Es = 0:6367Ed + 4:9957 0.8803 19.32
65%–
88%

34 Es = 0:6843Ed + 4:9157 0.8836 18.41
68%–
90%
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measured static Young’s modulus under different confining
pressures. As observed, both Esp and Esm distribute close to
the 45° straight line, which means dynamic Young’s modulus
is reliable to estimate static Young’s modulus for the tested
Eagle Ford Shale. Table 2 illustrated the linear correlations
between Esp and Esm under various confining pressures.
The regression coefficients are high, which are between 86%
and 88%.

4. Discussions

It is necessary to investigate the causes of the difference
between static and dynamic parameters, which have been
studied for decades on various rocks, including sandstones,
chalks, and carbonates. However, to quantify the causes for
shale still remains challenging. Two potentially major rea-
sons are inherent causes and external causes.

4.1. Inherent Causes. Porosity and pore fluid may be the
inherent reasons to cause the discrepancy between the static
and dynamic properties [9, 26, 27]. The pore fluid is an
important factor of the difference between the static and
dynamic properties even in partially saturated rocks, and it
has been argued that the difference between the static and
dynamic moduli can be corrected using Biot’s theory [28].

However, even in carefully dried rocks there is a significant
difference between the static and dynamic moduli [16]. In
this study, porosity and pore fluid cannot be the key factors
for the difference between the static and dynamic properties
of Eagle Ford Shale samples. Figure 20 illustrated the porosity
of the tested 30 Eagle Ford samples. As observed, the porosity
of the tested samples is small and most of the values are
between 4% and 6% and all the tested Eagle Ford samples
are in air-dried condition. The porosity and pore fluid may
not be the dominant factors. Lithology and heterogeneity
may be the inherent reasons for the discrepancy between
the static and dynamic properties of Eagle Ford Shale. The
dynamic and static elastic parameters are nearly equal for
homogeneous materials. Previous studies have already veri-
fied that Eagle Ford Shale is heterogeneous and anisotropic
[1, 29]. The heterogeneity and anisotropy of Eagle Ford Shale
may cause the difference between the dynamic mechanical
properties and the static mechanical properties.

4.2. External Causes. The difference between static and
dynamic parameters are related to the differences in the
strain amplitude and frequency between the two measure-
ments. The static test exerts large strain amplitude (10−5–

0

10

20

30

40

50

0 10 20 30 40 50Pr
ed

ic
te

d 
st

at
ic

 Y
ou

ng
’s 

m
od

ul
us

 (G
Pa

)

Measured static Young’s modulus (GPa)

y = 0.9871x + 0.2066
R2 = 0.8785

CP: 4 MPa

Figure 14: Correlation between Esp and Esm when CP is 4MPa.

0

10

20

30

40

50

0 10 20 30 40 50Pr
ed

ic
te

d 
st

at
ic

 Y
ou

ng
’s 

m
od

ul
us

 (G
Pa

)

Measured static Young’s modulus (GPa)

y = 1.0017x – 0.0062
R2 = 0.8835

CP: 7 MPa

Figure 15: Correlation between Esp and Esm when CP is 7MPa.

0

10

20

30

40

50

0 10 20 30 40 50Pr
ed

ic
te

d 
st

at
ic

 Y
ou

ng
’s 

m
od

ul
us

 (G
Pa

)

Measured static Young’s modulus (GPa)

y = 1.028x – 0.335
R2 = 0.8642

CP: 14 MPa

Figure 16: Correlation between Esp and Esm when CP is 14MPa.

0

10

20

30

40

50

0 10 20 30 40 50
Measured static Young’s modulus (GPa)

y = 0.998x + 0.121
R2 = 0.8886

Pr
ed

ic
te

d 
st

at
ic

 Y
ou

ng
’s 

m
od

ul
us

 (G
Pa

)

CP: 20 MPa

Figure 17: Correlation between Esp and Esm when CP is 20MPa.

6 Geofluids



10−3), while the order of the dynamic test amplitude is 10−6

[30]. It is probably impossible to accurately measure static
parameters at acoustic strain amplitude. Larger static strain
amplitude results in a friction sliding along the crack surface
or boundary of grains and then softens the rock which could
decrease the static moduli [7, 30]. The dynamic strain ampli-
tude is too small to induce this kind of friction sliding, and
the dynamic strain amplitude has little impact on the
dynamic moduli [31, 32]. Meanwhile, dynamic measurement
applies high frequency (104–105Hz), which could harden the
rock and increase the dynamic moduli. While the low fre-

quency (10−4–10−1Hz) of static test could cause the visco-
elastic deformation, which would not occur in the high-
frequency acoustic test [18]. Other reasons like sample scale
effect and loading eccentricity may partially contribute to
the discrepancy of the static and dynamic parameters. In this
paper, we performed the triaxial compression measurements
with 10−4Hz strain amplitude and 0.5Hz frequency, while
the ultrasonic velocity test with 10−6Hz strain amplitude
oscillation and 1MHz frequency. The discrepancy of the
strain amplitude and frequency between the two kinds of
measurements is the dominant external causes. Other factors
may also contribute to the difference of the dynamic and
static properties, including scale effects of the testing samples,
test performing conditions, and site circumstances.

5. Conclusions

In this paper, the comparison of the static and dynamic
mechanical properties was conducted on 30 Eagle Ford Shale
samples. The correlations between the static and dynamic
mechanical properties were developed. The specific conclu-
sions are as follows:

(1) Vp and V s are very well correlated with high regres-
sion coefficient. The correlation equation of Vp and
V s is developed and V s can be well predicted by Vp

(2) The dynamic Young’s modulus of Eagle Ford Shale is
considerably different from the static counterpart.
For all tested samples, static Young’s modulus is
lower than dynamic Young’s modulus, ranging from
55% to 90%. Correlations between the static and
dynamic Young’s moduli are developed by regression
analysis

(3) The difference between the static and dynamic
Young’s moduli decreases with the increasing of con-
fining pressure. The reason may be because the
microcracks closed in high confining pressure

(4) There is no strong correlation between the static and
dynamic Poisson’s ratios observed for the tested
Eagle Ford samples
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Table 2: Correlations between predicted Es and measured Es.

CP (MPa) Correlation R2

4 Esp = 0:967Esm + 0:206 0.8705

7 Esp = 1:071Esm − 0:062 0.8835

14 Esp = 1:028Esm − 0:335 0.8624

20 Esp = 0:998Esm + 0:121 0.8885

27 Esp = 1:011Esm − 0:047 0.8852

34 Esp = 1:004Esm − 0:115 0.8797

0

2

4

6

8

10

0 5 10 15 20 25 30 35

Po
ro

sit
y 

(%
)

Sample no.

Figure 20: Porosity of the tested Eagle Ford Shale samples.
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(5) Two potentially major reasons for the discrepancy of
the static and dynamic properties of Eagle Ford Shale
are discussed. Lithology and heterogeneity may be
the inherent reasons, and external causes are proba-
bly the difference of strain amplitude and frequency
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