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essential for many geotechnical and geological engineering studies. This research
introduces an innovative geophysical field technique for assessing these
parameters in situ by utilizing the directional variations of P-wave and S-wave
velocities. Assuming cross-anisotropy in the soil layers at the test location, it was
shown that P- and S-wave propagation velocities along different orientations and
planes can be effectively measured through a combination of seismic refraction
and downhole surveys. The refraction data were analyzed using Seismic
Refraction Tomography (SRT), Multichannel Analysis of Surface Rayleigh
Waves (MASW), and Multichannel Analysis of Love Waves (MALW) to
estimate the horizontal P-wave velocity (Vpn), vertical S-wave velocity (Vsvy),
and horizontal S-wave velocity (Vsu), respectively.Moreover, the vertical and
oblique P-wave velocities (Vpy and Vpy) were identified by evaluating the travel
times and distances of wave signals obtained from downhole tests. These velocity
measurements were then incorporated into advanced equations formulated from
elastic wave propagation theory, facilitating the computation of elastic
parameters at the site. To evaluate the accuracy and efficiency of the proposed
approach, the obtained results were compared with corresponding laboratory
measurements, revealing a satisfactory level of agreement between the two
datasets. The proposed methodology offers a practical means for in situ
assessment of cross-anisotropic elastic properties in near-surface geomaterials
using field-based seismic techniques.

Introduction

measurements (Gu et al., 2015; Nishimura;

Accurate evaluation of elastic parameters in
natural soil formations is essential for
geotechnical and geological engineering
applications, especially when assessing soil
behavior under small-strain conditions (¢ < 107).
These parameters are typically estimated
through static, dynamic, or combined laboratory
tests on reconstituted or intact soil samples;
however, replicating in situ conditions in a
controlled setting presents significant technical
challenges. These include limitations in strain
sensor accuracy, transducer misalignment,
sample variability, calibration errors, and
interpretation  challenges in  wave-based

2014a, 2014b; Nishimura and Magalona, 2020;
Pegah et al., 2024; Xu et al., 2020). Moreover,
issues related to drilling—such as soil
disturbance, environmental impact, extended
time requirements, and high costs—further
complicate reliable data acquisition (Clayton,
2011; Pegah et al., 2016, 2017, 2021, 2022),
making the precise determination of these
parameters particularly demanding.

This research introduces an innovative method
based on field-based seismic investigations to
facilitate the in situ assessment of the elastic
properties of near-surface geological materials.
This method shows that it is possible to
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accurately determine these constants by using
the directional components of P- and S-wave
velocities, as predicted by elasticity theory. The
velocity extraction process relies on an
integrated application of seismic refraction and
downhole techniques within the designated
study area. Assuming transverse isotropy in the
subsurface medium, the horizontal P-
wavevelocity (Vpu), vertical S-wave velocity
(Vsv), and horizontal S-wave velocity (Vsu)
within soil strata can be identified through
seismic refraction surveys conducted at the
surface. The Ve model is constructed using the
Seismic Refraction Tomography (SRT) method,
which—based on seismic refraction principles—
captures the horizontal propagation
characteristics of P-waves in layered soils.
Similarly, the spatial variations of Vsy and Vs,
corresponding to vertical and horizontal shear
wave movements, can be extracted using the
Multichannel Analysis of Surface Waves
(MASW) and Multichannel Analysis of Love
Waves (MALW), respectively.

Alternatively, the measurement of P-wave
velocities in the vertical direction (Vpy), as well
as along an inclined axis within the vertical plane
forming an angle 0 with the vertical (Vpg), can be
achieved through downhole seismic testing. This
process involves understanding the borehole’s
acquisition setup and the horizontal offset
between the seismic source and the borehole
entrance. By recording the first-arrival times of
the seismic waves, Vpy values are computed for
each recorded trace. Subsequently, by adjusting
the arrival times to eliminate the influence of
source offset, the Vpy values can also be
accurately derived. It is important to highlight
that the effectiveness and precision of these
approaches in constructing subsurface velocity
models and generating underground velocity
distribution maps have been extensively
validated in prior research (Babacan et al., 2018;
Crice, 2011; Mok et al., 2016; Pegah and Liu,
2016, 2020a, 2020b; Yilmaz, 2015).

Transversely Isotropy Elastic Model and the
Relationship between Elastic Parameters and
Seismic Velocities

The transversely isotropic elasticity model,
grounded in solid theoretical principles, is
widely utilized in geotechnical engineering to
assess soil behavior under small-strain
conditions. It describes the stress-strain
relationship in soils using a stiffness matrix
derived from generalized Hooke’s law,
incorporating  five independent material
parameters: Ci1 = My, the constrained modulus
in the horizontal direction; Ci; = M,, the
constrained modulus in the vertical direction; Ca4
= Gy (or Guy), the shear modulus in the vertical
plane; Ce¢s = Gnn, the shear modulus in the
horizontal plane; and Ci3, which defines the
coupling between vertical and horizontal normal
strains. Additionally, Ci» = My — 2Gph. In this
model, the horizontal x-y plane is considered
isotropic, while the vertical z-axis is anisotropic.
The formulation captures how increments in
normal stresses (Acy, Aoy, Ac,) correspond to
changes in normal strains (Aex, Agy, Ag;), and
how shear stress increments (Atyy, ATy, ATux)
lead to respective shear strain increments (Ayyy,
Ayyz, AYix).

The elastic moduli My, My, Gy, and Gp, can be
estimated directly from the corresponding
seismic wave velocities—Vpy, Vpy, Vsy, and
Vsp—using fundamental relationships from
elastic wave theory. These equations also depend
on the mass density (p) of the material through
which the waves propagate:

My, = pViy (1)
M, = pViy (2)
Gyn = pVdy G)
Ghhn = PVén “4)

Although  these four parameters are
straightforward to compute, determining the
fifth constant, C3, is more involved. Despite its
abstract physical interpretation, C;z plays a
significant role in describing anisotropic wave
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behavior. It can be derived using oblique P-wave
velocity Vpg, the known moduli, and the
propagation angle 0 via the following equation.

C _\/[valz-,,e—MhsinZS—Mvcosze—th]Z—[(Mh—th)sinZ6—(M‘,—G\,h)cosze]2
13 — -

2 sin6 cosH

In downhole surveys, determining Vpy is more
complex than estimating Vpy, primarily due to
refraction effects in layered subsurface models.
As seismic waves cross layer boundaries, their
paths bend, making it difficult to accurately
calculate the propagation angle 6 and
corresponding velocity Vpy in deeper layers.
These values can only be reliably measured in
the first layer. However, since both 6 and Vpg
tend to approach zero and Vpy, respectively, with
increasing depth, this challenge can be addressed
by applying a limiting case of Eq. (5). When 0
— 0 and Vpy — Vpy, the expression simplifies,
allowing Ci3 to be approximated using only M,
and G

Ci3 = My — 2Gyp (6)

Once the five key elastic constants—My;, My,
Gvh, Gnh, and Cjs—are determined from seismic
velocity data, they can be used in Egs. (7) to (11),
which are based on elasticity theory. These
equations allow for the calculation of additional
anisotropic elastic properties, such as the vertical
and horizontal Young’s moduli (E, and E;) and
the Poisson’s ratios vy, Vhy, and van —where the
first subscript refers to the direction of applied
load and the second to the resulting deformation.

E, = My — (Cf3/(Mp, — Gpp)) (7)
Ep = 4Gpp (1 — (GpaMy/ (MM, — C35)) 3
Vyh = C13/2(Mp — Gpp) ©)
Vhy = 2thc13/(Mth - C%s) (10)

Vhh = 1 — (2GyuMy/ (MM, — Cf3)) (11

Implementation of The Proposed Method at a
Sandy Site

Location and Soil Composition of the Site
The examined area is locatedon a flat plain in
northern Iran. It consists mostly of loose sandy

Gon @)

soils mixed with small amounts of silt and clay.
These materials were gradually deposited over
time by wind and water. Observations of the
surface and data from boreholes confirm that the
soil layers are dry and lie above the groundwater
level.

Collection of Seismic Data

Seismic measurements were taken using P- and
S-waves with arrays of geophones arranged in a
straight line. Wave energy was created using
explosive charges and a sledgehammer and
recorded at multiple points on the surface and at
varying depths in a borehole. This setup
provided a comprehensive dataset for analyzing
the subsurface conditions.

Interpretation of Seismic Measurements

The gathered data was processed to calculate
different seismic velocity components, which
revealed how waves travel through the soil
layers. Travel times and wave dispersion were
analyzed using software tools, leading to
detailed velocity profiles that help describe the
underground structure and material properties at
the site.

Estimating Soil Elastic Properties from
Seismic Wave Velocities

In this analysis, the ground is considered to
consist of multiple soil layers. Changes in S-
wave speed with depth were used to pinpoint the
boundaries between these layers, which were
confirmed with borehole logging. Each layer’s
seismic wave velocities—both vertical and
horizontal—enabled the calculation of key
elastic parameters like stiffness and shear
moduli. These values, in turn, were used to
derive directional Young’s moduli and Poisson’s
ratios, reflecting the anisotropic mechanical
behavior of the soil. Additionally, the soil’s
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density was estimated from its P-wave velocity
using a known equation that relates these two
parameters in granular soils.

Confirming Elastic Properties Derived from
Seismic Data

Because direct testing of elastic constants wasn’t
performed, reference values for vertical Young’s
modulus (E,) were estimated using earlier
triaxial lab tests. These lab values were adjusted
to match in situ stress conditions using empirical
equations and fitted parameters based on the test
results. When compared, the E, values from
seismic data closely matched the reference
estimates, with errors under 17%, validating the
accuracy of the seismic approach for evaluating
soil stiffness.

Conclusions

This research introduced an effective
geophysical field method for determining the
cross-anisotropic elastic constants of in situ
soils. This method measures seismic wave

velocities. This method combines seismic
refraction and downhole testing techniques.
Incorporating the anisotropic characteristics of
P- and S-wave velocities into a set of equations
based on elastic wave propagation theory
enables the approach to uniquely estimate elastic
properties in situ. Treating the subsurface as a
cross-anisotropic medium, velocity models for
Vru, Vsv, and Vsg were derived from seismic
refraction tomography (SRT), multichannel
analysis of surface rayleigh waves (MASW), and
multichannel analysis of love waves (MALW),
respectively. Additionally, Vpy and Vpg
velocities were determined using travel time and
depth  data  collected from  borehole
investigations. This method was applied at a
sandy site in Iran. Although direct field
measurements of dynamic elastic constants were
unavailable, the method's performance was
preliminarily verified by comparing its results
with those from standard triaxial laboratory tests.
This comparison indicated the method's
promising accuracy and reliability.
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Fig. 4. Deriving the seismic velocity distribution models at the testing site. (a) The scheme of energy dispersion
and the dispersion curve of the fundamental mode of Rayleigh waves for the backward P-wave shot gather. (b)
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backward S-wave shot gather. (c) The plot of corrected P-wave arrival times against depth coupled with the
relevant regressed lines. (d) The 1D profiles of the anisotropic components of P- and S-wave velocities
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Table 1. Thicknesses and seismic velocity values for the soil layers at the testing site

Soil layer no. | Thickness (m) | Veu(m/s) | Vev(m/s) | Vsv(m/s) | Vsu(m/s) | Vpo (m/s)
1 5.4 340 415 198 209 408
2 10.8 490 522 281 266 N/A
3 33.8 670 789 376 341 N/A
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Table 2. Density magnitudes and cross-anisotropic elastic parameters for the soil layers at the testing site

Soil layer no. kp (10° M, My Gon G Cis Ev En Wh | Vh | Vhh
g/m3) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa) | (MPa)

1 1.80 208.3 310.5 70.6 78.7 85.5 254.1 180.7 | 033 | 0.24 | 0.15

2 1.83 440.1 500.0 144.7 129.7 210.6 357.2 3273 |1 034 | 0.31 | 0.26

3 1.87 839.4 | 1164.7 | 264.4 217.5 636.0 514.4 485.6 | 0.51 | 0.48 | 0.12

a0, 0,90 p wewl suis 43l (Pegah and Liu, 2020a)
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Table 3. Values of Ky, o'y, reference E,, estimated E, from seismic velocities, and relative errors for each soil layer

Soil layer no. Ko oy (kPa) | Ref Ey(MPa) | Calc. Ey (MPa) | Rel. Err. (%)
1 0.32 48 229.6 254.1 -10.7
2 0.34 193 3954 357.2 9.7
3 0.37 600 618.5 514.4 16.8
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