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Abstract Fiber-optic sensing is emerging as a superior means for distributed strain sensing of the
subsurface. The ability of an embedded fiber-optic cable to capture accurate strain profiles depends on

the degree of rigid mechanical coupling between the ground and the cable. However, a current challenge in
this field is to determine the actual level of ground deformation from strain signatures sensed by the

cable deployed in the subsurface; addressing this issue has been hampered by the lack of suitable theoretical
methods. Here we propose a two-step ground-cable coupling evaluation procedure, whereby we develop
analytical formulations to quantify the interaction and interface shear transfer of a ground-borehole-cable
system. We constrain key model parameters using a data set acquired with a fiber optics-instrumented
borehole for monitoring groundwater-related sediment compaction. Extensive parametric analyses reveal
that increasing the backfill modulus and cable gauge length or decreasing the borehole radius and cable
stiffness can improve the quality of strain transferred to the cable from the ground; the effect of ground
properties is comparably insignificant. Further, we develop design charts and tables at designated transfer
thresholds to facilitate the development and field deployment of fiber sensing elements. Taken together, the
theoretical quantification of ground-cable coupling should improve the state-of-the-art performance of
distributed fiber-optic strain sensing for subsurface ground movements detection and monitoring.

1. Introduction

Ground deformation—movements of the ground surface and subsurface strata—is a common phenomenon
in nature, which accompanies a host of geological processes and human activities, such as earthquakes
(Satyabala, 2006), volcanic eruptions (Brenguier et al., 2008), mass wasting (Fan et al., 2019), and subsurface
resource exploitation (Barbour et al., 2016; Erban et al., 2013). Geodetic techniques used for deformation
measurement include precision leveling, global navigation satellite system (GNSS), light detection and
ranging (LiDAR), and interferometric synthetic aperture radar (InSAR) (Galloway & Burbey, 2011;
Massonnet & Feigl, 1998). To obtain subsurface movements, field instrumentation represented by
strainmeters, tiltmeters, and extensometers is commonly utilized (Amoruso et al., 2015; Peltier et al., 2006;
Sleeman et al., 2000). These instruments can provide strains/displacements of subsurface formations but are
currently limited by discretely instrumented measuring points, if more spatial detail is needed
(Zhang et al., 2018).

Distributed fiber-optic (FO) sensing (DFOS) offers an elegant solution to this spatial undersampling problem
because this technology allows measuring a near spatially continuous profile of the measurands (e.g., strain)
along the entire length of an FO cable at kilometer scales and beyond (Hartog, 2017). DFOS technologies
used specifically for static strain measurement are also known as distributed FO strain sensing (DFOSS),
or simply distributed strain sensing (DSS). Over the past decade, DSS has asserted itself as a versatile method
by which to recover the deformation of Earth materials (Buchoud et al., 2016; Habel & Krebber, 2011;
Schenato, 2017; Shi et al., 2019; Zhang & Xue, 2019). Among the most widely studied are sediment compac-
tion sensing (Murai et al., 2013; Rabaiotti et al., 2015; Zhang et al., 2018) and landslide instability detection
(Denchik et al., 2019; Huntley et al., 2019; Iten et al., 2008; Kogure & Okuda, 2018; Moore et al., 2010;
Picarelli et al., 2015; Puzrin et al., 2020; Schenato et al., 2017; Wang et al., 2009). For field applications,
the sensing elements—FO cables—are very often installed in the ground via a trench (Hauswirth et al., 2012;
Lindsey et al., 2017; Linker & Klar, 2017) or a borehole (Lellouch et al., 2019; Murai et al., 2013; Puzrin
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Figure 1. (a) Schematic of distributed strain sensing of the subsurface using fiber-optic cables buried in the ground.
(b) Basic principle of distributed strain sensing illustrated with the example of Brillouin optical time domain

“w_»

reflectometry (BOTDR). “+” indicates tensile strain, and “—” indicates compressive strain, corresponding, respectively, to
the rebound and compaction of a formation. Note that in addition to BOTDR, Brillouin optical time domain analysis
(BOTDA), Brillouin optical frequency domain analysis (BOFDA), and Rayleigh scattering-based optical frequency domain
reflectometry (OFDR) and tunable-wavelength coherent optical time domain reflectometry (TW-COTDR) have also been
employed for distributed strain sensing applications.

et al., 2020; Rabaiotti et al., 2015; Zhang et al., 2018), with an optoelectronic instrument (known as the
interrogator) being placed on the ground for data acquisition, as sketched in Figure 1a. The strain field
transferred from the ground, through the intermediary trench or borehole, to the embedded cable results
in changes in the characteristics of the light wave within the cable. Hence, demodulation of this optical
signal will recover the amount of ground deformation.

Ideally, the strain sensed by the cable should be equal to the actual strain induced in the ground. In fact, the
assumption that the monitored FO strain sufficiently approximates the ground strain is implicit in many
practical case studies. However, the strain extracted from the demodulated signal is not fully representative
of that experienced by the ground, due primarily to the interface slippage and/or the interface shear transfer
within the ground-to-cable system (Zhang et al., 2018). Previous research has examined the ground-cable
interface shear behavior under the pullout scenario, with particular emphasis on the progressive failure of
the interface (Iten et al., 2009; Zhang et al., 2016). The deformation of an FO cable is compatible with the
surrounding media provided no relative slippage occurs (governed by the shear strength criterion), as sug-
gested by a current international standard (ASTM F3079-14, 2014). However, even though this condition
is satisfied, questions remain as to whether the acquired FO strain can be related to the actual strain present
in the ground. A survey of technical literature indicates that the strain transfer issue has been investigated
previously in the field of structural health monitoring based primarily on the shear lag theory (Ansari &
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Yuan, 1998; LeBlanc, 1999; Li et al., 2009), but the interaction mechanism and mechanical coupling of an
embedded FO cable with surrounding geological formations are not clearly understood.

This study aims to provide a theoretical approach for interpretation of the actual level of ground deforma-
tion from the strain data measured by an FO cable directly buried in the ground and to offer practical
suggestions on the choice of cable and borehole backfill. The article focuses on DSS and is organized as fol-
lows. Section 2 provides background information on the DSS measurement principle. The ground-cable
coupling evaluation procedure and analytical formulations are detailed in section 3. Extensive parametric
analyses of ground-cable interface bond and strain transfer are given in section 4. In section 5, design charts
and tables are developed and recommendations are provided for cable development and backfill selection.
Section 6 presents a concise discussion of the results. Finally, section 7 summaries findings drawn from
this work.

2. Principle of DSS for Deformation Measurement

DFOS allows measuring the spatial profile of one or more measurands (e.g., strain, temperature, vibration)
at each and every point along an FO cable. Because the cable is itself both the transmission medium and the
sensing element, no extra transducers are needed along the optical path. By exploiting the naturally
occurring Brillouin or Rayleigh backscattering phenomenon, static and dynamic strain sensing can be
achieved. Here, the strain refers to the axial strain if not otherwise stated. Brillouin scattering-based
technologies such as Brillouin optical time domain reflectometry/analysis (BOTDR/A) are commonly
employed for DSS purposes (Soga & Luo, 2018). Also being increasingly used are Rayleigh-based optical
frequency domain reflectometry (OFDR) and tunable-wavelength coherent optical time domain
reflectometry (TW-COTDR), featured with very high spatial resolution (SR) (Kogure & Okuda, 2018;
Kwon et al., 2018; Lanticq et al., 2009; Schenato et al., 2017; Zhang & Xue, 2019). The sensing principle
described below is based on the popular BOTDR technology (Bao & Chen, 2012; Horiguchi
et al., 1989; Thévenaz, 2010).

When a pulse of light generated by an FO interrogator travels through the cable, Brillouin scattering
occurs at any point along the cable. The signal resulting from Brillouin scattering, with a shift of its
frequency, propagates back toward the optical source, as shown in Figure 1b. A linear relationship
exists between the frequency shift of the Brillouin backscatter and the strain or temperature, which is
given by

Avg = C.Ae + CrAT 1

where Avg is the measured change in Brillouin frequency shift; Ac and AT are the changes in strain and tem-
perature, respectively; C, is the calibrated Brillouin frequency shift-strain coefficient of an FO strain sensing
cable; and Cr is the calibrated Brillouin frequency shift-temperature coefficient. Because the Brillouin
frequency shift is sensitive to both strain and temperature variations, temperature compensation for the
measured data needs to be performed. This can be accomplished by deploying an extra temperature sensing
cable (insensitive to mechanical strains) adjacent to the strain sensing cable. Assume the colocated tempera-
ture sensing cable has a temperature coefficient of CL, the Brillouin frequency shift due to thermal fluctua-
tions is Av} = CIAT. By eliminating this thermal effect, the real strain caused by ground deformation is
given by

1 1 Cr p
Ac = — (Avg— C1AT) = — | Avg— —A 2
€ Ce( vg— CTAT) Ce( Vg cT vB) @)

Since the cable can sense both tensile and compressive strains, by using equation 2 a continuous profile of
ground deformation (rebound or compaction, or both) can be mapped. Further details of the DSS technology
for deformation measurement may be found in Schenato et al. (2017).
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Figure 2. A flowchart for the retrieval of true ground deformation from distributed strain signatures, illustrated
with Brillouin scattering-based technologies. Brillouin frequency shifts measured from strain sensing cables should
be temperature compensated, for example, via a colocated temperature sensing cable before converting to a strain
profile. The cable interior (cable-to-fiber) strain transfer efficiency can be quantified and calibrated, and incorporated
into the frequency shift-strain coefficient (an interrogator input parameter). Hence, the focus here is on the
ground-to-cable strain transfer loss; the cable includes jacket, reinforcement, buffer, cladding, and fiber core as a
single system.

A

3. Methodology

For structural health monitoring FO strain sensing cables are either bonded to the surface of man-made
structures or directly embedded during the production of test elements by using adhesives. By contrast,
ground deformation monitoring using DSS is characterized by the following features:

« FO cables are installed in trenches or boreholes (Figure 1a) in which the backfills are the excavated soils,
non-in situ Earth materials, or bentonite cement grout. Due to lack of standardized procedures for cable
installation and backfilling, it is unclear whether ground movement-induced strains are wholly trans-
ferred to the cable.

« The ground is heterogeneous and anisotropic; the physical properties (e.g., density and water content) of
the shallow subsurface are readily influenced by the environment. Especially, the confining pressure can
vary from zero to several megapascals from the ground surface to a depth of a few hundred meters. Thus,
there may be interface slippage between the cable and surrounding Earth materials under low densities,
high water contents, or low confining pressures.

To limit the extent of the study, we here focus on borehole deployments. Given all the characteristics

described above, a good coupling between the ground and fiber should fulfill two requirements: (1) perfect

bonds exist at all interfaces including the ground-borehole and borehole-cable interfaces, and (2) strains
induced in the ground can transfer efficiently to the fiber core. Thus, the assessment of
temperature-compensated strain data should also follow two steps (Figure 2). The interface bond is deter-
mined first, and then, if the interface shear strengths have not yet been reached, a strain transfer ratio is cal-
culated to correct the acquired FO strains. These two issues are dealt with in sections 3.1 and 3.2, respectively.

3.1. Ground-Borehole-Cable Interface Bond

FO strain sensing cables for field applications are often well protected to survive in harsh geologic and con-
struction environments; the resultant cable Young's modulus is typically within the range 0.3-75 GPa (Iten
et al., 2011). Due to the modulus difference among the cable, backfilled materials, and ground, slippage is
likely to occur at the corresponding interfaces. In this section, the focus is on the borehole (backfill)-cable
interface bond.

Laboratory pullout tests showed that a backfill-cable interface may exhibit strain-softening or
strain-hardening behavior depending on backfill properties (Zhang et al., 2016). Although the
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backfill-cable interface remains partially bonded after the peak interface shear strength is reached, the relia-
bility of monitored FO data cannot be guaranteed and so the critical-state interface shear strength is not con-
sidered. Experimental evidence indicated that the classical Mohr-Coulomb failure criterion holds for the
backfill-cable interface, which is given by (Zhang et al., 2016)

™ = ¢, + octand, (3

where ¥, c., and &, are the peak interface shear strength, cohesion, and friction angle of the backfill-cable
interface, respectively, and o, is the confining pressure applied to the backfill-cable interface. For the verti-
cally buried cable, o, can be calculated by

Oc = K}/gh’ (4)

where Y, is the bulk unit weight of the overlying ground; h is the depth below the ground surface; and K is
the coefficient of lateral Earth pressure.
The backfill-cable interface shear stress can be estimated using (Zhang et al., 2016)

L E.A. de
7 2mredz

©)

where E,, A., and r. are the Young's modulus, cross-sectional area, and radius of the FO cable, respectively; €
is the monitored strain; and de/dz is the gradient of the monitored strain, which can be estimated by

de Ac
TR ©)
dz Az

where Ac is the difference in strain between two adjacent measuring points and Az is the spatial sampling
interval.

Normally, no backfill-cable slippage would occur provided that the following inequality holds: 7. < 7}
(ASTM F3079-14, 2014). To go further, a critical confining pressure, o, or depth, h.,, may be proposed.
Substitution of equation 5 into equation 3 yields

7

Ocer =

E.A. de Ce
27rtand, m tandc

dz

®)

Cr

B E A, ﬁ _ Ce

B 21 Kygtand, [z, Kygtand.
where [de/dz],, is the maximum strain gradient. As [de/dz],, decreases, a smaller o, or h, is required to
guarantee a perfect backfill-cable interface bond which is desirable in practice.

3.2. Ground-Borehole-Cable Strain Transfer

Once the interface shear stress state is determined the strain transfer from the ground to the cable should be
further considered. Because the FO cable is itself a multilayered composite, the total strain transfer ratio, #,
may be considered to comprise two ratios:

n=ap )

where a quantifies the strain transfer among the ground, backfill, and FO cable and is the focus of this inves-
tigation, whereas f3 characterizes the strain transfer within the FO cable, which is commonly calibrated by
the cable manufacturer and can be incorporated into the aforementioned frequency shift-strain coefficient.

The following derivation is based on classical strain transfer models (e.g., Ansari & Yuan, 1998;
LeBlanc, 1999; Li et al., 2009; Xiang & Wang, 2018) originally developed within the context of structural
health monitoring. To address the current physical problem (ground-borehole-cable interaction),
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Figure 3. Interaction and interface shear transfer among ground, borehole, and a fiber-optic strain sensing cable deployed
in a vertical borehole (dimensions not to scale). r, 7, and o represent radius, shear stress, and normal stress,
respectively. Subscripts, g, b, and ¢, denote ground, borehole backfill, and cable, respectively. 2L, = cable gauge length;
z = distance from cable center.

modification of the model formulation has been made pertinent to the cable type and borehole-cable
interface property. Figure 3 shows a segment of FO cable with a length of 2L, embedded in the borehole
in a direction parallel to the ground movement, together with a reference frame describing the
coordinates, dimensions, and normal and shear stresses. In this figure and the following derivations, r, w,
and u represent the radius, radial displacement, and axial displacement, respectively; 7, o, and ¢ represent
the shear stress, normal stress, and normal strain, respectively; G, E, and u represent the shear modulus,
Young's modulus, and Poisson's ratio, respectively; and the subscripts, g, b, and c, denote the ground,
borehole backfill, and cable, respectively. Additionally, the basic simplifying assumptions pertaining to
the model formulation are that each layer behaves linearly elastically and all the interfaces bond
perfectly. These indicate equivalent shear stresses or displacements at the interfaces (the
boundary conditions).

Summing the forces acting on an element of the FO cable, the following relationship is found between the
normal stress and shear stress:

do¢(z) 2 (z,7¢)

= 10
P Y (10)
Analogously, force equilibrium of the backfill (r. < r < rp,) and ground (r, < r < 1) yields
doc(z) r2  dov(z) r*—r?
_ e _ 11
"(2.7) oz 2r oz 2r an
r2do.(z) Oon(z)ri—r? dog(z)r*—ri
__r _ _ 12
w&(@7) 2r 9z oz  2r oz  2r (12)
The shear stresses are alternatively written in terms of the shear modulus and displacements:
Ouy(z,r)  Owp(z,7)
=G 13
R (3)
Oug(z,r)  Owg(z,1)
@)= Gg( a t 19
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Assuming negligible radial deformation (dw/dz = 0), the normal stresses in equations 11 and 12 are
correlated to the u displacements in equations 13 and 14. The resulting two expressions are integrated, over
r, from r. to 1, and r, to r, respectively, which yields

1 [/ri=r2 r} r\dop(z) r*, rydoe(z)
Au. = — — |[b_—c_lep )2 Tep 22 15
e GbK a2 nrc) sz 2 r & } (4

1
Aub = - —
Gg

(ré— b rg) ) | 1o (rﬁ_ el rgaat(l))] (16)

4 2 0z b 2 0z 2 0z

where Au, is the relative displacement between the backfill and cable and Auy, between the ground and
backfill.

Classical strain transfer models for a structure-protective layer-fiber core system are commonly based on the
shear lag theory under the assumptions that the Young's modulus of the middle layer is orders of magnitude
lower than that of the fiber core and that their radiuses are comparable (e.g., Ansari & Yuan, 1998; Li
et al., 2009). This, however, is not the case in our problem as the radius of the “middle layer” (i.e., the bore-
hole backfill) can be up to 65 times that of the FO cable (Zhang et al., 2018). Alternatively, Goodman's
hypothesis—a linear constitutive relation between interface shear stress and relative displacement—has
been successfully introduced to quantify the interfacial contacting state of an asphalt pavement-protective
layer-fiber core system (Xiang & Wang, 2018). This assumption is employed in this study under which
two different formulations are obtained.

If the borehole-cable interface property is considered, the governing equation for the ground-borehole-cable
strain transfer is derived as (see section Al)

”

/?EC —&=—¢& 17)
1

where 4, is a parameter encapsulating the effects of geometry and modulus of the cable and backfill and the
adhesion coefficients of the interfaces, having the following form:

-1
2

Ecre  Eor? Ec(rﬁ—r§)<Ebrc—2(1+/,¢b)kcr§ln%’>

ke 2o ke (14 p1,) (- r2- 202 In2)

M= (18)

Here we consider a fixed-point or microanchored design for the FO cable which transforms the cable into
multiple sensors in series; the distance between two neighboring fixation points or microanchors is referred
to as gauge length, 2L (supporting information Figure S1). The ground-borehole-cable strain transfer ratio,
a, and its averaged value, @, over the gauge length is readily obtained as

B cosh(4,2)
a=1 cosh(4; L) a9
B tanh (4, L)

a=1
/1ch

(20)

If the effect of ground property is taken into consideration, o« and @ are respectively derived as (see
section A2)

B cosh(4,2)
r=r (1_ cosh(/lzLC)) @D

=1 <1_ Ean;‘gﬂc)) 22)

where 1, and x, have the following forms:
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A= Prg(l +Mb)< Bl l)r (23)

E, =12, 2

E
(x—1)kgrg [ Int——— ¢
o Zkbrb (1 + Mg)
r2 2

g "o _r_élng_‘_ <1 +:ug> (ré_ r%)
4 2 1% kbrbEg

2 2 2_ 2
G4t )l )

Ey 2_2(7‘%— rg) re Eg g Iy 2

1+ 1 1 2
—2()(—1)kgrg{ 'uglng+ +Mb<7_ 2rc 2lnr—bﬂ
E, Ty Ey 2 rg—réore

K2:1—

(29

In summary, two separate expressions for the ground-borehole-cable strain transfer ratio are obtained using
different equilibrium conditions. The former allows the consideration of the influence of borehole-cable
interface adhesion, whereas the latter can be used for quantifying the effects of ground properties including
the ground modulus and ground-borehole interface adhesion. Note that when y = 1, namely the surround-
ing ground and the ground under investigation is considered as a whole, x, vanishes and only the geometry
and stiffness of the cable and borehole backfill need to be determined. Hence, the latter expression is espe-
cially favorable in practice, serving as a first approximation of the ground-to-cable strain transfer ratio pro-
vided the ground and interface properties are not readily available.

3.3. Validation and Performance Evaluation

Before carrying out a parametric analysis, the validity of theoretical developments leading to the analytical
expressions of ground-borehole-cable strain transfer ratio needs to be verified. This is accomplished by com-
parison to existing theoretical models (Ansari & Yuan, 1998; LeBlanc, 1999; Li et al., 2009) that are adapted
for addressing the current physical problem. The parameters used for the comparison are summarized in
Table S1, but the selection of their values is discussed in the subsequent section 4.1. Results from the com-
parison are presented as a matrix of four plots in Figure S2. The left plots represent the distribution of strain
transfer ratio, a, along the FO cable, whereas the right plots depict the variation of average strain transfer
ratio, o, as a function of the gauge length, 2L.. The top and bottom rows correspond to strong and weak adhe-
sions at interfaces, respectively, which are represented by high or low interface adhesion coefficients.

For the case of strong adhesions at the ground-borehole and borehole-cable interfaces, good agreement
between this work and the three analytical solutions from the literature is observed (Figures S2a and S2b).
However, there is some loss of consistency observed at short gauge lengths for Ansari and Yuan's solution.
This likely is due to the simplifying assumption made in their analysis—the strain is perfectly transferred at
the midlength of the cable, that is, cl, — o = 1, which leads to an overestimation of strain transfer when the
gauge length is relatively short. As the interface adhesion gets weaker, it is obvious both conceptually and
from our calculations presented in Figures S2c¢ and S2d that the quality of transfer decreases. By contrast,
the transfer ratios calculated by classical models remain unchanged irrespective of interface adhesion varia-
tion. This is expected as the effect of interface properties was not considered in these models, indicating that
they may not be applicable to cases of low interface adhesions. However, as the gauge length increases the
difference in calculations becomes less and the data converges to an average ratio of unity (Figure S2d).

4. Parametric Analysis

A parametric sensitivity analysis of ground-cable interface bond and strain transfer is undertaken in this sec-
tion. To keep the scope of the investigation manageable, the analysis is limited to consideration of the follow-
ing 15 parameters: ground property parameters (yg, Eg, 4g, and K), borehole and backfill property parameters
(v, Ep, and uy,), ground-borehole interface adhesion coefficient (ky,), cable property parameters (L, 7., and
E,), borehole-cable interface parameters (&, c., and k¢), and maximum strain gradient ([de/dz].,). While
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Table 1
Three Fiber-Optic Strain Sensing Cables Designed for Ground Deformation Measurement
Cable DSS-C1 DSS-C2 DSS-C3
Type Tight-buffered, Tight-buffered, steel Tight-buffered, glass

TPU-jacketed strand-reinforced, fiber-reinforced,
PE-jacketed PE-jacketed
Schematic cross section TPU jacket PE jacket
. ) ical fiber
Optical fiber Optical fibe

Radius (mm)

Weight (kg/km)
Young's modulus (GPa)
Axial stiffness (kN)
Feature description

Steel strand / Glass fiber
reinforcement

Tight buffer i
Tight buffer

1 2.5 2.9
2 38 24.5
0.37 21.67 28.00
1.2 425.5 739.8
« Can be readily prestrained and directly « Can survive in harsh environmental conditions

integrated into loose materials such as because of high mechanical performance

the topsoil « Well suited for monitoring subsurface formation
« Can withstand moderate impacts movements

during installation

Note. The optical fiber depicted consists of a fiber core (silica core and cladding collectively) and a coating. Axial stiffness is equivalent to Young's modulus multi-
plied by cross-sectional area. For distributed strain sensing applications a fixed-point or microanchored design is considered for the cables (Figure S1).
TPU = thermoplastic polyurethane; PE = polyethylene.

other factors (e.g., x, rs, and kg) may also affect ground-borehole-cable coupling, these are considered likely
to be of secondary importance; hence, consideration of their influences is deferred to future studies.

4.1. Selection of Parameter Values

4.1.1. Ground, Borehole, and Ground-Borehole Interface Properties

In the current investigation, typical geological formations from unconsolidated sediments to rock strata are
considered and so y, ranging from 16 to 33 kN/m?, E, between 0.01 and 100 GPa, and yg of 0.06-0.45 are
employed. Given the influence of drilling and backfilling, the radius of ground, rg, is set to 4 times the radius
of borehole, ry, (Li et al., 2009). Since the deformation gradient in the radial direction is relatively small com-
pared to that along the cable axis, a y of 1.1 should be reasonable. The coefficient of lateral Earth pressure, K,
exerted on the vertical cable is dependent on how the cable interacts with the ground. Although installation
of the cable may potentially disturb the stress state of the surrounding ground, to limit the complexity of the
analysis the coefficient of Earth pressure at rest ranging from 0.3 to 1 for soils or 0.1 to 0.7 for rocks
is assumed.

High-quality backfilling is essential for guaranteeing that the ground deformation would be felt by the cable.
Rabaiotti et al. (2015) reported using a cement-bentonite grout of similar stiffness as surrounding soils to
backfill and seal a borehole embedded with an FO vertical extensometer. A mixture of sand and clay was
employed by Zhang et al. (2018) to backfill a 200 m deep, 64.5 mm radius borehole; the borehole was left
to rest over a month to allow the backfill and ground to contract around the embedded FO cable. Despite
lack of standardized backfilling procedure, current practice indicates that FO borehole backfilling materials
are of similar stiffness as surrounding strata and so E}, and uy, are considered to be within 0.01-40 GPa
(Plinninger et al., 2010) and 0.15-0.45, respectively. The radius of borehole, ry, is assumed to range from
25 to 200 mm (Kogure & Okuda, 2018; Zhang et al., 2018), and the ground-borehole interface adhesion coef-
ficient, ky, from 1 to 1,000 GPa/m (Xiang & Wang, 2018).

4.1.2. Cable and Borehole-Cable Interface Properties

As mentioned earlier, FO strain sensing cables for ground deformation monitoring often have multilayer
buffer and sheath to increase their robustness. The Young's modulus, E., of a buffered cable may vary signif-
icantly depending on whether metal tubes, stranded stainless steel wires, or fiber-reinforced polymers are
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Figure 4. (a) A fiber optics-instrumented borehole for monitoring groundwater-related sediment compaction in Shengze (southern Yangtze Delta, China). Red
marker indicates borehole location (30°53'23.96"N, 120°40'47.11"E). See Zhang et al. (2018) for details on field deployment of fiber-optic instrumentation.

(b) Strain gradient estimated using a near 2-year data set (total data amount N = 36,133). Strains were measured using a tight-buffered, thermoplastic polyurethane
(TPU)-jacketed cable (DSS-C1; Table 1) deployed in the borehole. Positive and negative strains denote tensile and compressive strains, respectively. The strain

gradient does not exceed 2 X 10° " m’™

1 according to Gaussian fitting (unp + 3onp is within the range —1.77 X 103 t01.74%x 107> mfl).

employed. Generally though, E. between 0.3 and 75 GPa and r. between 0.45 and 4.5 mm were commonly
reported (Iten et al., 2011; Lienhart, 2015; Schenato et al., 2017). Consequently, E.r. ranging from 0.3 to
120 MN/m is analyzed in the current investigation. For field applications, the gauge length, 2L, of a cable
is considered to range from 0.1 to 20 m. In particular, three specially designed tight-buffered FO cables for
ground deformation sensing are investigated: a 1 mm radius tight-buffered, thermoplastic polyurethane
(TPU)-jacketed cable (DSS-C1), a 2.5 mm radius steel strand-reinforced cable (DSS-C2), and a 2.9 mm
radius glass fiber-reinforced cable (DSS-C3). DSS-C1 has a relatively low modulus due to the soft TPU
jacket and so it can be easily prestrained and directly installed in loose materials such as a soil. DSS-C2
and DSS-C3, by contrast, are respectively reinforced by stranded stainless steel wires and fiber-reinforced
polymers, allowing survival in harsh geologic environments. The physical and mechanical parameters of
the three cables are listed in Table 1.

Data available in the research literature (Zhang et al., 2016), though of limited scope indicates that the tan-
gent of the friction angle, tand,, of a sand-cable interface is within the range 0.45-0.75 and the cohesion, c, is
between 0 and 45 kPa. For backfills of higher modulus such as a cement-like material, the interface cohesion
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Figure 5. Sensitivity of critical confining pressure (o ) or depth (k) to the variation of ground (yg and K), cable (E. and
re), and backfill-cable interface (6. and ¢.) parameters and maximum strain gradient ([de/dz].y,), in cases of strain
sensing of unconsolidated sediments. Negative o ., values represented by the dashed line in (a) indicate that interface
cohesion c. alone is sufficient to ensure interface bonding for a given [de/dz] .y, and so these values should be revised to 0.
(b) Effects of yg and K on h¢y. In (¢), 0¢ cr and ey values are presented at a [de/dz]m of 2 X 103 m™ . with regard to rock
formations, cement-like materials are commonly used for borehole backfilling and so interface decoupling is unlikely to be
a major concern. Parameters other than those investigated are also shown in each plot.

should be increased accordingly. The sand-cable interface adhesion coefficient, k., is assumed to range from
0.05 to 5 GPa/m (Zhang et al., 2016).

4.1.3. Strain Gradient

Like the ground-borehole interface adhesion coefficient, reporting of typical ranges for the gradient of mon-
itored FO strain is particularly scarce in the literature. However, a DSS system deployed in Shengze (south-
ern Yangtze Delta, China) for groundwater-related settlement monitoring (Zhang et al., 2018; Figure 4a) has
provided huge data sets to constrain the strain gradient. A near 2-year data set (total amount of data
N = 36,133) reporting strain values measured from the aforementioned 1 mm radius tight-buffered,
TPU-jacketed cable is analyzed (Figure 4b). The observed data appear to have a normal distribution and
Unp + 30np is within the range —1.77 X 107> to 1.74 x 10> m™", indicating that the strain gradient seldom
exceeds 2 x 10> m™.

4.2. Parametric Analysis Results—Interface Bond

The parametric analysis investigates the sensitivity of critical confining pressure (o ) or depth (h,) to the
variation of ground (¥, and K), cable (E. and r.), and backfill-cable interface (6. and c.) parameters and max-
imum strain gradient ([de/dz]y,), in cases of strain sensing of unconsolidated sediments (Figure 5). With
regard to rock formations, cement-like materials are commonly used for borehole backfilling and so inter-
face decoupling between the cable and surrounding medium is unlikely to be a major concern. To assist
compact presentation of the results, each plot consists of two or three factors investigated; parameters other
than those investigated are also shown in each plot.
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Figure 6. Effects on the average ground-borehole-cable strain transfer ratio (@) of variations in (a) radius of fiber-optic
cable (r.); (b) Young's modulus of fiber-optic cable (E.); and (c) borehole-cable interface adhesion coefficient (k). (d) @
values for three fiber-optic strain sensing cables under two typical ground and borehole conditions. r, = borehole
radius; Ep, = backfill Young's modulus. Parameters other than those investigated are summarized in Table 2.

From Figure 5a, it may be readily observed that lower E.r. values or larger d. or ¢, values correspond to
a smaller o, and, hence, also a smaller h.,. One may note negative o, ., values accompanying small E.r,
represented by a dashed line for the case of tand. = 0.75 and c. = 45 kPa. This is due to the interface
cohesion effect and also indicates that the interface shear stress, 7., is always less than the strength, 2
, at a [de/dz]y, of 2 X 1073 m™. Obviously, these negative values should be revised to 0, which bears
some resemblance to active Earth pressure calculation using the classical Rankine theory. Figure 5b
shows that an increase in y, or K results in a decrease in h.. Although not presented, it is obvious from
equation 8 that h, is linearly correlated with y, or K. Combined, these results are considered to be of
considerable practical significance since a direct comparison of 7. and 7% is difficult in some cases and
so a small h., is desirable. In particular, these results indicate that FO strain sensing cables of small
Young's modulus and radius (known collectively as axial stiffness) are preferable in terms of ensuring
a strong backfill-cable interface bond and, hence, a small k... This also indicates a future direction for
cable development during which the trade-off between robustness and interface bond should be carefully
considered.

To evaluate the performance of the three cables, the influence of [de/dz],, on o. ¢ and he, is investigated
under typical ground and backfill-cable interface parameters (Figure 5c). As expected, larger [de/dz],, values
correspond to a smaller 0., or h, for all the cables. For DSS-C2 and DSS-C3, o, equals 120.39 and
180.44 kPa, respectively, at a [de/dz]y, of 2 X 1072 m™" and zero c.. The corresponding values of h, are
10.29 and 15.42 m, respectively. By contrast, DSS-C1 has a quite small o, ., of 0.82 kPa and h, of 0.07 m.
With an increased c., the values of o, ., and h,, can be further decreased (e.g., the case of c¢,= 45 kPa in
Figure 5c). Such low h, values are especially desirable in the field as this suggests that, in terms of interface
bond the DSS technology can be used for deformation measurement at a near-surface environment (e.g., in a
shallow trench). This again emphasizes the role of the backfill-cable interface bond that should be fully eval-
uated during cable development or selection.
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Figure 7. Gauge length dependency of ground-borehole-cable strain transfer illustrated with three fiber-optic strain
sensing cables. (a) Distribution of « along cable. (b) Variation of @ with cable gauge length. z = distance from cable
center; 2L, = cable gauge length; o = ground-borehole-cable strain transfer ratio; @ = average strain transfer ratio over
gauge length. Parameters other than those investigated are summarized in Table 2.

4.3. Parametric Analysis Results—Strain Transfer

The influence of cable, borehole, and ground property parameters on the ground-borehole-cable strain
transfer efficiency is also examined through a parametric analysis and the results are presented in
Figures 6-9. It is noted that most of the analysis is performed using equations 21 and 22 except for the
borehole-cable interface adhesion coefficient, which can only be considered by equations 19 and 20. A sum-
mary of the parameter values employed is presented in Table 2.

From Figures 6a-6¢, it may be readily observed that there is a clear, monotonic trend of decreasing & with
increasing cable parameter values (. or E.) or decreasing borehole-cable interface adhesion coefficient
(k¢). Consistent with this, the DSS-C1 cable has higher & values than DSS-C2 and DSS-C3 at two simulated
backfill materials (Figure 6d) and more uniform distributions of « for three gauge lengths 2L (Figure 7a).
The tendency of higher L. to improve the transfer is also seen (Figure 7b). Together with Figure 5, these
results suggest that FO strain sensing cables of low axial stiffness are especially preferable in terms of both
interface bond and strain transfer efficiency. Furthermore, greater gauge lengths may be recommended
for cable design, which is further discussed in section 5. Notice that since the axial stiffness of DSS-C3 is
of the same order of magnitude as DSS-C2 (Table 1) and their coupling properties appear to be similar to
each other (Figures 6¢, 6d, and 7), the analysis is focused on DSS-C1 and DSS-C2 in the remainder of the
section.

The trends in @ resulting from variations of borehole backfill property parameters (ry, Ep, and up) and
ground-borehole interface adhesion coefficient (k) are presented in Figure 8. @ decreases as r, or uy
increases, or as E}, decreases, indicating that boreholes of small radius and backfills of high Young's modulus
or low Poisson's ratio may be preferable. Despite this, the relationship between @ and Ej, is highly nonlinear

ZHANG ET AL.

13 of 25

85UB017 SUOLULLOD @AIIe.10 3cedt [dde au Aq pauenob 82 Sao1ke O ‘SN J0 S8InJ 10} ARIGIT8UIIUO AB]IM UO (SUONIPUOO-PUR-SLLIBIWIOD" A8 1M A1 [eu [UO//SdNY) SUORIPUOD pue S L 8U188S *[1Z02/T0/S52] Uo AriqiTauliuo A8|IM ‘Uoe.Bpe- Lessny auelyooD Aq 8/88TOSr6T0Z/620T 0T/I0p/L0d A8 i Ake.q putjuosqndnBe//:sdny woiy papeojumod ‘¢ ‘0202 '9SE669TZ



.Y ed N | . .
N\\JI Journal of Geophysical Research: Solid Earth 10.1029/2019JB018878
AND SPACE SCIENCE
[+ (Lo
—O0— £,=0.02GPa —O0— £,=0.02GPa
08 ||=%— E,=02GPa —#— E,=0.2GPa
—o— F,=2GPa —o— F,=2GPa
E, =20 GPa DSS-C1 E, =20 GPa
07 .
25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
(a) ry[mm] (e) ry[mm]
! e it ! P ay e a ayE
0.9 0.9
[k+1 [k
—O— r,=25mm —O— r,=25mm
0.8 o r,=45mm 0.8 —i— r,=45mm
== r,=81mm == r,=81mm
DSS-C1 r, =146 mm DSS-C2 r,=146 mm
0.01 0.1 1 10 40 0.01 0.1 1 10 40
(b) E,[GPa] f) E,[GPa]
0.97
[+
=—O— r,=25mm —.—L0.98 =—O— r,=25mm %
08 ||~ r=45mm (02 03 04 0.8 || ~&— r,=45mm
== r,=81 mm == r,=81 mm 0.93
r, =146 mm r, =146 mm 0.2 0.3 0.4
oy 7 . || by Ll ]
045 02 025 03 035 04 045 015 02 025 03 035 04 045
(c) He (8) Hy
DSS-C2 l
L P NP
09 |
k1 (ke
=—O— r,=45mm, £, = 0.02 GPa =—O— r,=45mm, £,=0.02 GPa
== r,=45mm, £, =2 GPa 0.8 == r,=45mm, £, =2 GPa
=< r,=146 mm, E, = 0.02 GPa == r, =146 mm, E, = 0.02 GPa
r, =146 mm, £, = 2 GPa r,=146 mm, E, = 2 GPa
0.7 e s 0.7 e s
1 10 100 1,000 1 10 100 1,000
(d) k,[GPa/m] (h) k,[GPa/m]
Figure 8. Effects on the average ground-borehole-cable strain transfer ratio (o) of variations in (a) and (e) radius of
borehole (r,); (b) and (f) Young's modulus of borehole backfill (Ep); (c) and (g) Poisson's ratio of borehole backfill (uy);
and (d) and (h) ground-borehole interface adhesion coefficient (k). Parameters other than those investigated are sum-
marized in Table 2.
for a given combination of r, and u;, (Figures 8b and 8f). This indicates that increasing backfill modulus may
help improve strain transfer in the low modulus range, while this will likely play a limited role in the
moderate to high range. By contrast, u;, has only a slight effect on @ compared to r, or Ey, though this
effect is still more evident for the DSS-C2 cable than the DSS-C1 cable (Figures 8c and 8g). In addition to
the influence of backfill properties, strain transfer loss may arise at low k,, which can be further
exacerbated by low E, (Figures 8d and 8h).
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Figure 9. Effects on the average ground-borehole-cable strain transfer ratio (@) of variations in Young's modulus (Eg) and
Poisson'’s ratio (ug) of ground for (a) DSS-C1 cable and (b) DSS-C2 cable. Green dotted line (which corresponds to a Eg
of ~0.2 GPa) divides the ground modulus range: left side = unconsolidated sediments; right side = semiconsolidated to
consolidated sediments and bedrock. Dashed lines denote Eg = Ep,. The influence of u is negligible at E, = 1 or 10 GPaand
so the results are not shown. Parameters other than those investigated are summarized in Table 2.

Figure 9 shows how the ratio @ correlates with ground property parameters (E; and u,). It may be readily
observed that a is, for a given combination of Ey, and u,, negatively correlated with Ej, but its variation with
E, is quite small for backfills of relatively high modulus (e.g., E, > 1 GPa) or when E,; < 10 GPa (despite var-
iation of Ey, in this case). The effect of 4, on@appears to be even negligible, which is consistent with the effect
of uy, (Figures 8c and 8g). Importantly, this indicates that for strain sensing of unconsolidated sediments the
effect of ground properties on strain transfer is negligible (Figure S3). With regard to semiconsolidated to
consolidated sediments and rock strata, as cement-like materials of relatively high modulus are commonly
employed for borehole backfilling (compared to sandy soils of low modulus for trench backfilling), the influ-
ence of ground parameter variation on strain transfer may also be neglected compared to the effects of bore-
hole property change (Figures 8a, 8b, 8¢, and 8f). As a consequence, for practical use the simplified form of
equations 21 and 22 (y = 1 and so x, vanishes) is brief enough yet sufficient for determining the
ground-borehole-cable strain transfer efficiency.

An additional feature which may be observed from Figure 9 is that, when E, equals Ey, (see auxiliary dashed
lines), there does not exist a maximuma turning point. This result suggests that backfilling the borehole with
that of the same modulus as the ground may not guarantee an optimal strain transfer. This likely is attrib-
uted to the influence of the ground-borehole interface effect, that is, the parameter k, introduced in the pro-
posed model. Furthermore, although Figure S3 suggests a slightly larger @ in the low E, range, this does not
indicate that soft clay strata, for example, may transfer strains efficiently to the cable as the soft clay often has
a small ky, and, hence, also a relatively weak transfer (Figures 8d and 8h).

5. Recommendations

The foregoing parametric analysis shows that the ground-borehole-cable strain transfer mechanism
depends strongly on the geometry and stiffness of the cable and backfill. In particular, the analysis reveals
the gauge length dependency of the FO cable in transferring the strain (Figure 7). Consequently, determi-
nation of the proper gauge length, 2L, for given combinations of cable and backfill property parameters is
of great practical significance. Because the strain transfer ratio, o, has a dome-shaped distribution along
the cable axis (Figure 7a), the gauge length required may be determined by considering that « is great-
er than a certain threshold, o, over at least half of this length (Criterion (i); Li et al., 2012), that is,
a(L./2) > ag (e.g., ap= 0.8, 0.9, or 0.95). Combining this inequality with equation 21 (y = 1) yields a critical
gauge length, [
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Figure 10. (a) Correlation of cable critical gauge length (lcy4¢) with variation in 1, at three strain transfer threshold (c)
values following two different criteria. Design charts for [ . versus 1/4, following (b) Criteria (i) and (c) Criteria (ii).
A, = parameter encapsulating the effects of cable radius (r.) and modulus (E.), borehole radius (ry,), and backfill modulus
(Ep) and Poisson's ratio (up).
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Figure 11. Plots of critical gauge length (I.;i¢) as functions of borehole radius (r,) and backfill modulus (Ep) at three
threshold values of strain transfer ratio (cg) following Criterion (i) for three fiber-optic cables: (a) DSS-C1; (b) DSS-C2;
and (c) DSS-C3. A modulus range from 0.01 to 1 GPa is employed as the average strain transfer ratio is greater than 0.95 for
higher modulus values. The Poisson's ratio of backfill, u,= 0.3, is held constant.
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Figure 12. Plots of critical gauge length (I as functions of borehole radius (r,) and backfill modulus (Ep) at three
threshold values of strain transfer ratio («y) following Criterion (ii) for three fiber-optic cables: (a) DSS-C1; (b)

DSS-C2; and (c) DSS-C3. A modulus range from 0.01 to 1 GPa is employed as the average strain transfer ratio is greater
than 0.95 for higher modulus values. The Poisson's ratio of backfill, u,= 0.3, is held constant.

10, a = 0.8
i={ 20, a = 0.9 (29)
40, a = 0.95

According to equations 27-29, a design table for backfill modulus is also developed and presented in Table 4.

6. Discussion

We have proposed a theoretical method for evaluating quantitatively the mechanical coupling between a
buried FO cable and its surroundings when the DSS technology is employed to record Earth materials defor-
mation. Previous coupling studies (e.g., Iten et al., 2009; Zhang et al., 2016) have primarily focused on the
ground-cable interface shear failure criterion (ASTM F3079-14, 2014), which does not allow to recover the
actual amount of deformation from fiber optics-measured strains. By contrast, our approach presented
herein considers both the interface shear failure and the efficiency of strain transfer from ground to cable
and thus allows the quantification of how much of the ground movement-induced strain is transferred to
the sensing element through interface shear.

Strain gradient derived from measured FO strains associated with ground deformation pattern is a key para-
meter determining the ground-cable interface bond (equations 5 and 7). A maximum strain gradient of
2 x 107% m™" constrained using the Shengze fiber strain data set, together with typical other parameter
values, yields critical confining pressure and depth values for the three FO strain sensing cables investigated
(Figure 5c). These reference values may or may not be applicable to other DSS field experiments; the strain
gradient range depends on geological contexts and deformation scenarios. For ground-cable strain transfer
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Table 3
A Design Table for Critical Gauge Length (1) of Three Fiber-Optic Strain Sensing Cables (DSS-C1-C3)
DSS-C1 DSS-C2 DSS-C3
Ey, (GPa) Ey, (GPa) Ey, (GPa)
0.01 0.1 1 0.01 0.1 1 0.01 0.1 1
Criterion %o rp (mm) lerit (m) Lerie (m) Lerit (m)
@) 0.8 45 0.08 0.03 0.01 1.35 0.43 0.14 1.73 0.55 0.17
920 0.09 0.03 0.01 1.53 0.49 0.15 1.97 0.62 0.20
135 0.10 0.03 0.01 1.63 0.52 0.16 2.10 0.67 0.21
180 0.10 0.03 0.01 1.70 0.54 0.17 2.19 0.69 0.22
0.9 45 0.12 0.04 0.01 1.90 0.60 0.19 2.43 0.77 0.24
90 0.13 0.04 0.01 2.16 0.68 0.22 2.77 0.88 0.28
135 0.13 0.04 0.01 2.29 0.73 0.23 2.96 0.94 0.30
180 0.14 0.04 0.01 2.39 0.75 0.24 3.08 0.97 0.31
0.95 45 0.15 0.05 0.02 2.46 0.78 0.25 3.15 1.00 0.31
90 0.17 0.05 0.02 2.79 0.88 0.28 3.60 1.14 0.36
135 0.17 0.06 0.02 2.97 0.94 0.30 3.84 1.21 0.38
180 0.18 0.06 0.02 3.09 0.98 0.31 4.00 1.26 0.40
(ii) 0.8 45 0.13 0.04 0.01 2.06 0.65 0.21 2.63 0.83 0.26
90 0.14 0.04 0.01 2.33 0.74 0.23 3.00 0.95 0.30
135 0.15 0.05 0.01 2.48 0.78 0.25 3.20 1.01 0.32
180 0.15 0.05 0.02 2.58 0.82 0.26 3.33 1.05 0.33
0.9 45 0.25 0.08 0.03 4.11 1.30 0.41 5.25 1.66 0.53
90 0.28 0.09 0.03 4.66 1.47 0.47 6.00 1.90 0.60
135 0.29 0.09 0.03 4.96 1.57 0.50 6.40 2.02 0.64
180 0.30 0.10 0.03 5.16 1.63 0.52 6.67 2.11 0.67
0.95 45 0.50 0.16 0.05 8.22 2.60 0.82 10.51 3.32 1.05
90 0.55 0.18 0.06 9.32 2.95 0.93 12.00 3.79 1.20
135 0.58 0.18 0.06 9.92 3.14 0.99 12.79 4.05 1.28
180 0.60 0.19 0.06 10.32 3.26 1.03 13.33 4.22 1.33

Note. A backfill Poisson's ratio of uy, = 0.3 is used throughout. oty = strain transfer ratio threshold; r, = borehole radius; Ep, = backfill Young's modulus. See
Table 1 for descriptions of the three cables.

analysis we consider a fixed-point or microanchored design (Figure S1), which has become increasingly
popular for DSS applications (Hauswirth et al., 2012; Iten et al., 2011; Picarelli et al., 2015; Schenato
et al., 2017). We treat each cable section (separated by two neighboring anchor-like elements) separately
and assume an axially uniform strain field within each section. The resulting strain transfer function has
a concise hyperbolic form (equations 19-22) and is thus easy to implement in practice. The transfer of an
arbitrary strain field from host material to fiber was addressed using Fourier decomposition and
transform (Duck & LeBlanc, 2000); however, the spatial-varying nature of geomechanical deformation
might hinder its application to large-scale field monitoring campaigns.

According to our calculations, a sufficient strain transfer from surrounding formations to an FO cable can
be expected if the cable is installed in a vertical borehole and in the case of a cement-like backfill of rela-
tively high modulus (Figure 9). By contrast, in cases where the cable is trenched at the near surface,
ground-cable strain transfer loss may arise for trenches of large dimensions (high r,; Figures 8a and 8e),
which can be exacerbated by soil backfills that are insufficiently tamped (low Ey; Figures 8b and 8f).
Moreover, the low confining pressure exerted on the soil-cable interface for horizontally trenched direct
burial may increase the possibility of interface slippage, especially for a high strain gradient present in
the ground.

The limit on SR of an FO interrogator is yet another source of error in distributed strain measurements. Due
to this optoelectronic effect the measured strain profile is a weighted average of the true strain over a length
equivalent to the interrogator SR. The SR of Brillouin scattering-based devices popularized in DSS applica-
tions is in meters or submeters (Sasaki et al., 2019; Zhang et al., 2018). Rayleigh-based OFDR (Kwon
et al., 2018; Lanticq et al., 2009; Schenato et al., 2017) and TW-COTDR (Kogure & Okuda, 2018; Zhang &
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Table 4
A Design Table for Critical Backfill Modulus (Ep, cyit)
DSS-C1 DSS-C2 DSS-C3
2L (m) 2L (m) 2L (m)
2 5 10 1 2 5 10 1 2 5 10
Criterion %) Ip (mm) Ep crit (MPa) Ep crit (MPa) Ep crit (MPa)
@) 0.8 45 0.07 0.02 — — 18.29 4.57 0.73 0.18 29.87 7.47 1.19 0.30
90 0.08 0.02 = = 23.53 5.88 0.94 0.24 38.95 9.74 1.56 0.39
135 0.09 0.02 = = 26.61 6.65 1.06 0.27 44.30 11.07 1.77 0.44
180 0.10 0.02 — — 28.80 7.20 1.15 0.29 48.10 12.03 1.92 0.48
0.9 45 0.14 0.03 0.01 — 36.15 9.04 145 0.36 59.02 14.76 2.36 0.59
920 0.16 0.04 0.01 — 46.49 11.62 1.86 0.46 76.97 19.24 3.08 0.77
135 0.18 0.05 0.01 — 52.58 13.15 2.10 0.53 87.54 21.89 3.50 0.88
180 0.19 0.05 0.01 — 56.91 14.23 2.28 0.57 95.06 23.77 3.80 0.95
0.95 45 0.23 0.06 0.01 — 60.73 15.18 243 0.61 99.17 24.79 3.97 0.99
90 0.28 0.07 0.01 — 78.12 19.53 3.12 0.78 129.33 32.33 5.17 1.29
135 0.30 0.08 0.01 = 88.35 22.09 3.53 0.88 147.09 36.77 5.88 1.47
180 0.32 0.08 0.01 — 95.61 23.90 3.82 0.96 159.72 39.93 6.39 1.60
(ii) 0.8 45 0.16 0.04 0.01 — 42.24 10.56 1.69 0.42 68.98 17.25 2.76 0.69
90 0.19 0.05 0.01 = 54.34 13.58 2.17 0.54 89.96 22.49 3.60 0.90
135 0.21 0.05 0.01 = 61.45 15.36 2.46 0.61 102.32 25.58 4.09 1.02
180 0.23 0.06 0.01 — 66.51 16.63 2.66 0.67 111.10 27.78 4.44 1.11
0.9 45 0.64 0.16 0.03 0.01 168.98 42.24 6.76 1.69 275.93 68.98 11.04 2.76
90 0.77 0.19 0.03 0.01 217.36 54.34 8.69 2.17 359.84 89.96 14.39 3.60
135 0.85 0.21 0.03 0.01 245.82 61.45 9.83 2.46 409.27 102.32 16.37 4.09
180 0.90 0.23 0.04 0.01 266.04 66.51 10.64 2.66 444.41 111.10 17.78 4.44
0.95 45 2.55 0.64 0.10 0.03 675.91 168.98 27.04 6.76 1103.71 275.93 44.15 11.04
90 3.08 0.77 0.12 0.03 869.44 217.36 34.78 8.69 1439.36 359.84 57.57 14.39
135 3.39 0.85 0.14 0.03 983.27 245.82 39.33 9.83 1637.07 409.27 65.48 16.37
180 3.61 0.90 0.14 0.04 1064.16 266.04 42.57 10.64 1777.63 444.41 71.11 17.78
Note. For presentation purposes the unit of MPa is used for modulus values in this table. “—” indicates modulus bellow 0.01 MPa. A backfill Poisson's ratio of

up = 0.3 is used throughout. o = strain transfer ratio threshold; r, = borehole radius; 2L, = cable gauge length. See Table 1 for descriptions of the three cables.

Xue, 2019) have higher spatial resolutions (millimeters and centimeters, respectively), compromising the
measurement distance. Evidence suggested that the cable mechanical transfer function and the
interrogator SR jointly determined the effective SR of a DSS system (Henault et al., 2012). Specifically,
analysis of a Dirac strain distribution associated with fissure detection showed that the DSS system
effective SR was controlled to a first order by the interrogator SR for a full width at half maximum of
10 cm of the transfer function and an interrogator SR of 1 m. On the contrary, the system performance
was affected primarily by strain transfer if the interrogator SR was reduced down to 1 cm. This implies
that ground-fiber strain transfer analyses can recover true ground deformation values given a high
interrogator SR (e.g., centimeters or less as assumed by Buchoud et al., 2016), while an additional
quantification of the SR effect would be necessary if the SR is limited (particularly for BOTDR
commonly used in DSS studies). However, the exact limit of high and low SRs pertaining to ground
deformation measurement requires future research. Furthermore, anchor-like elements mechanically
attached to an FO cable can improve the ground-cable interface shear strength (Hauswirth et al., 2012),
but may result in a reduction in the effective SR if the anchor interval (here termed gauge length) is
larger than the interrogator SR (Schenato, 2017). This effect further complicates actual ground
deformation recovery. We conclude that future evaluation of the coupled effects of ground-fiber
coupling, interrogator SR, and anchorage is necessary to retrieve more accurate distributed strain
profiles of the subsurface.

7. Conclusions

DSS, coupled with subsurface FO cables, is enabling distributed sensing of ground deformation.
However, strain signatures acquired directly with an FO cable is not entirely representative of those
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induced in the ground, mainly due to unquantified fiber sensing element response related to the
ground-fiber coupling effect. In this study, we present a theoretical investigation of the interaction and
interface shear transfer of a ground-borehole-cable system, following a two-step coupling evaluation pro-
cedure developed for DSS. We carry out extensive parametric analyses of ground-borehole-cable interface
bond and strain transfer, with particular emphasis on the performance of three archetypal strain sensing
cables.

The critical confining pressure and the critical depth, proposed to characterize the ground-cable interface
bond, correlate positively with maximum strain gradient and cable radius and modulus (or equivalently
cable axial stiffness), while being negatively correlated with ground weight density, lateral Earth pressure
coefficient, and interface friction angle and cohesion. The quality of ground-borehole-cable strain transfer
increases with increasing cable gauge length and backfill modulus or decreasing cable axial stiffness and
borehole radius while being comparably insensitive to variations in ground property parameters. Hence,
FO cables of low axial stiffness may be preferred in terms of both interface bond and strain transfer, provided
they are capable of withstanding the impacts associated with installation and of operating in harsh geoenvir-
onmental conditions. Design charts and tables developed at designated transfer ratios may further facilitate
cable development and field deployment. Furthermore, the simplified expression for the
ground-borehole-cable strain transfer ratio (equation 22 with y = 1) is brief yet useful for approximating
the ground-to-cable strain transfer efficiency, requiring only geometry and modulus values of the cable
and backfill.

Future work is needed to elucidate the effect of SR on recorded DSS data relative to the coupling
effect presently analyzed. Quantification of both fiber sensing element response and optoelectronic
system response will allow the measurement of distributed subsurface strain profiles with
higher accuracy.

Appendix A: Derivation of Governing Equations for Ground-Borehole-Cable
Strain Transfer
Al. Consideration of Borehole-Cable Interface Property

Assuming a linear stress-displacement constitutive relation holds for both the borehole-cable and
ground-borehole interfaces, we have

Te(2, re) = keAue (A1)
Tv(2,7p) = kpAuy (A2)

where k. is the borehole-cable interface adhesion coefficient and k;, is the ground-borehole interface adhe-
sion coefficient.

Combining equation Al with equations 10 and 15, doy,/0z is written in terms of do./0z as

(A3)

Using this and combining equation A2 with equations 11 and 16, do,/dz is expressed as
re ker? m
2 G2 re  (ert_k mi-rl LRk e
ke (ri—r2 12 " 2r, Gy rp 2 2r, Gy 12
dog(z) Gp\ 4 21 do0¢(z) (A4)
- 2_ 2
0z ke (ra— rb—ﬁh’lg 0z
Gg 4 2 n

Using these results and combining equation 15 with equation 16, we arrive at
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Equation A5 is differentiated with respect to z yielding
1
?EC —&=—¢g (A6)
1
where 4, is a parameter encapsulating the effects of geometry and modulus of the cable and backfill and the
adhesion coefficients of the interfaces. By employing G = E/2(1+u), A, is written as
N Ecre  E? E(ri—r?) (Ebrc— 2(1 +/¢b)kcr§1n;—'z) : e
1= |5 7
Zke — Zkoro k(1 +lv¢b)<”123_ re— 2”5111%)
Here we consider a fixed-point or microanchored design for the cable (with a gauge length of 2L; Figure S1)
and assume that the ground strain is uniform within this length, then we have
gz =+Lc) =0 (A8)
1 (L

g =—)_; &(z)dz (A9)

g 2Lc L. g( )
Finally, the solution to the second-order linear differential equation, equation A6, with the boundary condi-
tions, equation A9, is in a concise form:

cosh(4;2) \ _
=(1- ———+~ A10
ke ( cosh(4,L;) i (A10)

Define a ratio, «, quantifying the strain transfer from the ground to the cable, a = ¢./¢;. Over the gauge
length, the average strain transfer ratio, , is readily obtained as

—— tanh(2, L) (A11)

- ML

A2. Consideration of Ground Property
To consider the effects of ground properties on the ground-borehole-cable strain transfer efficiency, the lin-
ear stress-displacement constitutive relation is, again, introduced for the interface between the surrounding
ground and the ground under consideration:

Tg(2,rg) = kg (B1)
where kg is the adhesion coefficient for the interface between the surrounding ground and the ground under
consideration and Au is the relative displacement between the two components, which is assumed to satisfy

Ug + Aug = yug (B2)
where y is a dimensionless coefficient quantifying the effects of ground parameters on the strain transfer
property.

Similarly as in the derivation of equation A5, the expression for do,/0z is obtained by combining equation A2
with equations 11 and 16. Now doy,/0z is sought by substitution of equations B2 and B1 into equation 12.
These lead to the following governing equation (Xiang & Wang, 2018):
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4
where 1, and %, have the following forms:
E. , r o1 -3
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E
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Finally, considering the boundary conditions (equation A9), we get
cosh(1,2)
=1 1- —22L B
r=r ( cosh(/lzLC)) (B6)
and therefore
_ tanh(A,L;)
= 1-— =" B
@ K2< L (B7)
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