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Abstract The thermal response test (TRT) in an aquifer establishes a relationship between the groundwater
flow rate and the recorded temperature response curve of temporal ground heating. A major challenge for
achieving a mature hydrogeological field test is to minimize borehole effects by smart practical solutions of in
situ heating and temperature sensing. When borehole effects are substantial, concepts are needed to separate
their contribution to the recorded signal. This is especially the case when heating and sensing devices are
installed in grouted boreholes as permanent testing stations. Interpretation of a recorded response curve thus
means solving a transient heat transfer problem with radial conduction through composite media. Here, a series
of numerical models are set up to study the effect of the grout and the jacket of an actively heated fiber-optic
cable on the simulated thermal response measured along a heated borehole. The findings are utilized to further
develop existing groundwater flow rate estimation procedures based on the moving infinite line source model.
The developed approach is demonstrated in a case study in a borehole near a bank collapse site that penetrates
different aquifer layers. Accordingly, significant local groundwater flow rates (9 X 107-5 X 107% m-s~!) are
found that vary with depth. The values derived by the TRT interpretation closely match the expected rates

(2 x 107°=7 x 10~® m-s~1), which supports the good applicability of the estimation procedure in the field.

1. Introduction

Proper knowledge of the groundwater flow rate is vital to water resource management, contaminant control, hydrau-
lic structure design, and shallow geothermal energy exploitation (Bense et al., 2016; Herrera-Garcia et al., 2021;
Stauffer et al., 2019; Xue et al., 1990). Due to the diversity of hydraulic conditions and the often-significant
heterogeneity of aquifers, reliable estimation is only feasible by field investigation (Brunner et al., 2017; Hermans
et al., 2022; Ye et al., 2004). Most commonly, flow meters or tracer tests are applied for direct measurement,
or piezometers are used to determine the direction and rate of groundwater flow. These methods are difficult to
obtain refined results from the perspective of the economy. Due to their low cost and environmentally friendly
nature, thermal tracing methods have been widely used in recent years (Anderson, 2005; Hoffmann et al., 2021;
Selker et al., 2006). The underlying principle is measuring the effect of advection on the thermal regime in the
subsurface, which can be used to quantify local groundwater flow rates and also their variability at a larger scale.
For this, either passive temperature measurements that monitor the natural thermal fluctuations are employed
(Kurylyk & Irvine, 2016; Molina-Giraldo, Bayer, Blum, Cirpka, 2011), or heat is actively induced into the aquifer
(Q. Liu et al., 2022; Sarris et al., 2018; Wagner, Li, et al., 2014). Active heating of groundwater is more demand-
ing but advantageous, since controlled thermal modifications and high thermal gradients can be achieved. This
enables the identification of the variable role of convection more accurately and even at a small scale, which is
otherwise blurred by omnipresent heat diffusion.

An active method established in the area of shallow geothermal energy evolution for investigating the effective
thermal conductivity around borehole heat exchangers is the thermal response test (TRT) (Spitler & Gehlin, 2015),
which is based on the infinite line source (ILS) theory. To obtain the refined thermal conductivity of the strata
within a short test time, previous studies have focused on modified borehole radius or grouting, on alternative
heating techniques (e.g., heating cable), and special methods of measuring the temperature evolution in-situ
(wireless sensor, distributed temperature sensing) (Acuiia & Palm, 2013; Bayer et al., 2016; Cao et al., 2019;
Freifeld et al., 2008; Hakala et al., 2021; Raymond et al., 2015; Wagner et al., 2012; Wilke et al., 2020; C. Zhang
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et al., 2014; Zhao et al., 2020). In particular, the actively heated fiber optics based thermal response test (ATRT)
can resolve the heterogeneous thermal conductivity of the strata around the borehole within a reasonable amount
of time (He et al., 2018; B. Zhang et al., 2020). Here, an actively heated fiber-optic cable (AHFOC) is applied
in the tube, open borehole, or grout, and the vertical variation of effective thermal conductivity is derived by
inverting the recorded depth-dependent temperature response curves with the ILS. With the use of AHFOC,
ATRT provides a suitable TRT method and can satisfy the ILS theory. Current research has solved the ground
thermal conductivity estimation problem when only considering heat conduction based on ILS theory. On the
other hand, for estimating the groundwater flow rate from TRTs, the moving infinite line source (MILS) theory
has been suggested instead (Angelotti et al., 2018; Van de Ven et al., 2021; Verdoya et al., 2018; Wagner, Bayer,
et al., 2014; Wagner et al., 2013). MILS theory was proposed by Sutton et al. (2003) and Diao et al. (2004) with
a moving heat source assumption. The analytical solution has provided a theoretical basis and practical tool for
estimating groundwater flow rate. A MILS model facilitates distinguishing the contribution by thermal conduc-
tion and horizontal convection, and this works best when any influence from the borehole installation can be
neglected.

The concept of ATRT has become popular for evaluating groundwater flow in porous media and fractures
(Bakker et al., 2015; Bense et al., 2016; des Tombe et al., 2019; Munn et al., 2020; Pouladi et al., 2021; Selker
& Selker, 2018), as it provides distributed measurements. There are different methods for establishing the
relationship between the groundwater flow rate and the temperature response curve of a linear heat source. G.
Liu et al. (2013) demonstrated the role of groundwater flow at different depths in a borehole by nonuniform
temperature trends during heating. Read et al. (2014) reported that the temperature difference between a
heated fiber optic cable and a nonheated reference cable can be related to borehole vertical fluid rates. Bense
et al. (2016) discussed TRTs in fractured rock. The results showed that the measured abrupt temperature
variation correlated with a change of the groundwater flow rate. Selker and Selker (2018) used the stable
temperature rise in the thermal response to estimate groundwater flow rates. des Tombe et al. (2019) designed
a 24 mm drive rod with an optical cable for temperature measurement and a heating cable for groundwater
flow rate measurement. The drive rod was installed by direct-push in direct contact with surrounding strata
to meet the linear heat source assumption (direct contact between heat source and ground), and the MILS
was employed to calculate the groundwater flow rate at various depths. Borehole effects such as by grout
in borehole heat exchangers hamper the application of the MILS (Van de Ven et al., 2021; Wagner, Bayer,
et al., 2014). The applicability of direct-push, however, is limited to unconsolidated sediments and shallow
depths.

Some previous studies focused on shallow geothermal energy research illustrated these inconsistent conditions,
which do not meet the requirements of a linear heat source, could change the temperature response curve in TRT,
and the change weakened with time (Pasquier, 2018; B. Zhang et al., 2020). A TRT usually requires more heating
time to estimate a lower error thermal conductivity in a borehole. Considering groundwater flow estimation based
on a borehole, how to apply a suitable TRT would be trickier when such inconsistent conditions happen when
considering the heat convection in and around a grouted borehole. AHFOC meets the stringent requirements for a
linear heat source, and if these requirements are met, the MILS describes the TRT considering uniform convection
in the surrounding aquifer. Since the jacket of AHFOC has low thermal conductivity, the temperature response
curve of a TRT cannot be perfectly described by the MILS (Figure S1 in Supporting Information S1, presence of
low thermal conductivity). del Val et al. (2021) and Simon et al. (2021) emphasize that the “skin effect” (thermal
resistance) caused by the jacket cannot be ignored when estimating the groundwater flow rate. Different stages of
thermal response were identified based on heat transfer in the jacket and porous media (subdividing two stages
dominated by conduction and convection). Using the MILS, flow rates in porous media can be obtained by
calculating so-called inflection feature points of different thermal response stages independent of the jacket effect
(Simon et al., 2021). This method was applied in scenarios where the fiber-optic cable is in direct contact with the
porous media, such as for vertical flow rate estimation in a riverbed (Simon et al., 2022). A concern similar to the
"skin effect" happen in the measurement based on a borehole; the borehole with different thermal conductivity
materials would further change the observed temperature response curve. For example, the roles of water filling
in the borehole or grouting also need to be considered (Figure S1 in Supporting Information S1). More recently,
a greater focus has also been placed on Ground-Borehole-Cable interaction in C. C. Zhang et al. (2020) about
distributed strain sensing of the subsurface. How to extract the value of ground properties with borehole effects
plays a pivotal role in the measurements.
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Figure 1. Schematic diagram of the temperature distribution occurring in concentric composite media during the thermal
response test. (a) Vertical cross-section of radial temperature distribution with isotherms represented by dashed lines. (b) Top
view with characteristic cross-sectional temperature (7) trend with and without groundwater flow.

The applicability of the MILS to such conditions is in the focus of this work. The objective of the present study
is to determine the groundwater flow rate from a TRT with AHFOC in a permanent installation considering
borehole effects with grout. This article is organized as follows: First, a numerical model of the radial material
layers in the borehole is set up to simulate the heat source, jacket, borehole, and porous media heat transfer under
different groundwater flow conditions. Then, based on the MILS model, a method for inferring depth-dependent
groundwater flow rates is developed. Finally, this method is validated by an ATRT conducted in the field at a
bank collapse site with loose sediments.

2. Methodology

2.1. Heat Transfer Processes in and Around a Borehole

Interpreting the TRT using AHFOC can be conceptualized as a transient heat transfer problem in concentric
composite media (Figure 1), refering to the setup proposed by B. Zhang et al. (2020). The heat transfer difference
is determined by varying the porous media (Figure 1a), and the heat in the vertical direction of the heat source
controlled by multilayer media (Figure 1b). The central cable in the grouted borehole generates heat that contin-
uously diffuses outward, driven by the radial temperature gradient. Accordingly, heat accumulates in and around
the borehole, decreasing gradually with radial distance (Figure 1b). The temperature gradient is not linear but
reflects the different thermophysical properties of the jacket, borehole (filling), and porous media of the ambient
ground. If groundwater flow is present, this may accelerate heat dissipation in the ground, and this mitigates
the observed temperature rise in the borehole. The combined influence of the thermal material properties and
groundwater flow in different layers can be visualized by measuring the heat source temperature evolution as
depth-dependent response curves.

In saturated porous media, heat is transported by conduction and convection, whereas convection by groundwater
is also termed as a form of advection. For a heterogeneous medium, heat transport in three dimensions (3D) can
be described by the corresponding transient advection-dispersion equation (Stauffer et al., 2019):

T yovr) - 2y + £ )
ot pc pc

where T (K) is the temperature, and ¢ is the time (s). The parameters pc and p ¢, (J-m= K=!) are the volumet-
ric heat capacities of the bulk medium and water, respectively, which are assumed to be constant; P (W-m~)
represents the volumetric heat generation in the source term. Considering the relatively small local temperature
gradients induced by the in-situ heating, density and viscosity effects can be ignored. For the description of condi-
tions in heterogeneous media, q (m-s~!) represents the specific water flux vector (Darcy flux), and the thermal
dispersion tensor D (m?s~!) denotes spatially variable hydrodynamic dispersion. As heat diffusion dominates,
any contribution from mechanical dispersion is commonly assumed to be negligible, and D thus represents the
(effective) thermal diffusivity tensor.
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For a long vertical borehole, axial effects may be ignored and vertical heat flow is subordinate to the hori-
zontal flow. Assuming that the groundwater flow is in x-direction within the x-y plane perpendicular to the
borehole, heat transport for simplified homogeneous media can be described by (Simon et al., 2021; Stauffer
et al., 2019):

oT 0*T  0°T or P
— =D — —_— —_ —_— —_—
ot ( ox2  0)? ) o * @

where the averaged thermal diffusivity D (m?-s~!) is the ratio between bulk thermal conductivity 2 (W-m~' K1)
and volumetric heat capacity pc (J-m= K=):

A
D=; 3

and the velocity v, (m-s~') of a thermal front in homogeneous porous media with Darcy flux g (m-s~!) is:

U = q (4)

The Darcy flux, g, is the specific discharge or groundwater flow rate, and can be used to compute the ground-
water flow velocity, v, for a given effective porosity. In comparison, a temperature signal travels at retarded
velocity, v,,. For a given total porosity n (%), which equals the volumetric water content for saturated conditions,
the bulk-specific heat capacity is the weighted arithmetic mean of the specific heat capacity of water, p ¢, and
solid, p.c,:

pc = npwew + (1 — n)pscs 5

2.2. MILS Model

The MILS can be used for separating the contributions from conduction and convection to the thermal response
(Wagner et al., 2013). The assumptions of ideal conditions include (a) ideal borehole conditions in which the
linear heat source is in direct contact with the porous media with no additional thermal resistance, (b) the porous
media is uniform and infinite, (c) the flow rate of the fluid is uniform and stable in the porous media, and (d)
any temperature-dependent changes in the thermal properties of the groundwater can be ignored (des Tombe
et al., 2019; Diao et al., 2004; Molina-Giraldo, Bayer, Blum, 2011; Molina-Giraldo, Blum, et al., 2011). For
constant input of heat per length unit of the borehole, p (W-m™!), the transient relative temperature change (K) of
the linear heat source ([x,y] — [0,0]) can be expressed as (des Tombe et al., 2019):

r= 4ﬂcheXp<%>W<?’§) ©

A= @)

®

A r 1 2
w(24) = [gen(-s- o ) ©

Aft

where AT =T — T,; T, (K) is the undisturbed temperature, p (W-m™") is the specific heating power of the heating
source, r (m) is radius of the heating source, and W is equivalent to the Hantush well function (Hantush, 1956). The
modified Bessel function of the second kind and order zero is represented by K|,. The corresponding steady-state
temperature representing an upper limit, AT(z_), can expressed as (des Tombe et al., 2019):

2ﬂ/l)JcDeXp<%>K0<%> 10

AT(1s) =
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AT(z_) is approximately reached after sufficiently long heating during a TRT. This is only related to the ther-
mal conductivity and groundwater flow rate in the aquifer. The temperature rise of the line heat source can be
expressed by relating to AT(z ) as:

AT (1)
2#4(5)

Reaching AT{(z_ ) will take longer, the lower the role of convection is. In case of no groundwater flow, the temper-

AT = W(é,

) Y

o~

ature increases continuously with time. Then, the temperature rise of the line heat source is:

AT =2 _w( (12)
4rpcD 4Dt

When the heat source radius ris sufficiently small, and the heating time ¢ is sufficiently long, that is, 7%/4Dt < 0.01
(Yeh et al., 2015), Equation 11 can be simplified as (the ILS model):

__P P
AT—4mllnt+4mlln<

2.25D )

= (13)

des Tombe et al. (2019) demonstrated that the combination of parameters (AT(z,), A, r/B) converges to a unique
value if fitting the temperature response curve of a TRT to Equation 11. The groundwater flow rate can be calcu-
lated by des Tombe et al. (2019):

__L (/B
(o)

For non-ideal conditions, Simon et al. (2021) suggested to define feature time points along the thermal response
to distinguish the effect of the jacket around the heating cable. Time ¢, is the required time to reach steady state
if AT = 0.99AT(z), as suggested by Diao et al. (2004), ¢, differentiates the conduction-dominant stage and
convection-dominant stage by combining Equations 7 and 13, ¢, is the point in time where groundwater flow
begins to affect the thermal response considering the effect of the jacket, and at time #_ the effect of the cable
Jjacket becomes negligible. The values of ¢, t,, and ¢, depend on the value of ¢, which may be expressed as (Simon

etal., 2021):
A 2244 pc 4 pc
~ ~ _ I~ — 15
q \ 2pctq \/ ti piel ts pcl (1>

where a graphical method is helpful to identify these feature points. A mean error of the estimated groundwater

flow rate of around 4.7% was reported when AHFOC was in direct contact with the ambient ground (Simon
etal., 2021). In practice, referring to ¢, for estimation of ¢ is most time-consuming as it represents the time of the
experiment to reach steady state.

For resolving groundwater flow rates in different depths, the response is commonly examined for discretized
sections of the borehole. For instance, every meter of the borehole, Equations 14 or 15 are employed to the corre-
sponding depth-dependent temperature response curves. The discretization is commonly oriented at the spatial
resolution of the DTS device.

The concepts for applying the procedures presented by des Tombe et al. (2019) and Simon et al. (2021) are appeal-
ing but less caring for grouted boreholes. Sand, bentonite, or cement grout in a borehole cover a much larger radius
than the AHFOC itself (Figure 1, the radius of a typical AHFOC is generally 15-30 times smaller than a borehole)
and induce thermal resistance that complicates the detection and quantification of groundwater flow. Developing
a theoretical model of ATRT in a grouted borehole is challenging and needs to account for the superpositioning
effects of heat source, jacket, grout, and ground (Bergman et al., 2011). The solution to this problem builds up
on the concept of the “skin effect” proposed by Simon et al. (2021). Further, different stages of the temperature
response curve are distinguished, corresponding to the different media. In contrast, however, there is no referral
to fixed feature points (Z, ¢,) that differentiate conduction-dominated from convection-dominated phases. During
radial heat propagation, the curve reflects the conditions in the different media in and around the grouted borehole
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o= T - in a sequential fashion. During the same process, the heat transfer undergoes
.7 Flow direction Y the transition from conduction-dominated to convection-dominated phases.
s N Heating source Such heat transfer influence factors overlay in time, which hamper the extract
[/ A FE20M  jacket the information used to estimate flow rate. For separating these phases, first
;; \‘ a numerical analysis is conducted and then the aim is to find the part of the
I — temperature response curve which agrees with the MILS. Such part would
| | be used to fit the parameters of MILS following des Tombe et al. (2019) for
v r estimation of the groundwater flow rate.
¥ " Grouted borehole /
o r=65mm
¥ 2 . Model, 4 ol P > 1500 2.3. Numerical Model
~ "4

Figure 2. Numerical model geometry: the model simulates heat transfer with
convection in composite media using COMSOL Multiphysics®.

-

Time slep relative lolerance: 107 s

Number of riangle units. 36846 A homogenous model is not appropriate for considering the effect of the

cable jacket on the TRT and accounting for the borehole effects of the TRT.
Instead, a two dimensions (2D) finite element model, based on COMSOL
Multiphysics®, is set up. The numerical model represents a horizon-
tal cross-section as illustrated in Figure 2, with the AHFOC embedded in
a borehole and the surrounding porous media. The model has a radius of
100 m, including the borehole with a radius of 0.065 m and the AHFOC with a radius of 0.003 m. The model is
discretized by “extremely fine triangular meshing law” based on model sizes with COMSOL (including 36,846
units with a 1.752 X 1077 unit-area ratio in the 31,410 m? model), that effectively balance model fineness and
computational efficiency. The Heat Transfer in Porous Media (ht) interface in COMSOL was used to model heat
transfer in porous media with the mixture rule on energies for the finite element method (Nield & Bejan, 2006).
The AHFOC is realized as a central heat source (the materials including copper mesh, stainless steel, Kevlar, and
PE, as described in B. Zhang et al., 2020) with a high thermal conductivity 1 of 60 W-m~! K~! and a low ther-
mal conductivity jacket (LSZH) of 1 = 0.42 W-m~! K~!. With the reference to typical setups of TRT applied in
a borehole (Kavanaugh & Rafferty, 2014), the borehole is backfilled with quartz sand with A = 2.5 W-m~! K-,
The surrounding ground is fine sand with A = 1.8 W-m~! K~1. To consider variable conditions with realistic
groundwater flow rates, a range from g =5 X 10> m-s~' to 1 X 10~ m-s~! is assumed for the aquifer. The model
diameter to borehole diameter ratio of more than 1,500 ensures that scenarios with flow rates up to 5 X 107> m-s~!
can be accurately simulated (with a boundary temperature rise of less than 1076 K). The TRT is performed with a
heating power of 20 W-m~! and a heating time of 72 hr, consistent with related applications (del Val et al., 2021;
des Tombe et al., 2019).

2.4. Case Study

For testing ATRT interpretation with a grouted borehole, a field test was conducted at a study site in China
for groundwater flow rate estimation. This study area is located in the lower section of the Sima bend of the
Yangtze River (Figure 3a), where hydrogeological conditions are complex, and bank collapses frequently occur
(Yu et al., 2013; Zhu et al., 2018). Additionally, this study area is near a tidally sensitive river section. Seasonal
changes in the river levels are evident, covering a span of around 5 m in 2019-2020 (Gu et al., 2021). The hydro-
stratigraphy of the site consists of a sequence of several aquifers and aquitards, and the aquifers are hydraulically
connected to the Yangtze River. The thermal and physical parameters of the strata tested in the lab in this study
area are shown in Table 1. The moisture content of the soil was determined using the oven-drying method and
averaged over multiple samples within one stratum. The thermal conductivities and volumetric heat capacities
were tested using the dual-probe heat pulse and transient plane source methods.

To study the mechanisms of bank collapse and disaster warning (a Q-shaped bank collapse of approximately
190 m in the direction perpendicular to the river occurred in winter 2017), four boreholes were installed at a
depth of 82 m near the site of the bank collapse (Figure 3a). ATRTs were performed in July 2021 in the drilled
and backfilled borehole JD1 (diameter of 130 mm) to estimate depth-dependent groundwater flow rates. The
water level is maintained at approximately 5 m below the surface, and two confined aquifers (12.8-45.6 m and
48.8-80.0 m) embedded within silty clay layers are penetrated in the depth range of 0—82 m (Figure 3b). The top
aquifer with silt and fine sand is characterized by relatively low hydraulic conductivity. Based on stable pumping
tests of single-hole incomplete wells, the hydraulic conductivity of an aquifer at the depth range of 12.8-45.6 m
is K=1.89 + 0.15 x 1073 m-s~!, and the groundwater flow rate in the aquifer is roughly in the range between
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Figure 3. (a) Location map; (b) strata of borehole JD1. (c) Actively heated fiber-optic-based thermal response test (ATRT) field setup.

g=9%10""m-s7"and 5 X 107% m-s~! considering the changes in the river levels (Gu et al., 2021). Loose sedi-
ments such as gravelly sands dominate the bottom, highly permeable aquifer. For the latter, no field tests have
been performed and thus no reference values of K and ¢ are available.

Figure 3c illustrates the setup of the ATRT. A copper mesh-heated cable (CMHC, 6 mm diameter, highly inte-
grated) was employed as in-situ heat source and temperature sensor (B. Zhang et al., 2020). Specifically, a
U-shaped copper mesh heated fiber-optic cable laid tightly together in the borehole was simplified to serve
as a linear heat source (H. Liu et al., 2021). For installation, the CMHC was lowered into the borehole using a
metal guide. In order to minimize free convection created by buoyancy forces in the borehole (e.g., Klepikova
etal., 2018), it was gradually backfilled with low-permeable quartz sand as the grout (K, =5 X 1073 m-s~!). This
was immediately done after lowering the CMHC in the borehole without a casing. This was immediately done
after lowering the CMHC in the borehole without a casing. During the lowering and backfilling process, a pulling
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Table 1 force equal to the weight of the metal guide was applied to the CMHC by

Physical Media Properties at the Study Area

fixing it in the stabilizing bracket on the ground surface. Using the stabiliz-

Moisture content

Thermal Volumetric ing bracket, the position of the fiber-optic cable can be carefully controlled

conductivity heat capacity and located in the center of the borehole as illustrated in the cross-section in

Strata (%) (W-m~' K1) MJ-m-3 K1 Figure 1. During the ATRT, the CMHC installed in the 0-80 m depth range
. . o o
» Silty clay 1434 13-16 2135 was. uniformly heated f01i 36 hr at a heating power of 12 W-m~'. The Silixa
Ultima-M MK?2 DTS device recorded the temperature response of the CMHC
2 Silt 5-24 1.0-1.9 1.5-2.5 . . . .
every 10 s, with a temperature resolution of 0.01 K and a vertical sampling
Pl aind =1l =2l LAz interval of 0.25 m. By using PT100 probes in both the warm bath and cold
* Gravelly sand 2 11 14 bath, we conducted a single-ended calibration, as recommended by Silixa
b Quartz sand Saturated sample 1.8 1.4 Ltd, to obtain high-quality temperature observations, which are directly used

%Core test (TEMPOS SH-3). *Test of grout (HotDisk 25008S).

in the paper without any filter, to ensure good data fidelity. The manufacturer
specifies an accuracy of 0.1 K for the temperature measurement and a typical
spatial resolution of 35 cm.

3. Results
3.1. Numerical Simulation of Thermal Response

Figure 4 shows the simulated temperature response during heating of the composite media in and around the
borehole with a central heat source, encircled by a jacket, grout, and ground. The input heat of each media
was computed by the corresponding volumetric heat capacity and temperature rise (E = pcAT); then, the time
derivative of the input heat was recorded as the input power of each media (SP = dE/df). The sum of SP is equal
to the total input power (TP), which is the heating power of the ATRT. As the heating power of the ATRT is
constant, the change of SP indicates the process of heat transfer in different media. SP/TP = 5% is defined as
a threshold (the heat transfer in the medium cannot be ignored) to distinguish different stages of temperature
response during heating. The temporal change of SP/TP when the flow rate is zero is shown in Figure 4a. The
temperature response curve under different groundwater flow rates is shown in Figure 4b, which also shows the
rate of change of temperature rise (temperature response curve) in logarithmic-dA7/din ¢. Based on Equation 13,
the value of thermal conductivity 1 and dA7/dt have a fixed positive relationship, which only depends on the
applied heating power if there is no groundwater flow.

According to the simplified condition r?/4Dt < 0.01 for an ideal linear heat source, reaching such a condition
is delayed by the thermal resistance of the borehole media. The sequential process of heating of the concentric
layers can be delineated by dividing the thermal response into four stages (Figure 4b). If the case with only heat
conduction is considered first, these stages are as follows.

» The S -phase is the initial stage (r = 0-30 s) that is mainly influenced by the material of the AHFOC. During
this period, the source and jacket are heating up (SP/TP > 5%), and the effect of both components are illus-
trated in Figure 4a. However, the heating of the cable is fast, and an effective thermal conductivity obtained by
response curve-fitting to a line source solution would reflect the low thermal conductivity of the jacket. This
is consistent with the jacket influence period (0-20 s) reported by Simon et al. (2021).

* The S,-phase covers the period of 0.5-10 min where the borehole dominates the thermal response. The jacket
has been heated up, and now the heat front propagates radially through the grout. Accordingly, the effective
thermal conductivity characteristic for this phase reflects the high thermal conductivity of the grout. This
stage ends when the heating of the ground starts and SP/TP > 5% is reached for this outer medium.

e The S-phase is a transitional stage between 10 min and 5.6 hr where borehole and ground properties jointly
affect the thermal response curve. This stage is relatively long due to the growing spreading of the thermal
front and so the grout is continuously absorbing heat while the ground increasingly affects the effective ther-
mal conductivity that would be derived for this period.

e The S,-phase starts after 7 = 5.6 hr. Now, the ground plays the dominant role and the heat additionally stored
in the grout is negligible (SP/TP < 5%). Fitting the temperature response curve for this period yields a thermal
conductivity that is equal to 90% of the true thermal conductivity of the ground, that means the ground ther-
mal conductivity could be efficiently estimated with limited error.

As known from the previous work (del Val et al., 2021; Simon et al., 2021; Wagner et al., 2012), and illustrated
in Figures 4a and 4b, temperature response curves become nonlinear on the semi-log scale in the presence of
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Figure 4. Thermal response obtained from the actively heated fiber-optic-based thermal response test (ATRT) simulated by the numerical model. (a) Ratio of the input
power of each medium (SP) to the total input power (TP) of the ATRT for conditions without groundwater flow. (b) Temperature response curve of the heat source
with different groundwater flow rates. The solid line is the temperature, and the dashed line is the derivative of the temperature over time. (c) Ratio of input power of
each medium (SP) to total input power (TP) of the thermal response test with different groundwater flow rates. The gray solid line indicates the point when the effect of
internally heated fiber-optic cable (S _-phase) is negligible, and the gray dashed one delineates the onset of the S,-phase dominated by ambient ground heat transport. (d)
Simulated thermal response curves of a grouted borehole media, and theoretical thermal response curves with moving infinite line source (MILS) model for different
ambient groundwater flow rates.

groundwater flow. As time increases, the rate of temperature change decreases to zero (dashed line in Figure 4b),
and this is accelerated by higher groundwater flow rates. However, the S_-phase controlled by the AHFOC
remains unchanged (Figure 4¢). In contrast, the starting point of the S-phase is earlier in case of ambient convec-

_1, and decreases even

tion. It is 5.6 hr for purely conductive conditions, declines to 3 hr for g = 4 x 107% m-s
further to 0.5 hr for the highest g = 5 x 10~> m-s~!. This reflects the effect of convection to enhance ambient heat
loss. The heat is injected into the ground sooner and faster, and thus, the heat source satisfies the ideal line heat
source assumption with respect to the ground earlier. The influence of borehole material decreases as the heating
time increases. Due to the steeper lateral thermal gradient by the advective heat loss, their role is mitigated and

the onset of the S,-phase is sooner.

3.2. Estimation of Groundwater Flow Rate

Figure 4d illustrates the comparison of the numerically simulated thermal response curves and the theoreti-
cal thermal response curves (MILS theory, Equation 6) for the corresponding groundwater flow rate, g. The
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difference between the simulated temperature response curve (colored solid line) and the theoretical temperature
response curve (black dotted line) represents the effect of the jacket and grout on the heat transfer. After 5.6 hr
of heating, the simulated temperature response curve overlaps with the theoretical temperature influence curve
in all scenarios. The overlap phase advances with the groundwater flow rate, reflecting the earlier onset of the
S,-phase as shown in Figure 4d by the yellow envelope. The MILS model thus should be fitted to the responses
after the envelope to estimate g, thus mitigating the influence by the additional temperature rise caused by the
jacket and borehole.

Unequivocal estimation of ¢ is potentially hampered by the signal-to-noise ratio of the experiment. This is espe-
cially relevant for the S,-stage (Figure 4c), where the temperature changes are small. Obviously, a minor varia-
tion in the recorded temperature rise due to measurement errors within the S,-stage may already be critical for
reliable fitting of the MILS. Considering the typical temperature resolution of 0.01 K for most DTS devices, the
temperature rise in the S,-phase is recommended to be no less than 0.5 K. Such degree changes in temperature
would guarantee the quality of fit, and reduce the effect of temperature resolution. Based on these considerations,
depending on a given ¢, ideal pre-set time ranges for fitting the response curve are identified.

1. for r = 1-72 hr, g can be effectively evaluated in the range of around 1 X 1075 to 3 X 107 m-s™/;
2. for t = 372 hr, g can be estimated within 7 X 1076 t0 2 X 10™® m-s~!;
3. late times of £ = 5.6-72 hr are especially suitable for ¢ < 1076 m-s~!.

In practice, however, ¢ is not given. Therefore, a strategy needs to be defined to exploit the theoretical findings
in order to resolve g along the borehole. The following steps are suggested: First, ¢ is estimated simultaneously
based on three pre-set time ranges. Next, only those values are kept that are consistent with the valid ranges of ¢
for each phase, and these values represent the groundwater flow rate in ground.

3.3. Results of Field Application

The thermal response over depth and total time of 36 hr for the ATRT performed in July 2021 in the backfilled
borehole JD1 (Figure 3) is shown in Figure 5a. Temperature measurements above 5 m reflect partially saturated
soils, and they are affected by fluctuations in surface temperatures. Aside from this, the metal guide tends to
interfere with temperature measurements in the bottom 2 m of the borehole. Accordingly, these axial portions
of the borehole are excluded from the inversion. This highly integrated radially symmetrical structure maintains
a constant position relationship between the temperature measuring fiber-optic and the heated resistance of the
CMHC. Thus, the temperature rises of the CMHC that vary with depth reflect the changes in the properties of
surrounding media but are not compromised by misplacement in the borehole. The maximum temperature rise
of 6.2 K was recorded at a depth of 35.5 m (Figure 5b), and the minimum temperature rise of 3.7 K was found at
74.5 m (Figure 5b). The smaller temperature increases and declining rise of the temperature at a depth of 74.5 m
indicate a more significant convection in the gravelly sand sediments at this depth range.

The groundwater flow rate is estimated based on the MILS model and correlation parameters (AT(z_), r/B, A) as
given in Equation 11. As shown in Equation 14, further (merged) parameters need to be specified such as p c,,
of groundwater and Jpc of the ground. The value of p c, without considering its change with temperature is
assumed to be 4.2 X 10% J-m~3 K~!. Based on Table 1 and empirical values of the grain density of the soil, the
product Apc for different lithologies is approximated by the normal distribution N(u, 62) considering the differ-
ence of the same lithology at different depths (Table S1 in Supporting Information S2).

The results are compared at this groundwater-influenced depth of 74.5 m with those for the assumed low-flow
depth of 25.5 m. The solid lines in Figures 5b and 5c were obtained by fitting of Equation 11 using the Nelder-
Mead simplex search method to the response data at different pre-set time stages (1-36, 3-36, 6-36 hr), as
suggested in the previous theoretical analysis. At 25.5 m, the three fitted curves are close to each other, satis-
factorily delineating the recorded thermal response data (Figure 5b). In comparison, the three fits at 74.5 m are
not consistent. Apparently, there is not enough temperature change in the 6-36 hr phase data (Figure 5c), and
the yellow line fitted to this phase deviates most from the measurements. The estimated flow rates at 74.5 m
are 4.0 X 107%, 3.9 x 1075, and 4.1 x 10~® m-s~!, which correspond to pre-set different time stages (1-36, 3-36,
6-36). The result (4.1 X 107% m-s~') at the pre-set 6-36 hr time stage has a large difference to the ideal ¢ value,
which should be lower than 1 X 107% m-s~!. Based on this preliminary analysis, it can be concluded that only the
pre-set time stages of 1-36 and 3-36 hr may be helpful for evaluating the groundwater flow rate at the borehole.
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Figure 5. (a) Measured temperature response. In (b) and (c), the scattered points are the measured temperature response
values, and the solid lines are the curves obtained by fitting the moving infinite line source (MILS) model for three different
time periods. (d) Interpretation of the thermal response curve in depths of 25.5 and 74.5 m. (e) Zoomed view at thermal
response curve in the depth of 74.5 m.

A comparison was made between Simon et al.’s method (Simon et al., 2021) and the procedure of this paper
for the highlighted depths of 25.5 and 74.5 m. As ¢, according to Simon et al. (2021), represents the moment
when the effect of the jacket can be ignored, this can be compared to the beginning of the S,-phase in case of
no groundwater flow (z, = 5.6 hr). Following the steps recommended by Simon and Bour (2022), the suggested
feature points were extracted, as shown in Figures 5d and 5e (¢, = 4.4 x 10*s for 25.5 m, 1.1 X 10% s for 74.5 m).
This means, as discussed in Section 3.1, that a smaller flow rate thus requires a longer TRT. Moreover, identify-
ing feature points may become challenging when the temperature rise determined by the heating power is small.

The results of the mean groundwater rate estimation per depth are shown in Table S2 in Supporting Informa-
tion S2. Both methods produce similar results in strata of different depths, supporting the feasibility of the
new method. At 74.5 m, the groundwater flow rate estimated by the new method is 14% larger than by Simon
et al. (2021)'s method. This may be attributed to an early selection of the time #,, and the thermal conductivity
calculated based on the conduction-dominant stage (2.5 W-m~! K1) is slightly greater than the measured value
(2.25 W-m~! K~'). Consequently, a portion of heat transfer by convection was attributed to conduction. The
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Figure 6. Groundwater flow rate and its 90% confidence interval estimated for different time stages: (a) 1-36 hr, (b) 3-36 hr, and (c) 6-36 hr for actively heated
fiber-optic-based thermal response test (ATRT) field experiment.

estimation of groundwater flow rate is sensitive to the graphical identification of the time #; and its error would
be enhanced without considering the effect of the borehole. This demonstrates the potential of the new method to
estimate the groundwater flow rate taking borehole effects into account also in case of grouted boreholes.

The estimated groundwater flow rates along the borehole are shown in Figure 6. A root derives an acceptable fit
mean square error (RMSE) of less than 0.1 K, and the 90% confidence interval is calculated by the parameter
values of the normal distribution in Table S1 in Supporting Information S2. The confidence interval has a mean
width of 1.2 X 1077 m-s~!. This suggests that the groundwater flow rate estimation method is insensitive to Apc
(Table S1 in Supporting Information S2), and thus a rough specification of Apc is sufficient. The calculated
groundwater flow rates for three pre-set different time ranges (1-36, 3—-36, 6-36 hr) are shown in Figures 6a—6c,
respectively. The results obtained for 1-36 hr are generally consistent with those for 3-36 hr. The derived values
of g range between 2 X 1075 and 7 x 107° m-s~!, which are compatible with the valid ranges given for this esti-
mation period. Fitting the MILS to the period of 6-36 hr yields larger values than those in Figures 6a and 6b.
However, the estimated groundwater flow rates between 2 X 1076 and 5 x 1075 m-s~! are above the valid threshold
of 1 x 107 m-s~!. Thus, these values are not reliable. Figure 6¢ further reveals that the falsely estimated g varies
significantly among the strata at varying depths, and obviously artifacts from the misfit minimization procedure
cause this variation. These results illustrate those conditions considered above when discussing the numerical
model application (Figure 4d), when curve fitting is compromised by scant temperature rise and temperature
resolution. In contrast, a relatively short experimental time of 36 hr is needed for producing the results shown in
Figure 6a, which are consistent with the estimated mean groundwater flow rate at the site.

The results obtained for 1-36 hr are used to describe the groundwater flow in the study area near the site of
bank collapse. The average estimated groundwater flow rate by the new method in the study area (5-78 m) is
3.6 x 107° m-s~!. The distribution of groundwater flow rate increased with depth and exhibited good agreement
with the lithology of the strata (e.g., in gravelly sand, flow rates tend to be higher). The estimated ¢ is relatively
stable within 5-48.8 m with a mean value of 3.3 X 1075 m-s~!. These values agree with those values of 9 x 1077
to 5 X 1075 m-s~! obtained independently by a pumping test in the top aquifer (12.8-45.6 m). As the pumping
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test evaluates the whole aquifer, the difference could be found considering our groundwater observation results
investigated different aquifer volumes. An even more pronounced velocity in the bottom aquifer was revealed.
The average flow rates in the upper and lower gravelly sands of the bottom confined aquifer are 4.1 X 107% m-s™!
and 4.0 X 107% m-s~!, respectively, with a peak of g = 4.6 X 1075 m-s~".

4. Discussion

To illustrate the sensitivity and applicability of the novel method with several approximations, we discussed the
ground thermal conductivity uncertainty and the effect of the grouted borehole on strata flow using synthetic data
generated by the numerical models. Then, a flow chart further explains the estimation process and its portability.

4.1. Ground Thermal Conductivity Uncertainty

Obtaining accurate thermal conductivity of the ground can be challenging considering the in-situ condition
and the differences between heat conduction and heat convection, either in the laboratory or in the field (He
et al., 2018; Wagner, Bayer, et al., 2014; Wilke et al., 2020). Thus, inaccurate thermal conductivity may induce
errors in estimating the groundwater flow rate. The propagation of thermal conductivity error on the groundwater
flow rate estimation can be calculated based on Equation 14. The resulting error of estimated groundwater flow

A’erf(’r
E ow = 100 - 1+ ———-1
ITOryg 00 <\/ 100 1 > (16)

Accordingly, any uncertainty in the groundwater flow rate would only correspond to about half of the uncertainty

rate thus is derived by

+

of thermal conductivity. To further explore the effect of ground thermal conductivity uncertainty, we also used
a Monte Carlo sampling of 10,000 points in the feasible parameter space, drawn from a uniform distribution of
1.3-2.3 W-m~! K-, The error of the estimated flow velocity based on variable thermal conductivity could be
found in Figure S2 in Supporting Information S1. As thermal properties of a homogeneous lithology are rela-
tively constant (Ghanbarian & Daigle, 2016), a broad parameter value space (1.3-2.3 W-m~! K~!) would also
represent the changes in lithology (like thin layers in the strata). The analysis shows that a thermal conductivity

(Aerror
mation inaccuracy of only 10.5%, and thermal conductivity (4

= —0.4 W-m~! K~!) estimated with a considerable error of 22.2% would result in groundwater flow esti-
=0.4 W-m~' K-") with a —22.2% error would

error
result in a value of —11.8%.

4.2. The Effect of the Grouted Borehole on Strata Flow

In the present method, the borehole penetrates layered ground built up by several strata. The flow rate in each
stratum can be different, and the flow rate difference between grouted borehole and strata is neglected. If there is
a significant difference in the hydraulic conductivity between the borehole and strata, this artificially introduces
lateral heterogeneity. A numerical model was constructed to investigate the effect of the grouted borehole on strata
flow. Three layers with different hydraulic conductivities (Layer 1 = 6 X 10~ m-s~!, Layer 2 =6 X 107> m-s~/,
and Layer 3 =5 X 10~ m-s~!) are modeled with a constant horizontal hydraulic gradient of 0.01 applied to the
model boundaries in the x-axis. The borehole is in the center of the layers and has a radius of 0.065 m. Detailed
model parameters are listed in Table S3 in Supporting Information S2. The model size is 1 X 1 X 15 m. Ground-
water flows are modeled with the Darcy's law interface in COMSOL Multiphysics® combined with “extremely
fine triangular meshing law” based on model sizes (including 2,019,927 units with a 3.274 X 1073 unit-area ratio
in the 15 m? model).

The results obtained by the numerical simulation was shown in Figure S3 in Supporting Information S1. With
increasing distance from the borehole center (x = 0 m), the borehole effect weakens, and the flow rate differ-
ence in the layers decreases. Following a distance of 0.2 m of ground in layers 1 and 3, a low error (close to
the observation in the model boundary, x = 0.5 m) is found. Figure S3b in Supporting Information S1 depicts
the radial distribution of the flow rate around the borehole. There is no clear evidence that the grouted bore-
hole has a wide-ranging change in the flow in layers. With a flow change tolerance of 10%, a limited effect
range (x < 0.174 m in layer 1, x < 0.164 m in layer 2) was recorded. des Tombe et al. (2019) claimed that the
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Figure 7. A flowchart for the estimation of groundwater rate in the grouted borehole.

measurement area (the area with the least 0.1 K temperature rise) was approximately 5.9 m? if the flow rate is
0.1 m/day and 8.3 m? if the flow rate is 0.5 m/day with a heat duration of 4.8 days. Taken together, these observa-
tions indicate that for the estimation procedure, the effect of a grouted borehole on strata flow is limited.

4.3. Applicability

The three major steps of the presented procedure are summarized in Figure 7: Step 1 is the numerical analysis
(Figure 4) and MILS fitting procedure that is required to identify the valid time ranges for the corresponding
values of g. This needs to be done for each different borehole configuration only once, and thus a separate,
comprehensive analysis for typical borehole designs would simplify applicability in practice. Step 2 covers the
application of the ATRT in the field, which includes placing the AHFOC in the borehole, DTS calibration, and
subsequent heating. Step 3 is concerned with the groundwater flow rate estimation. This step consists of two
parts. Here, Step 3a fits the temperature response curve (ATRT) according to Equation 7 within the previously
defined pre-set time ranges, and an RMSE < 0.1 K ensures acceptable solutions. Step 3b calculates the flow rate
by Equation 14 based on the known ground thermal properties. Only those results that pass the consistency check
between estimated and suitable values of g (according to Step 1) are considered feasible.

To further explain the portability, it should be noted that the information about the pre-set time stages in this paper
can be worked in other tests if researchers follow the AHFOC and borehole setup introduced in Section 2.3. Such a
standardized strategy can significantly improve the efficiency of groundwater flow rate estimation. Additionally,
the flow rate estimation quality is closely linked to if the ATRT was conducted as expected (like the consistency
of the AHFOC location along the borehole and the choice of suitable temperature measurement resolution). And
the judgment (RMSE <0.1 K) in Step 3a could also filter the coarse temperature solution data. Indeed, previous
studies on TRTs indicate that the above effects of ATRT conduction could be minimized by prolonging the test
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duration (Dalla Santa et al., 2022; B. Zhang et al., 2020; C. Zhang et al., 2014). Considering that the longer test
duration means an additional cost, further research aims to fully understand the presented estimation method's
sensitivity and could enhance its robustness for application to different sites.
5. Conclusions
This study proposes an in-situ method for estimating the groundwater flow rate in a grouted borehole. AHFOC
is recommended as an effective tool for TRTs, and the estimation method of the groundwater flow rate is based
on the MILS model. The estimation of groundwater flow rate in the ground can be achieved through three steps:
(a) numerically analyze the effects of the borehole structure to determine the stage in which the thermal response
curve satisfies the MILS model under different groundwater flow rate environments; (b) determine different time
stages that cover the range of typical groundwater flow rates and calculate the corresponding groundwater flow
rates by fitting the MILS model; (c) combine the findings of step (a) and compare the groundwater flow rate
estimation results of different time stages to determine the true groundwater flow rate.
The proposed new method for estimating the flow rate was successfully applied to a grouted borehole near a bank
collapse site, where groundwater flow was significant in two penetrated aquifer layers. The results indicate that
the method is insensitive to the ground's thermal properties, and it can vertically resolve groundwater flow rates
around the borehole. The average flow rate in the study area is estimated to be 3.6 X 107 m-s~!. The flow rate
(3.4 x 1075 m-s~!) in the top confined aquifer matches the groundwater flow measured by a pumping test in the
study area. The average flow rate (4.1 X 107 m-s~!) in the bottom confined aquifer indicates larger groundwater
flow.
The new method ignores the influence of vertical heat transfer in different strata, and any in-well flow for esti-
mating the groundwater flow rate. These factors may cause errors, yet a quantitative analysis of such influencing
factors is rare. Recently, des Tombe et al. (2019) proposed that vertical heat transfer from different strata requires
the TRT result combined with numerical models to estimate groundwater flow rates jointly. Discussing these
influencing factors would be more difficult when considering transient heat transfer in composite media. In spite
of this, the ATRT can be considered as an advanced method, which provides a refined estimation of the ground-
water flow rate in the grouted borehole with a high resolution in depth.
Abbreviations
AHFOC actively heated fiber-optic cable
ATRT actively heated fiber-optics-based thermal response test
ILS infinite line source
MILS moving infinite line source
RMSE root mean square error
TRT thermal response test
Nomenclature
A substitute for r%/4D
B substitute for 2Dpclgp .,
D thermal dispersion tensor (m2-s™1)
D thermal diffusivity (m?-s~!)
n total porosity (%)
P volumetric heat generation in the source term (W-m~3)
K, modified Bessel function of the second kind and order zero
p specific heating power of the heating source (W-m™!)
q specific discharge vector (m-s~!)
q specific discharge, Darcy flux (m-s™")
r radius of the heating source (m)
K variable of integration in the Hantush well function
T temperature (K)
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t time (s)
T, undisturbed temperature (K, °C)
t, time when the cable jacket effect becomes negligible in TRT (s)
1y time when groundwater flow begins affect the TRT (s)
L time differentiating the conduction-dominant stage and convection-dominant stage in TRT (s)
I time corresponding to steady state if AT = 0.99AT(z_) in TRT (s)
groundwater flow velocity (m-s~!)
Vin thermal front velocity (m-s™!)
w Hantush well function
X x-axis location perpendicular to borehole in x-y plane (m)
y-axis location perpendicular to borehole in x-y plane (m)

AT temperature rise (K)
AT(t) steady-state temperature rise (K)
) thermal conductivity (W-m~! K1)
pc volumetric heat capacity of bulk media (J-m=3 K~')
PuCu volumetric heat capacity of water (J-m~3 K1)
PC volumetric heat capacity of solid (J-m= K1)
Data Availability Statement
Data and codes related to this manuscript can be downloaded from this repository: https://zenodo.org/
record/6480800. The data consists of numerical data for analyzing the thermal response test and in situ meas-
urements of an actively heated fiber-optics-based thermal response test in a grouted borehole. Codes for the
pre-processing of the observational data and for estimating groundwater flow rates are written in MATLAB Live
Script, version 2021b. Additional details are provided in Supporting Information S1 and S2.
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