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Abstract

The application of optical fibers for assessing cemented wellbore’s integrity attracted considerable attention recently, because
of low cost, decent temporal/spatial resolution and absence of downhole electronics. This study presents an integrated
approach to compare measurements from distributed temperature sensing (DTS), distributed strain sensing (DSS) and fiber
Bragg grating (FBG), at different stages of the wellbore cementation at Bedretto Underground Laboratory for Geosciences
and Geoenergies. Before the cementation, the measurements from DTS provided information about the hydrogeological
settings of the wellbore, including the major flow zones, and presence of a highly conductive hydraulic shortcut to a nearby
wellbore. During the cement injection, the temperature sensors (DTS and temperature FBG) clearly detected the evolution of
the top of the cement. While the mechanical deformation sensors (DSS and strain FBG) did not provide significant insights
during this stage, their role became more pronounced in subsequent phases. Results show that the irregularities on the wall
have minor influence on the thermo-mechanical response of the wellbore, both during and after cementation. After cementa-
tion, the temperature sensors (DTS and temperature FBG) traced different phases of cement-hardening process, while DSS
measurements identified areas of major deformation, primarily in fracture/fault zones. It was also observed that localized
elevation of temperature and extensional deformation along the wellbore during the cement-hardening are correlated with the
presence of permeable structures, most likely due to continuous supply of water. Results of this study show that monitoring
of the cemented wellbores using optical fibers, in particular during cement hardening, not only can be used to efficiently
assess the wellbore integrity but also can provide us additional important information about the hydrogeological settings of
the target reservoir volume.
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Introduction

The efficient exploitation of subsurface reservoirs requires
wellbores with mitigated fluid/gas migration, appropriate
mechanical and hydraulic barriers, and a long lifetime. This
set of criteria is also referred to as wellbore integrity (Kiran
et al. 2017; Manceau et al. 2015), which is addressed to a
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great extent by primary cementation of the wellbores. There-
fore, it is important to verify the integrity of the cement
in place (Cao et al. 2013). The potential factors that may
(locally) compromise the cement integrity include among
others; improper displacement of the drilling (or formation)
fluid by the cement, sharp pressure/temperature changes in
the wellbore after cementation, and carrying out operations
in an already cased and cemented wellbore (Wu et al. 2017).
The wellbore integrity is commonly investigated using wire-
line logging techniques, such as Cement Bond Log (CBL)
(Pardue and Morris 1963), Variable Density Log (VDL)
(Morris et al. 2003), and Ultra-Sonic Imaging Log (Thomas
et al. 2016), based on which, the integrity of the cement to
the casing, as well as to the formation, is evaluated (Kiran
et al. 2017). However, the logging techniques (a) may lead
to incorrect interpretation of the wellbore integrity if the
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cement is locally contaminated within the wellbore (Batch-
eller 2013), (b) need access to the wellbore and c¢) can only
be carried out after the cementation (Wu et al. 2017). To
overcome such limitations, since mid-1990s, the application
of fiber optics in subsurface characterization and evaluation
gained considerable attention (Kamal 2014; Hurtig 1993).
Such systems—in the forms of single-point, multi-point, or
quasi-distributed (continuous) sensing configurations ana-
lyzed in time- or frequency-domain—can be used within the
wellbore to measure temperature, strain, and vibration dur-
ing the cementation process (Kragas et al. 2001). The reader
is referred to the recent reviews on this topic for more infor-
mation (Lindsey and Martin 2020; Zhu et al. 2017; Schenato
2017; Dakin et al. 1985).

The applications of the optical fiber in wellbore integrity
monitoring includes: tracing the top of the cement during
cementation operation (Reinsch et al. 2013), monitoring
temperature changes and mechanical deformations during
cement-hardening process and active monitoring of vibra-
tions to evaluate cement bond to the formation/casing (Raab
et al. 2019). As an example, Xue and Hashimoto (2017)
used the distributed strain (DSS) and temperature (DTS) to
evaluate wellbore- and caprock-integrity during CO, storage
for different lithological layers along the wellbore. Wu et al.
(2017) used optical fibers covered with a hydrocarbon sensi-
tive polymer to measure the hydrocarbon migration along
the cemented wellbore. Raab et al. (2019) used DTS (for
identifying thermal signatures during cementation) and DAS
(to record average-axial-strain amplitudes acquired during
different well operations) to evaluate the cement placement
and its coupling to the medium. The authors showed that
the results from both technologies can be correlated with
the observations from CBL. In another approach, Pearce
et al. (2009) successfully utilized FBG system as a Real-
Time Compaction Imager (RTCI) in a producing gas well,
for casing strain monitoring during key well activities,
including cementing, perforating, fracturing, and the start of
production, demonstrating its ability to detect and interpret
detailed responses. In a 2023 laboratory-scale experiment,
Chen et al. (2023) validated the use of FBG technology as
a promising, real-time, high-accuracy, and nondestructive
tool for monitoring the integrity of cement sheaths, sup-
ported by an analytical model. To the best of the authors’
knowledge, the potential of FBG technology for conduct-
ing high-frequency temperature sampling during field-scale
cementation operations remains an area that has not been
extensively investigated.

In terms of thermo-mechanical signatures, the cement
hardening is considered as an exothermic reaction which
can cause both expansion and contraction at different phases
of hardening. The cement-hardening process can be divided
into four major consecutive periods (Bullard et al. 2011):
(a) initial reaction: involving dissolution and hydration of
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calcium silicate component in water, starting within sec-
onds to a few minutes after the dissolution of cement, which
can continue for several minutes, (b) slow reaction period:
without significant heat generation, (c) acceleration period:
associated with significant increase in heat generation (sev-
eral mW/mg, depending the on the cement composition) due
to nucleation and growth of the crystalized hydration prod-
ucts, and (d) deceleration period: associated with gradual
decrease in generated heat which takes from days to several
months. In this investigation, we present a comprehensive
approach utilizing DTS, DSS, and FBG sensors to moni-
tor wellbore integrity throughout the cementation process
and subsequent hardening phases. Our study focuses on a
304-m-long geophysical monitoring wellbore (MB1) under
challenging conditions, including the presence of hydrau-
lic shortcuts and inflow zones. The main objectives of our
research are to assess the performance and capabilities of
these three sensor technologies for real-time monitoring
of cementation processes and to shed light on the thermo-
hydro-mechanical behavior of the wellbore during and after
cement injection. By comparing and analyzing the data col-
lected from these sensors, we aim to provide insights into
the complex processes occurring within the wellbore, which
can be used for better characterization of wellbore integrity
and subsurface reservoirs.

Site description

BULGG, located at tunnel meter (TM) 2000 in the 5.2-km-
long Bedretto tunnel in Ticino, Switzerland, is a research
infrastructure developed by ETH Ziirich as part of the
Swiss Energy Strategy 2050 (SFOE 2021; Prognos 2012)
to increase the share of the renewable geothermal energy
(Rast et al. 2022; Keller and Schneider 1982). The detailed
geological map and cross-section of the Bedretto tunnel are
shown in Fig. 1 (Rast et al. 2022; Wenning et al. 2022; Kel-
ler and Schneider 1982). The Bedretto tunnel mainly con-
sists of three geological units: the Tremola series (TM O to
TM 434), the Prato series (TM 434 to TM 1138), and the
Rotondo granite (TM 1138 to TM 5218) (Rast et al. 2022).

To-date, nine long wellbores have been drilled into the
reservoir volume of the BULGG and completed for different
purposes, namely: for monitoring (MB1, MB3, MB4, MBS,
MB7 and MB8), characterization (MB2), and stimulation
(ST1 and ST2), with measured depth ranges between 101
and 404 m and various inclinations (see Fig. 1¢). For sim-
plicity, all reported “depth” values in this study correspond
to the “measured depth”. A comprehensive review of the
laboratory and the project, including the rock and hydro-
geological characterization is provided by Ma et al. (2022).
Numerous sensors have been deployed within the well-
bores, incorporating a variety of sensor types, the overall
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Fig.1 a The geological map and b cross-section of the Bedretto tun-
nel with the BULGG marked with the blue rectangle as well as ¢ the
drilled wellbores in BULGG (the potential geometry of the detected

performance goals and installation procedure of which, are
described in Plenkers et al. (2023). These include piezoelec-
tric accelerometers, in-situ acoustic emission (AE) sensors,
fiber-optic cables for distributed acoustic sensing (DAS),
distributed strain sensing (DSS), distributed temperature
sensing (DTS), Fiber Bragg Grating (FBG) sensors, geo-
phones, ultrasonic transmitters, and pore pressure sensors.
A comprehensive review of these sensors and their instal-
lation protocols are presented by Plenkers et al. (2023). As
an additional advantage, some of the installed sensors, in
particular, the DTS, DSS and FBG, provided us with the
possibility to gain deeper insight into the hydrogeological
settings of the target reservoir volume at the early stages of
the project as well as to monitor the cementation operation
in the wellbores with very high level of details (which is the
focus of this study). The multi-sensor-network design was
optimized to meet several installation challenges; namely
relatively long and fractured wellbores, breakouts, relatively
high pressure, and the requirement to cement the wellbore
to assure wellbore integrity as well as to provide appropri-
ate coupling between the sensors and the reservoir volume.
A borehole specific cement design was developed in this
context as described in detail by Plenkers et al. (2023). A
central rod system was used in all wellbores for: (a) cement
injection, and (b) mounting and fixation of all monitoring
equipment for correct positioning. The FBG sensors were

hydraulic shortcut between the wellbore under study (MB1) and a
nearby wellbore (ST2) is shown in the figure) [after (Rast et al. 2022;
Wenning et al. 2022, Shakas et al. 2021, Keller and Schneider 1982)]

attached to the central rod using special brackets and spac-
ers, while the fiber-optic cables (DTS and DSS) are fixated
using a custom-made cable clamp approximately every 3 m
(Plenkers et al. 2023). In addition, cable ties were used for
further support in between. A schematic representation of
the clamping systems used for distributed fiber cables and
FBG sensors are presented in Fig. 2.

MB1 wellbore

The MB1 wellbore, which is the focus of this study, is drilled
at tunnel meter 2050 m with a diameter of 16.5 cm, the
measured depth of 304 m and the average dip of 40.3°. From
about 144 m to the bottom of the wellbore, several fractures
and fault zones discharge water with a total wellhead outflow
of 9.5 1/min, measured immediately before cementation.
MBI is equipped with two separate DTS optical fiber lines
(both multimode with the type 50/125 um), one of which
covers the full length of the wellbore, whereas the second
fiber only extends to the depth of 263 m. The measurements
from the longest installed DTS cable are only presented in
this study. There exist two separate chains of FBG long-
gauge sensors in MB1, each of which, consists of 10 sensors
(20 in total). Each FBG sensor has a base length of 1 m.
The single-mode DSS fiber, which comes with corrugated
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(b)

Fig.2 a The centralizers with integrated clamps for (fiber) cables,
and b special clamping system used for mounting FBG sensors on the
central rod, [after Plenkers et al. (2023)]
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surface for improved mechanical coupling to the wellbore
wall, covers the full length of the wellbore.

The well logging results for temperature (and its gra-
dient), fluid conductance (and its gradient), and the
gamma ray (GR) measurements in MB1, smoothed using
Savitzky—Golay filter with a smoothing window of 5 m, are
shown in Fig. 3. Based on the temperature log, seven ther-
mal anomalies, representing flowing zones, are manually
identified in MB1, at the depths of 144 m, 182 m, 186 m,
214 m, 244 m, 278 m, and 290 m, out of which, all except
the structure at 278 m, are characterized as heat loss zones.
It is worth noting that these measured depths are reported
with a 1 m resolution to conservatively cover the depth range
over which the corresponding thermal anomaly is identified.
The GR profile also shows a major anomaly at the depth of
approximately 15 m, which is the bottom depth of the metal-
lic conductor pipe installed in MB1. The temperature log
data show an average geothermal gradient of about 10 °C/km
along MB1, with a slight decreasing trend with increasing
depth. This is partly caused by the thermal drainage of the
reservoir volume by the tunnel boundary effect after being
excavated. The wellbore breakout zones in MB1 are mainly
identified between the depths of 150 m and 210 m (Ma et al.
2022).
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Fig.3 The geophysical well logging results for: temperature and its gradient (a), fluid conductance and its gradient (b) and the GR (c) along the
depth in MB1. The location of the potential flow zones are marked with dashed blue horizontal lines in all figures

@ Springer



Environmental Earth Sciences (2024) 83:146

Page50f15 146

After the logging and prior to the cementation operation,
the wellhead of MB1 was closed, and consequently reached
a stabilized pressure of 25.3 bar after 5 days. Next, a depres-
surization experiment was carried out, by partially opening
the wellhead and monitoring the temporal evolution of the
temperature profile along the wellbore using Silixa XT DTS
instrument (Silixa XT 2023) with sampling frequency of
0.2 Hz. In this study, all the DTS raw data are processed
using the code developed by Oregon State University’s
Center for Transformative Environmental Monitoring Pro-
grams’ (CTEMP) Matlab DTS Toolbox (https://ctemps.org/
data-processing) (CTEMPs 2015). The recorded wellbore
pressure and temperature (as well as their time derivative
and gradient) are presented in Fig. 4. Immediately after
opening the wellbore, the temperature distribution (Fig. 4b)
shows a distinct signature of colder fluid entering the well-
bore at the depth of about 144 m, with an upward velocity
of ca. 5.5 cm/s, indicating a total corresponding wellbore
outflow of ca. 1.1 I/s, shortly after opening (estimated based
on the wellbore diameter). The detected anomaly can also
be clearly observed from the temperature’s time-derivative
plot (Fig. 4c). The temperature’s time-derivative also shows
a minor anomaly approximately at the depth of 240 m. The
temperature gradient (Fig. 4d), however, provides a more

pronounced representation of the thermal anomalies at
144 m, 244 m and 278 m, which are in good agreement with
the well logging results (above mentioned). The thermal
anomaly at 144 m is detected even before the well opening.
The observed effects provided us with essential insights into
fluid flow dynamics and temperature variations within the
wellbore, which is of importance during the well cementa-
tion phases, including selection of cement slurry, additives,
and pumping parameters.

A hydraulic shortcut between MB1 and ST2 (Fig. 1c)
had been identified based on an injection test—over two
cycles with a brief stop in between—that was carried out
in ST2 using a straddle packer at the depth interval of
313.6-319.6 m, which resulted in a thermal anomaly in
MBI in the depth range of approximately between 276 and
290 m after 6 h of injection (Wenning et al. 2022), detected
using the installed DTS in MB1. The inferred geometry of
the hydraulic shortcut between the two wells is presented
in Fig. 1b and the details of the experiment in provided by
Wenning et al. (2022).

A pumping test was carried out in MB1, based on which,
the transmissivity of MB1 was estimated as 2E-6 m?/s (Ma
et al. 2022). Before the cementation operation, MB1 was
open to depressurize the reservoir volume, and an estimate
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Fig.4 a) Wellhead pressure, b) distributed wellbore temperature, ¢) temperature’s time derivative and d) temperature gradient, during depres-

surization experiment in MB1
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of the pressure built-up subsequent to a shut-in has been
investigated by temporary wellhead closure. Wellhead pres-
sure increases of approximately 7 bar and 13.5 bar have been
recorded after 4 h and 24 h of closure, respectively, and
noted for the cement slurry design conditions.

Methodology

During the MB1 cementation, the DTS was interrogated
using Silixa Ultima DTS (Silixa ULTIMA 2023), with a
spatial resolution of 0.125 m, temporal resolution of 20 s,
and temperature resolution of 0.01 °C. The strain and tem-
perature changes in FBG sensors were interrogated using a
Micron Optics si255 Hyperion interrogator with a sampling
rate of 10 Hz, a strain accuracy of 0.85 micro-strains (ue)
and a temperature accuracy of 0.05 °C. The DSS along the
wellbore was read out by the Omnisens-Vision Dual distrib-
uted strain and temperature sensing system, with a spatial
resolution of 0.5 m and a strain accuracy of <2 pe. Please
note that the accuracies mentioned above are the read-out
accuracies for a pure fiber. The sensors of all sensing types
are protected and embedded in grout to connect to the host
rock, which reduces the actual sensitivity of the system as
a whole. Depending on the type of sensor protection and
embedment, the actual accuracy/sensitivity usually is esti-
mated at 10-20 pe.

In this study, the compression is presented by negative
values for the strain data. The strain measurements are cor-
rected to exclude thermal effects, using the acquired tem-
perature measurements at the corresponding sampling loca-
tions. The total strain for the FBG sensors in micro-strains
(pe) can be calculated according to Eq. (1) (Micron Optics

/1T,im't

2014):
a Ar = A inis } N CTE; )
AT,init ST
(n

where /g is the current wavelength in the strain FBG, Ay,
is the initial wavelength in the strain FBG, A; is the cur-
rent wavelength in the temperature FBG, Ay, is the initial
wavelength in the temperature FBG, F; and S; are Gauge
factor (c.f. calibration sheet), and CTE is the CTE of the
FBG substrate.

Analogously, the formula for calculation of total strain
in DSS sensors is represented by Eq. (2) (Horiguchi et al.
1995):

AT - /IT,init

100 { As = Aginir

AS,inil

Mgy = C.(Avs — AT/Cy), )
where C, is the strain coefficient (pe/MHz), C; is the tem-

perature coefficient (°C/MHz), Av, is the Brillouin fre-
quency shift in the strain cable (MHz), and A is the change
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in temperature (°C). In this study, all the strain values as well
as the temperature changes are set to zero at the beginning
of the plotted monitoring period.

A CEM III furnace slag cement with a slurry density of
1.8 g/cm® was used for MB1 cementation which has low
hydration heat and high strength. The pH of the CEM III
drops to 12 shortly after initial hydration phase, so that a
decomposition of rubber seals and cable materials is mini-
mized. The Bentonite clay and SIKA UW Compound (SIKA
2023) (used as additives) have been optimized in a series of
tests to reduce the formation of free water during hardening
to minimum. A liquid cement fluidizer (Sikament 12A) was
added to improve shear thinning behavior of the slurry for
better pumpability. Also, several additional measures were
taken to minimize the cement loss/dilution during and after
cementation. The details of cement composition, proper-
ties and injection protocols are described in Plenkers et al.
(2023)). Furthermore, Online Appendix A presents supple-
mentary quantitative analysis aimed at mitigating cement
loss.

During the cementation operation, the cement flow rate
was monitored using two electromagnetic flowmeters at
the inlet and outlet of MB1. Also cement properties, such
as Marsh time, density and homogeneity at the return line
(from the annulus) was monitored after injecting every 500 1
of slurry. After the completion of the cementation operation,
the MB1 wellhead was fully closed, and the wellhead pres-
sure was continuously monitored.

Results
Monitoring during cementation

The results of monitoring MB1 during the cementation oper-
ation are shown in Fig. 5. In Fig. 5a, we can see that during
the initial 15 min of injection, there is only a small increase
in pressure, about 2 bar, at the wellhead, as indicated by the
green arrow. However, as we continue to inject cement into
the well, the pressure quickly rises to around 25 bar due to
the rising cement column in the annulus. When we inject
the second and third batches of cement slurry, we observe a
pressure starts to decrease after about 1.5 h, as indicated by
the blue arrow (it drops to 12 bar and then slightly increases)
and a pressure starts to increase after about 3.25 h, as
pointed by the red arrow (reaching 25-30 bar), respectively.
Figure 5a also shows manually recorded data for the cement
inflow and outflow, along with an estimate of cement loss
in MBI, considering prior measurements of natural outflow.
The natural inflow gradually decreases as the cement column
in the annulus rises, eventually stopping after about 100 min
of pumping (when the estimated height of the cement col-
umn in the annulus of MBI is about 130 m). After this point,
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the outflow becomes slightly lower than the inflow, indicat-
ing a continuous but relatively stable loss of cement into
the formation. This suggests a potential total cement loss of
360 1, which is relatively small compared to the total volume
of injected cement, which is approximately 7300 1. After
pumping around 6700 1 of cement (slightly above the total
volume of MB1, which is 6500 1) over approximately 4 h,
low-density cement starts coming out of the outflow line. As
a result, we decided to continue pumping an additional 600 1
of highly viscous LCM cement. This brought the returned
cement's density up to 1.6 g/cm?. Subsequently, we stopped
the cementing operation and shut in the wellhead. There
were no indications of cement loss to ST2 during the opera-
tion. The distributed temperature profile during the cementa-
tion (Fig. 5b) clearly shows the onset of the thermal anoma-
lies along the wellbore with the start of the cement injection.
The injection of the cement through the central tubing is
associated with an immediate cooling effect that can be spot-
ted at the upper part of the wellbore, which almost uniformly
moves downward. The arrival of the cement front in the
annulus at the bottom of the wellbore manifests as a sharp
thermal contrast, with elevated temperature. The advance-
ment of the cement front can also be observed with larger
contrast from the time derivative of temperature (Fig. 5c)
and temperature gradient (Fig. 5d), for which, the tempera-
ture profiles are smoothed using the Savitzky—Golay filter
with smoothing windows of 73 in time (ca. 24 min) and 54 in
depth (ca. 6.75 m), respectively. The already identified flow
zones from the logging at the depths of 244 m and 278 m can
be observed in the time-derivative plots (Fig. 5¢c) with earlier
temperature increase at the corresponding flow zones upon
the arrival of the cement. In addition, the above-mentioned
flow zones show as strong deflections in cement front’s tem-
perature profile in the gradient plot (Fig. 5-(d)), which also
shows the flow zone at the depth of 244 m, even before the
start of the cement injection. Shortly after the completion of
the cementation operation, based on the temperature as well
as its time-derivative profiles (Fig. 5b, c¢), a sharp tempera-
ture increase can be observed almost along the full wellbore,
which dissipates within a few minutes.

The longitudinal strain magnitudes along MB1 recorded
using the DSS during the cement injection are shown in
Fig. 5Se. Alternating patterns of expansive and compres-
sive deformation along the wellbore depth can be observed
from the DSS results, which can be explained by differences
between the thermal properties of the DSS cable with that
of the central injection pipe, to which it is clamped. The
advancement of the cement slurry inside the central injec-
tion rod as well as in the annulus can be observed from
the recorded strain profile, which is consistent with the
temperature evolution recorded by DTS (Fig. 5b—d). The
DSS measurements are, however, subjected to various influ-
ences, including drag forces by cement slurry exerted on the
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outside of the cable’s corrugated coating, buoyancy effects
caused by different fluid densities and thermal expansion/
contraction of the cable.

The strain and temperature changes measured by the FBG
sensors along MB1 during the cement injection are shown
in Fig. 5f, g, respectively. As can be seen in the figures,
the movement of the cement inside the injection tubing at
the early stage of slurry pumping does not cause notable
deformation nor temperature changes. This is due to the
decoupling between the FBG sensors and the central tubing
after the installation (see Introduction for details). On the
other hand, as soon as the cement enters the annulus at the
bottom of the wellbore, the temperature changes recorded
by FBG sensors almost immediately show signatures of
cement arrival, based on which, the temporal advancement
of the cement front in the annulus can be closely moni-
tored. In addition, the recorded temperature change profiles
from FBG sensors show a slight oscillatory pattern super-
imposed on the general heating trend along the wellbore,
which was also detected with DTS, but only partially due
to their lower resolution compared with FBG sensors. The
strain levels recorded by FBG sensors along the wellbore
do not show major deformation from the wellhead to the
depth of 237.3 m (see Fig. 5f). However, the two deepest
FBG sensors at the depths of 260.3 m and 277.3 m show
significant compression, in particular at the later stages of
the cement injection. The compression starts as soon as the
cement injection pressure reaches approximately 25 bar (see
Fig. 5a), and continues until the final stage of the cement
injection.

Monitoring after cementation

The thermo-hydro-mechanical response of MB1 is moni-
tored for a time period of 7 days after the completion of the
cementation operation to catch the four different phases of
the cement-hardening process.

The recorded wellhead pressure after wellhead closure
is presented in Fig. 6a. The starting time of the plots cor-
responds to approximately 18 min after stopping the cement
injection, during which the monitoring systems’ settings
were adjusted for longer term monitoring of the wellbore.
In order to evaluate any potential correlation between the
wellhead pressure with the cement-hardening process, the
wellbore temperature change, averaged over the full length
of the wellbore (computed based on DTS measurements) is
also plotted in the figure, assuming that the wellbore wall’s
irregularities does not affect averaged temperature magni-
tudes. As can be seen from the figure, the recorded pressure
remains low, with a slight increase of approximately 0.01 bar
per hour, for about nine hours after the wellhead closure.
Shortly after wellhead closure, a continuous decline in the
average temperature profile can be noted, corresponding to
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Fig.6 Results from the installed monitoring systems in MB1 during
7-day observation period after the completion of the cementation:
a the cement pressure as well as the average wellbore temperature,
b distributed temperature profile (DTS) along the depth, ¢ tempera-
ture changes at regular intervals (every 50 m, +adjustments to avoid
clamped sampling locations) extracted from DTS, d the temperature
profile at zones identified with prolonged heating phase after cement
placement (extracted from DTS), e strain profile along depth meas-

ured using DSS (measurements stopped about 60 h after the begin-
ning of the monitoring period due to technical issues), f the strain
profiles at sensor locations recorded using FBG, and g the temper-
ature change at sensor locations recorded using FBG. Each FBG
sensor is presented with a ribbon at the corresponding depth of the
sensor (width of the ribbon is not in scale to the length of the FBG
sensors)
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the “slow reaction period” (see “Introduction”). The tem-
perature’s decreasing trend, however, reverses about 5 h
after wellhead closure with the initiation of “acceleration
period”. At about 2.5 h of temperature increase, the well-
head pressure (which has been almost constant) undergoes
a sharp increase, reaching 7.3 bar in less than three hours,
after which it starts to level off and consequently decline to
almost stabilize at about 1.4 bar within 4 days. The decline
in temperature, however, starts significantly later than the
corresponding trend in pressure (with a delay of about 16 h),
marking the “deceleration period”.

The distributed temperature profile in MB1 after well-
head closure—recorded with DTS—is presented in Fig. 6b.
As shown in the figure, between 6 and 8 h after the cement
placement (depending on the depth), the temperature starts
to increase along the whole wellbore. In general, the deeper
the observation point, the earlier the heating process starts
and the more extended its duration. The temperature increase
continues for about 1 day followed by a gradual decrease.
However, at a number of locations along the wellbore, it is
observed that the heating phase continues for several days, in
particular, at depths of 144.5 m, 182.6 m, 199.7 m, 209.6 m,
214.8 m, 244.7 m, 269.1 m, 279.4 m and 291.6 m. At six
of these depths, major flow zones have already been iden-
tified based on geophysical well logs. Figure 6¢ presents
the corresponding temperature profiles at regular intervals
(every 50 m, with minor adjustments to avoid collocation
of the fiber clamping locations with the sampling points, if
needed) in MB1. The temperature profile follows the aver-
age heating pattern of the wellbore, whereas Fig. 6d shows
the temperature at the nine depths already been identified
with prolonged heating phase (above mentioned). The “slow
reaction period” can be clearly identified with a temperature
decline in all sampled depths along MB1, including both
regularly sampled as well as the depths with prolonged heat-
ing. The rate of heat generation, is, however, significantly
larger in the locations with prolonged heating phase, com-
pared with the regularly sampled intervals. The maximum
temperature change recorded at regularly sampled intervals
varies approximately between 3.4 °C and 5 °C, in contrast to
a corresponding range of 5.2 °C to 10.1 °C in the locations
with prolonged heating phase. The observed heat genera-
tion during accelerating phase is also hallmarked with two
local temperature peaks, which is consistent with typical
behavior of the cement gel during hardening phase (Bullard
et al. 2011). However, the comparison between laboratory
measurements of heating during cement hardening with pre-
sented observation in this study can only be qualitative, since
the generated heat in the wellbore is continuously exchanged
with wellbore’s wall/rock volume.

The longitudinal strain along the wellbore recorded by
DSS after the wellhead closure is presented in Fig. 6e. The
DSS measurements stopped inadvertently, about 60 h after
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wellhead closure for technical reasons. A number of major
strain anomalies can be observed, approximately at the
depths of 144 m, 244 m, 270 m, 277 m, 286 m and 291 m,
all of which manifest in the form of tensile deformation in
the range of 50 pe to 200 pe. The anomalies start during the
first day after the completion of the cementation operation
and following a slight- and brief-recovery, the tensile defor-
mations remain almost constant for the rest of the observa-
tion period.

The strains and temperature change profiles recorded by
the FBG sensors in MB1, smoothed with Savitzky—Golay fil-
ter with a smoothing window of 30 s, are shown in Fig. 6f, g,
respectively. Over the first few hours after the wellhead clo-
sure, the FBG sensors consistently show a slight compres-
sional deformation. Then, a reverse in deformation pattern
can be observed in almost all FBG sensors by the start of
the “acceleration period”, which is consistent with the tem-
perature profile (Fig. 6b). In particular, the two deepest FBG
sensors at the depths of 260.3 m and 277.3 m, show notable
extensions, evidencing a maximum extension of 118 pe and
165 pe, respectively, after which the recorded extensions
only slightly recover towards the end of the 7-day period.
The extensional deformation associated with the “accelera-
tion period” in three of the FBG sensors, namely at depths of
102.4 m, 122.4 m, and 157.3 m, initiated with a delay of 2-3
days, compared with other sensors. A single FBG sensor at
the depth of 204.4 m does did not show notable extensional
deformation by the end of the 7-day monitoring period. The
temperature change profile recorded by the FBG sensors in
MBI (Fig. 6g) shows the heat generation associated with
“acceleration period” during cement hardening that contin-
ues for approximately 12 h, after which the generated heat
starts to dissipate into the formation (via the borehole wall).
The pattern is also consistent with the observations from the
DTS (see Fig. 6b).

Discussions

Several previous studies have successfully applied DTS and
DSS technologies to various extents in wellbore integrity
monitoring, particularly during cementation operations. This
study, however, provides novel contributions compared with
the prior works. One of the primary novelties of the pre-
sented study is the integrated approach, which combines
pressure sensors with DTS, DSS and FBG sensing technolo-
gies. Notably, in the current study, FBG sensors provided
us with the added benefit of measuring at high frequencies,
specifically at 10 Hz, allowing for almost immediate and
real-time detection of the evolution of the top of the cement
within the wellbore (as shown in Fig. 5g). Another nota-
ble aspect of this research is its in-depth evaluation of the
thermo-hydro-mechanical behavior of the wellbore during
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both cement injection and cement-hardening phases, in
order to shed light on the dynamic interactions between the
cement and the surrounding geologic formations, involv-
ing hydraulic shortcuts and major inflow zones. In addi-
tion, the installed monitoring system is observed to provide
valuable information about the hydrogeological setting of
the wellbore both before- and after cementation. It is also
noteworthy to mention that our study was carried out within
a thoroughly characterized rock volume, accompanied by
a comprehensive inventory of fractures within the well-
bore. This extensive knowledge significantly supported our
interpretations and provided us with the necessary tools
to analyze monitoring results using fiber optics. Compre-
hensive discussions regarding the observations during and
after the cementation operation are provided in the following
sections.

During cement injection

By the start of the cement injection in MB1, the flow of
cement into the wellbore is supported by the higher density
of the cement slurry in the injection rod, which results in
only a slight increase in injection pressure. Upon arrival of
the cement slurry in the annulus, the pump needs to over-
come the continuously increasing weight of the cement col-
umn in the annulus, which causes notable increase in the
injection pressure due to elevated friction.

The almost linear advancement of the cement front within
the annulus that was detected by temperature as well as its
time derivative from DTS is consistent with the relatively
constant cement injection rate, corroborating the absence of
major cement loss. However, the presence of major inflow
zones along the wellbore leads to a relatively blunt border
between the cement front’s temperature with that of the well-
bore fluid, which can be seen in particular at the depths of
144 m and 244 m from the temperature’s time-derivative
profile (Fig. 5c). On the other hand, the temperature gra-
dient plot is not significantly influenced by the distortion
of the cement—water border. During cement injection, the
maximum recorded temperature increase along the wellbore
occurs approximately at the depth of 244 m, at which a natu-
ral inflow zone has already been identified based on logging
results as heat loss zone. Therefore, the corresponding tem-
perature increases during the cementation can be attributed
to the blockage of the inflow zones by the cement column,
which leads to equilibrating the thermal anomaly followed
by a sharp increase in the temperature.

The observed oscillatory pattern of temperature in the
annulus upon arrival of the cement, in particular recorded
by the FBG sensor, can be attributed to multiple factors,
including (a) the imminent start of “initial reaction” period
within the cement slurry inside the injection pipe, (b) heat
exchange between the cement slurry and the wellbore wall,

and (c) the presence of localized thermal anomalies. In par-
ticular, the “initial reaction” phase will be difficult to exactly
identify because of its rapid initiation and dissipation. The
utilization of FBG sensors in our study proved to be of sig-
nificant value due to their high sampling frequency, specifi-
cally 10 Hz. This high sampling rate allowed us to promptly
detect thermal anomalies within the wellbore. This capabil-
ity is particularly advantageous when compared to the DTS
system, which operates at a much lower sampling frequency
of 0.2 Hz. The lower sampling frequency of the DTS sys-
tem can potentially convolute various thermal effects over
the sampling period, making it challenging to distinguish
between different thermal effects.

The observed deformations from FBG sensors during the
cement injection can be due to the influence of injection-
related processes, such as buoyancy effect, which is sup-
ported by the fact that the recorded compressions in the two
deepest FBG sensors were partially reversed at the later
stages of injection, when the cement injection pressure
decreased significantly due to the injection of a different
cement slurry. The dragging force caused by the viscous
cement around annulus, however, does not have a major
impact on the FBG sensor recordings, since no significant
anomaly has been detected immediately after the injection
stops.

The strain values recorded with DSS during the cement
injection are mainly dominated by the thermal effects, either
direct contact between cement and cable within the annu-
lus, or indirect contact between cable in the annulus and the
cement slurry inside the injection rod.

During cement hardening

The abrupt increase in wellhead pressure shortly after well-
head closure can be due to the interactions between the
cement loss, back-pressure buildup from the reservoir, and
thermally induced expansion. When the cement loss stops
(by the Lost Circulation Materials—LCM (Boukadi et al.
(2004))), the increase in—back-pressure as well as—the
cement temperature elevates the wellbore pressure. How-
ever, the temperature increase, which is due to the initiation
of the cement-hardening process, follows the sharp increase
in pressure, which implies that the effect of the back-pres-
sure is more significant than the thermal expansion of the
slurry. The consequent decline of the wellbore pressure
and stabilization at about 1.2 bar, affirms that the cement-
hardening process ultimately resulted in net shrinkage. At
this point, the wellbore is sealed by the low permeable and
hardened cement column, and the transfer of pressure from
the fracture zones to the wellhead is limited and very slow.

The DTS results during cement hardening show that
the accelerated heat generation phase consistently starts
earlier in the deeper parts of the wellbore and persists for
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an extended duration, which is due to the fact that cor-
responding elevated in-situ temperature accelerates the
hydration reactions (Thomas et al. 2009). The results
also show that all, except one of the major flowing zones
detected with logging, manifested as prolonged and ele-
vated temperature anomalies during cement hardening,
deviated from the general pattern of the wellbore. Given
that almost all identified flow zones from well logs were
characterized as heat loss zone, it can be inferred that
such characteristic of the flow has negligible influence on
the observed temperature profile during hardening. The
observed temperature anomalies at the flow zones may be
attributed to two potential causes:

(D The presence of breakouts or highly permeable struc-
tures can cause a larger accumulation of cement. Specifi-
cally, in the case of wellbore breakouts, which mainly occur
between depths of 150-210 m in MB1, they do not signifi-
cantly affect the temperature profile. In addition, if there had
been a substantial loss of cement into permeable structures,
we would have expected to see a gradual and bidirectional
expansion of the thermal anomaly along the wellbore trajec-
tory over time. This is because the cement that penetrates
these permeable fractures or faults would heat up their side-
walls, leading to observable changes in the temperature pro-
files. However, such changes have not been observed in the
temperature.

(IT) The flowing zones acting as water reserves during
the cement-hardening process: it is known that if the cement
hardening proceeds in adiabatic environment without exter-
nal source of water, the internal relative humidity (RH) of
the cement decreases, leading to “self-desiccation” as well
as shrinkage in total volume of the cement, whereas, contin-
uous supply of water to the cement gel during the hardening
phase promotes the cement hydration, and therefore results
in a longer heat generation (Wong 2018; Bullard et al. 2011).
Since in the wellbore, the continuous supply of water to the
cement in the vicinity of the flowing structures is present,
it can be inferred that the observed thermal anomalies are
mainly caused by the presence of permeable structures in
the vicinity of the anomaly. The DTS measurement during
cement hardening were not only able to reveal the location
of almost all flow zones detected with geophysical logs, but
also showed similar elevated temperature patterns at several
other locations. This innovative approach to interpret cement
temperature monitoring results not only provides valuable
insights into the presence of previously undetected, poten-
tially weaker flow zones but may also underscores its distinct
advantage in obtaining critical information that traditional
geophysical well logs may overlook. The significant expan-
sion of about 200 pe, recorded by DSS during cement hard-
ening at the approximate depth of 244 m, can be attributed to
the significant compliance and expansion of the correspond-
ing structure because of the effect of reservoir back-pressure.
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The delayed initiation of the extensional deformation dur-
ing the “acceleration period” that was marked by three FBG
sensors can be due to dilution of the cement patches in the
vicinity of the noted sensors, especially that their shallow
depths imply that the corresponding cement volumes are
from the early stage of cement injection, potentially before
the cement column pressure as well as the LCM could block
the inflows from permeable structures. It is noteworthy to men-
tion that such strain anomalies detected by FBG sensors were
not particularly detected by the DSS sensor due to its lower
measurement resolution and accuracy.

It is also noteworthy to mention that understanding the per-
meability of cement and its relationship with stress changes is
important in the context of wellbore integrity assessment. In
our study, we focused on evaluating wellbore integrity dur-
ing and after the cementation process, with an emphasis on
addressing the presence of micro-annuli and channels within
the cement matrix. Although direct laboratory permeability
data for the cement used were unavailable, existing literature
(Skadsem 2022; Al Ramadan et al. 2019; Schlumberger 2005,
Goode 1962) suggests a typical range of 0.001-0.1 micro-
Darcy for well-cured bentonite cement, a range we believe
our cement likely falls within. However, the micro-annuli
and channels may exhibit higher permeabilities, potentially
impacting wellbore integrity. Hence, our study aimed to opti-
mize cement recipes and placement procedures to mitigate
these concerns. Importantly, our integrity monitoring results
indicated no evidence of major compromised cement qual-
ity, confirming the robust wellbore integrity. Regarding the
permeability—stress relationships of cement, although we
did not investigate them in this study, we acknowledge their
significance, especially in scenarios such as reservoir pres-
surization following cementation or during injection experi-
ments in nearby wellbores (Min et al. 2004; Davies and Davies
2001). It is, however, expected that the stress changes resulting
from geomechanical effects in the BULGG reservoir volume
will likely be more localized, particularly at the intersection
of the wellbore with fractures and faults. Consequently, we
anticipate that these localized stress changes are unlikely to
significantly impact the overall wellbore integrity. Estimating
changes in cement permeability due to strain, considering the
complex interactions and contrast in mechanical properties and
stress changes within both the cement and reservoir, presents
a potential path for future research. This understanding can
enhance wellbore integrity assessments and also can improve
our evaluations of cement performance.

Conclusion

The installed wellbore monitoring system at BULGG pro-
vided us with detailed information at different stages of the
wellbore development, including, before, during, and after
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the cementation, at high spatial and temporal resolution. The
multi-component installation within the same borehole gave
us a unique opportunity to evaluate and compare the obser-
vations of different monitoring techniques during cemen-
tation, in particular, from DSS, DTS and FBG. As it was
shown in the results, the cement injection and hardening pro-
cess are associated with complex thermo-hydro-mechanical
changes within the cement slurry and wellbore. The applica-
tion of different fiber-optic technologies provided us with
the means to shed light on such multi-physical phenomena
by monitoring the cement placement and hardening process
at a wide range of spatial/temporal resolution. It was found
that each of the utilized techniques can provide us unique
and complementary set of information about the involved
processes.

The DTS provides us the information about temporal
dynamics of the cement front during the cement injection
as well as the qualitative information regarding the hydraulic
properties of the major inflow zones in the wellbore after the
cement placement. The post-processing of the temperature
profiles, in particular, the time-derivative and the gradient,
reveals extra details with larger contrast (compared with the
temperature data itself) during cementation. The tempera-
ture’s time derivative can follow the cement front’s advance-
ment within the wellbore during the cement injection. The
temperature gradient, on the other hand, is capable of detect-
ing the location of thermal anomalies due to the presence
of inflow zones. It is observed that the thermal anomalies
detected after the cement placement may be used to identify
the presence of the inflow zones within the wellbore that
act as continuous source of water to promote the cement-
hardening reactions associated with elevated temperature.
The number of detected flow zones in the wellbore based on
the prolonged heating phase after cement placement exceeds
even beyond the resolution of the conventional well logs.
This has the potential to help us to better characterize the
hydrogeological settings of the target reservoir and constrain
the observations from the geophysical well logs, in particu-
lar the presence of open fractures/faults even after the well-
bore is sealed with the cement.

The DSS measurements during the cement injection
mainly represent the thermal effects caused by the injection
of the cement slurry with a different temperature than the in-
situ water, therefore, following the same pattern as the DTS.
After the cement placement, the fracture/fault zones with
relatively large compliance undergo major tensile deforma-
tion due to the back-pressure from the reservoir. Such anom-
alies can be identified efficiently using the DSS, thanks to its
full coverage of the wellbore in terms of detecting relatively
large strain anomalies.

The FBG sensors can immediately detect the arrival
of the cement front within the wellbore. The temperature

measurements from FBG sensors during the cement-
hardening phase accurately capture different phases of the
cement hardening, both in terms of deformation and tem-
perature, owing to their superior precision and enhanced
accuracy, which offer a distinct advantage over the DSS
system. The FBG sensors are also able to detect the poten-
tial locations of the low-quality cement (diluted during
injection) along the wellbore. The localized nature of the
measurements carried out by FBG sensors, however, lim-
its their capability to detect all existing anomalies along
the wellbore. This necessitates a comprehensive analysis
of the well logs during the planning phase before sensor
installation, in order to select the optimal locations of the
FBG sensors. The observations also imply that having both
DSS and FBG sensors can be beneficial, as they comple-
ment each other and provide comprehensive coverage,
sampling frequency, and accuracy, effectively addressing
the potential gaps in anomaly detection along the wellbore.
As a future work, the measurements from the installed
monitoring system in the wellbore will be used for longer
term analyses of the evolution of wellbore integrity under
thermo-hydro-mechanical effects, especially during the
stimulation/circulation experiments.
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