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DISTRIBUTED FIBER OPTIC MONITORING OF A HIGH-RISE
BUILDING PILE-RAFT FOUNDATION: COMMISSIONING CONTROL
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fiber optic sensing, The structural monitoring of high-rise building foundations requires
BOTDA, pile-raft measurement systems that can register spatially distributed deformation
foundation, baseline and temperature effects during construction and at the early stage of
monitoring, service. This paper presents a field case study of a distributed fiber optic
commissioning control, sensing (DFOS) system installed in the raft foundation of a high-rise
high-rise building, building complex. The study is focused not on general crack detection, but
structural diagnostics. on the practical commissioning of the sensing line, interpretation of initial

measurements, and preparation of a reference dataset for subsequent long-
term observation.

The monitoring object is the raft foundation beneath Block R of Abu Dhabi
Plaza in Astana, Kazakhstan. Measurements were obtained along the same
horizontal sensing route using Brillouin Optical Time Domain Analysis
(BOTDA). Two commissioning stages were compared in order to evaluate
the repeatability of the installed system and to separate temporary con-
struction-stage influences from the stable response of the foundation slab.
The analysis showed that signal variability during the first measurement
stage was mainly associated with ongoing construction operations,
including concrete casting and related thermal-mechanical disturbances. In
the second stage, after the completion of active works on the monitored
section, the measured strain and temperature responses became
significantly more stable.

The proposed approach demonstrates how DFOS data can be converted
from raw distributed measurements into a practical monitoring basis for
reinforced concrete substructures. The results are relevant for commissio-
ning control, baseline formation, diagnostic comparison of future measure-
ments.
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International License (CC BY 4.0).
https://creativecommons.org/licenses/by/4.0/



https://doi.org/10.51885/3134-8009_JES_2026_3_4
https://orcid.org/0000-0001-7725-4293
https://orcid.org/0000-0002-8933-3332

()

EKTU JOURNAL OF 1-toMm, 3-HeMmip, KpIpKYyIiek, 2026.
ARCHITECTURAL AND
CONSTRUCTION SCIENCES -52- Tom 1, Ne 3, cenTs16ps 2026.

Vol.1, Issue 3, September 2026.

TyniHai ce3aep:

TYWIHAEME

TaAIBIKTBI-OITUKAABIK,
MoHurtopusr, BOTDA,
ILAUTAABIK ipreTac,
0a3aablK MOHUTOPVIHT,
icke Kocy-Oantay
Haxpraaybl, OMiK
FUIMapaT, KYPBLABIMABIK,
AVATHOCTHKA.

buix rumaparrap ipreracTapbIHbIH KYPBLABIMABIK MOHMTOPMHII Iaiija-
AaHy Ke3eHiHiH OacTalKbl caTBICBIHAA KeHiCTiKTe TapaafaH gedopMa-
UMSABIK K9HEe TeMIlepaTypaablK ocepaepai Tipkeil aJaTblH ©Alley
KylledepiH KaxkeT eTeai. bya Makasaga Omik FuMapaTTap KellleHiHiH
IIAUTAABIK ipreTachlHa OPHATbIAFaH TapaTblAFaH Ta/AIUBIKTHI-OITUKAABIK,
AATYUKTep >KYMeciHiH JaJaabplK 3epTTey HoTMKeAepi YChIHBLAAABL.
3epTTeyiH Heri3ri OaFbITHI JKaAIIbI JKapBIKIIaKTapAbl aHBIKTay MaceeciHe
eMec, eaIley >KeaiciH Toxipubeaik icke KocyFa, HacTanksl eamemAepai
TYCiHZipyTe >KoHe KeiliHIi y3aK Meps3iMai Oakbliay YIIiH 5TaA0HABIK
AepeKTep >KUBIHTHIFEIH KaABIITaCTLIPyFa OaFbITTaAFaH.

Mountopunr HbicaHbl peTiHde Kasakcran PecriyOamkacel, AcraHa
KaaaceiHaarel Abu Dhabi Plaza xerneniniyg R 62015 acThIHAAFBI IIAMTAABIK,
iprerac KapacTHpbeIAABL Oamemaep Oipaeil KeajeHeH ce3iMTaaABIK
OaFpITHI OOJBIHINIA Bp1AAIOSHAIK ONTHUKAABIK YaKBITTBIK AOMEHAIK Taaday
saicimen (BOTDA) aapinapl. OpHaTblAFaH KYIieHiH KaiiTalaHFBIIITHIFBIH
Oafaszay >KoHe KYPBLABIC Ke3eHiHJeri yaKbITIIAa ocepaepAi iprerac
IIANUTaCBIHBIH TYPaKTHI Kayall Oepy cUIlaThIHaH aXKbIpaTy MaKcaThIHAQA icke
KOCYy Ke3eHiHJeri eKi e4111ey caThIChl CAABICTBIPBLAABL.

Tazasay HoTIDKeAepi OipiHINi ealley caTHICBIHAAFBI CUTHAA ©3T€pPIilTiri
HeTi3iHeH KYPBLABIC JKYMBICTapPBIHBIH >KaAFacybIMeH, OHBIH illliHAe OeToH
KYIO O>KdHe COfaH O0aillaHBICTBl O KBIAY-MEXaHMKaABIK ocepAepMeH
0aiAaHbICTHl eKeHiH kepcerTi. Exinmii catriga, OaKblAaHATBIH aliMaKTa
GeaceHAl >XYMBICTap asKTalfaHHAaH KelliH, eAllleHreH JedpOopMalysaabIK
>KoHe TeMIlepaTypaablK >KayallTap e4ayip TypaKThl CUIIaT aaAbl.
YchIHBIAFAaH ToCiA TapaTbhlAFaH TaAIIBIKTBI-ONTUKAABIK, ©AIIeMAepAiH
Oacrarnksl JepeKTepiH TeMipOeTOHABI JKepacThl KYPBLABIMAAPBIH IIPaKTU-
KaAblK MOHUTOPMHITEY HerisiHe Kaaail TypaeHAipyre 00AaTbIHBIH Kepce-
Teai. AABIHFaH HOTIDKeJAep icke Kocy Oakplaaybl, OacTamlKel JeHTelt
KAABIITACTHIPY, O0AaIIaK eAmeMAepAi AMaTHOCTUKAABIK CaABICTBIPY VIIiH
©3€eKTi 00ABIIT TaOBLAAABL.

Karouessie caoBa:

AHHOTALIVIST

BoaokoHHO-OITHIUECKITI
Mouurtopunr, BOTDA,
MIAUTHEIN PyHAAMEHT,
©a30BbIIl MOHUTOPUHT,
Iy CKOHaAaA0YHbIN
KOHTpPOAb, BBICOTHOE
3JaHue, CTPYKTypHas
AVIaTHOCTYIKA.

CTpyKTypHBII MOHUTOPUHT (PYHAAaMEHTOB BBICOTHBIX 3JaHUI TpebyeT
IIpMMEeHeHN s U3MEePUTEABHBIX CYICTEM, CTIOCOOHBIX PerMCTPUPOBATh IIPOC-
TPaHCTBEHHO pacipeieA€HHbIe AepOpMalllIOHHBIE U TeMIIepaTypHBbIe BO3-
ACVICTBUS y>Ke Ha PaHHel cTaduM DKcIiayaTauun. B gannoin cratee mpeg-
CTaBJ€H I101€BOJI ITpUMep IIPVIMEHEHIIS CYICTEMBI pacIpee16HHOTO BOAO-
KOHHO-onTIIecKkoro Mouutopunra (DFOS), ycraHOBA€HHOI B IIAUTHOM
JyHAaMEHTe KOMILAeKCa BBICOTHBIX 3JaHMIA. VlccaegosaHme cocpeloTo-
9YeHO He Ha OOIlleM BBIABAEHNN TPeIlNH, a Ha IIPaKTIIecKOM BBOAe M3Me-
PUTEABHOV AMHUM B 9DKCIAyaTalluMIO, WHTEPIIpeTaluy IIePBUYHBIX
nsMepeHuit u QOPMMPOBAaHMM OIIOPHOTO Habopa AaHHBIX A4S
110CAeAYIOIIero 40ATOCPOYHOro HabAIOAEHMI.

O6BeKTOM MOHUTOPUHTA ABASETCS MAUTHBI PyHAaMeHT 1o 6a0kom R
komiiekca Abu Dhabi Plaza B ropoge Acrana, Kasaxcran. lsmepennst
OBLAM ITOAYYEHHI BAOAL OAHOTO ¥ TOTO >Ke TOPV30HTaAbHOTO U3MEepPUTEAD-
HOTO MapuIpyTa C UCII0Ab30BaHIEM MeTOoAa OpMAAIOSHOBCKOIO ONTHYeC-
KOTO aHaAmu3a BO BpeMeHHON obaactu (BOTDA). Aas omeHku moBTOpsie-
MOCTU YCTaHOBAEHHOI CHCTeMBl U OTJAeAeHMs BpeMeHHBIX BO3AelCTBIIA
CTPOMTEABHOTO DTalla OT YCTOMYMBOM peakumy (PpyHJaMEHTHOW IIAMUTHI
OBLAN COTIOCTaBAEHBI ABa 9Tarla IMyCKOHaAaA0UHBIX M3MepPeHMIA.

AHaaM3 TOKa3aa, 4TO M3MEHYMBOCTh CHMTHaJa Ha IIepBOM DTalle M3Me-
PEeHNIT B OCHOBHOM OBblaa CBsI3aHa C IPOAOAKAIOIIMMIICS CTPOUTEABHBIMU
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paboramu, BKAIOYas GeTOHMpOBaHUE M COIYTCTBYIONIVE TepMOMeXaH!-
gyeckue Bo3MyleHus. Ha BTOpoM ®rame, mocle 3aBepIIEeHUs aKTUBHBIX
paboT Ha KOHTPOAMPYEMOM ydacTKe, U3MepeHHbIe JedpOopMallfiOHHEIEe U
TeMIIepaTypHble OTKAMKIU CTaAl 3HAYUTEABHO 00lee cTabMABHBIMIAL.
ITpeaaosxeHHBIN TOAX0/ A€MOHCTPUpPYeT, KakuM obpaszom JanHble DFOS
MOTYT OBITH ITpeoOpa3oBaHbI 13 MCXOAHBIX paclipeAeAEHHBIX U3MepeHNI B
MPaKTUYECKYI0O OCHOBY MOHUTOPUHIA >KeAe300€TOHHBIX ITOA3€MHBIX
KOHCTPYKIIWIA. IToay4yennsie pe3yabpTaTh aKTyaAbHBI AAST
IIyCKOHAJaJOYHOIO KOHTpOAs, (opMupoBaHusi ©6a3oBOro  ypOBHs,
AVIaTHOCTMYECKOTO CpaBHEHMsI OYAYIIVX M3MEPEHMIA.

INTRODUCTION

The construction of high-rise buildings in dense urban areas is associated with increased
requirements for the reliability, serviceability, and long-term safety of foundation systems. In
such structures, the foundation is not only a load-transfer element, but also a critical structural
component that controls the interaction between the building, the pile system, the raft slab, and
the surrounding soil mass. For high-rise buildings constructed under complex geotechnical
conditions, including heterogeneous soil layers, groundwater influence, and water-saturated
deposits, the stress-strain state of the foundation may develop unevenly during construction and
early operation. Therefore, the use of monitoring systems capable of registering deformation
changes directly within the foundation becomes an important engineering task.

Pile-raft foundations are widely used for high-rise buildings because they allow the vertical
loads from the superstructure to be transferred jointly through the raft and piles. However, the
structural response of such systems is difficult to evaluate only by conventional inspection
methods. The distribution of stresses and strains in the raft may be affected by the stiffness
contrast of soil layers, pile arrangement, construction sequence, concrete casting stages,
temperature changes, and the gradual increase of load from the building. These factors can cause
local variations in deformation that are not always visible on the surface and may remain
undetected by discrete measuring instruments. As a result, the development of a spatially
distributed monitoring approach is particularly relevant for pile-raft foundations of high-rise
buildings (Katzenbach, et al. 2015; Katzenbach, et al. 2022).

Traditional geodetic and point-based monitoring methods, such as settlement marks,
inclinometers, strain gauges, or local temperature sensors, provide valuable information about
the behavior of the structure. Nevertheless, these methods usually register data only at selected
points. For large reinforced concrete foundation slabs, this may be insufficient, because the
deformation field can vary along the foundation area and along the structural zones located near
columns, walls, pile heads, and expansion joints. In this context, distributed fiber optic sensing
(DFOS) offers an important advantage, as it enables continuous measurements along the installed
sensing cable and provides information about strain and temperature changes over an extended
monitoring route (Bado, et al., 2021; Glisi¢, et al., 2007).

Among DFOS technologies, Brillouin Optical Time Domain Analysis (BOTDA) is
widely applied for structural health monitoring because it allows distributed measurement
of strain and temperature along optical fibers. When a sensing cable is embedded in or
attached to a reinforced concrete structure, BOTDA measurements can be used to identify
spatial changes in the structural response. For foundation monitoring, this capability is
especially valuable because the method can support the detection of zones with increased
deformation, comparison of repeated measurements, and formation of a baseline dataset for
long-term structural diagnostics. However, the practical application of DFOS in foundation
systems requires careful interpretation of the initial measurements, since the commissioning
stage may be affected by construction activities, thermal fluctuations, concrete curing, and
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temporary mechanical disturbances (Nordin, et al., 2020; Kishida, et al., 2005; Merklein, et al.,
2022).

For this reason, the commissioning stage of a DFOS monitoring system should not be
considered only as a technical check of the cable and measuring equipment. It is also an important
stage for evaluating the quality of the installed sensing line, identifying unstable measurement
conditions, and defining the initial reference state of the monitored structure. In high-rise
construction, the baseline condition should preferably be established after the completion of
active works in the monitored section, when the measured strain and temperature responses
become more stable. Such a baseline can later be used for diagnostic comparison with future
monitoring data during the service life of the building.

This paper presents a field case study of a distributed fiber optic monitoring system
installed in the raft foundation of a high-rise building complex. The monitored object is the raft
foundation beneath Block R of Abu Dhabi Plaza in Astana, Kazakhstan. The building is supported
by a pile-raft foundation constructed under complex geotechnical conditions typical for high-rise
development in the region. The study focuses on the practical use of BOTDA-based DFOS
measurements for commissioning control, interpretation of initial strain and temperature data,
and formation of an engineering baseline for further long-term monitoring.

The main objective of the study is to demonstrate the applicability of distributed fiber optic
sensing for monitoring the early behavior of a pile-raft foundation in a high-rise building. Special
attention is given to the comparison of two commissioning measurement stages performed along
the same horizontal sensing route. This comparison makes it possible to distinguish temporary
construction-stage disturbances from a more stable foundation response and to justify the use of
the second measurement stage as a reference condition for future structural diagnostics.

The scientific contribution of this study lies in a commissioning-based methodology for
selecting an engineering baseline for DFOS monitoring of a high-rise pile-raft foundation. The
novelty is not the development of a new BOTDA technique, but the field demonstration that the
first available measurement should not automatically be adopted as the reference state. Instead,
the baseline is selected after stabilization of distributed strain- and temperature-related responses
and reduction of construction-stage disturbances. Unlike many previous DFOS studies focused
on bridges, tunnels, laboratory concrete specimens, or general sensing performance, the present
work concentrates on commissioning control of a large reinforced concrete raft foundation and
links the selection of the reference condition to the construction and geotechnical context. This
provides a reproducible engineering logic for subsequent diagnostic comparison during long-
term monitoring.

The aim of this study is to develop and demonstrate a commissioning-based approach for
DFOS monitoring of a high-rise building raft foundation. The specific objectives are: to describe
the field installation conditions of the sensing system; to compare two commissioning
measurement stages along the same cable route; to identify the main sources of early signal
variability; and to define the measurement state that can be used as a baseline for future structural
health monitoring.

MATERIALS AND METHODS

Monitored object and foundation system.

The monitored object is the raft foundation beneath Block R of the Abu Dhabi Plaza high-
rise building complex located in Astana, Kazakhstan. Block R is a high-rise residential tower,
where the foundation system is subjected to significant vertical loads transferred from the
superstructure to the underground structural system and soil mass.
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1 Structural location

.. [ I |

DFOS sensing route embedded along raft foundation soil mass
<)
Figure 1. General view and structural location of Block R in the Abu Dhabi Plaza high-rise
building complex: a) general view; b) structural location; c) simplified monitoring concept at
foundation level
Note — compiled by the authors based on project visualization materials

The foundation of the monitored block is designed as a pile-raft system. In this type of
foundation, the raft slab and piles work together to transfer loads to the underlying soil layers.

High-rise structural block

Vertical load
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[DFOS sensing route for strain and temperature monitoring]
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Figure 2. Conceptual scheme of the pile-raft foundation system and load transfer mechanism
Note — adapted by the authors based on engineering-geological survey materials
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The raft distributes the loads from columns and reinforced concrete walls, while the piles
reduce settlements and provide additional load-bearing capacity. Such foundation systems are
commonly used for high-rise buildings constructed under complex geotechnical conditions,
where the interaction between the structure, raft, piles, and soil can lead to non-uniform
deformation patterns.

The monitored foundation zone is located at the basement level of the building. The
sensing route was arranged along the raft foundation slab in the horizontal direction. The selected
monitoring line passed through structurally important zones where deformation changes were
expected to be relevant for long-term observation. These zones included areas near load-bearing
reinforced concrete walls, columns, pile heads, and other foundation regions influenced by load
transfer from the superstructure.

The purpose of selecting this object was not to evaluate the bearing capacity of the
foundation, but to investigate the practical application of distributed fiber optic sensing for
monitoring the early strain and temperature response of a large reinforced concrete raft
foundation.

Distributed fiber optic sensing system

A distributed fiber optic sensing system was installed to monitor strain and temperature
changes along the raft foundation. The system was based on Brillouin Optical Time Domain
Analysis, commonly referred to as BOTDA. This method allows distributed measurements along
an optical fiber by analysing the Brillouin frequency shift, which is sensitive to strain and
temperature variations (Nordin, et al., 2020; Kishida, et al., 2005).

The main advantage of BOTDA for foundation monitoring is that the optical fiber acts as a
continuous sensing element. Unlike point sensors, which provide data only at selected locations,
the distributed optical fiber can register changes along the entire sensing route. This is
particularly important for large reinforced concrete foundation slabs, where deformation may
not be uniform and local changes can occur near columns, walls, pile heads, or construction joints
(Bado, et al., 2021; Glisi¢, et al., 2007; Inaudi, et al., 2005).

The monitoring system included two functional sensing lines:

1. a strain-sensitive fiber optic cable intended to register deformation changes in the
foundation slab;

2. a temperature-sensitive fiber optic cable used to evaluate thermal effects and support
interpretation of strain measurements.

The combination of strain and temperature information is important because Brillouin-
based measurements are affected by both mechanical deformation and temperature variation.
Therefore, temperature data were used to distinguish thermal effects from deformation-related
changes where possible.

The fiber optic sensing cable was installed along the horizontal monitoring route within
the raft foundation zone. The route was selected to provide coverage of structurally significant
areas of the foundation slab. Special attention was given to the continuity of the sensing line,
protection of the cable during construction, and reduction of potential damage during concrete
works.

During installation, the cable route was arranged to avoid excessive bending, sharp turns,
and direct interference with reinforcement placement. The minimum bending radius of the cable
was maintained according to the technical requirements of the sensing system. In zones where
the cable exited the concrete or passed through construction areas, protective measures were used
to reduce the risk of mechanical damage.
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Figure 3. Layout of the DFOS sensing route in the raft foundation slab
Note — compiled by the authors

The installation approach was aimed at ensuring stable mechanical contact between the
sensing cable and the reinforced concrete foundation. This condition is essential for the correct
transfer of strain from the structure to the optical fiber. At the same time, the cable had to remain
protected during concreting, reinforcement works, and other construction operations
(Buranbayeva, 2025).

The installed sensing line was later used for repeated commissioning measurements. Since
the same horizontal route was measured at different stages, the obtained data allowed point-by-
point comparison of strain and temperature responses along the foundation.

BOTDA measurement procedure

The measurements were performed using BOTDA technology along the installed fiber
optic route. The method provides distributed information on Brillouin frequency shift, which can
be converted into strain- and temperature-related responses. The measurement data were
recorded as functions of distance along the sensing cable (Nordin, et al., 2020; Garus, et al., 1996).
Both commissioning stages used the same installed route and the same measurement principle,
enabling direct spatial comparison of the resulting profiles. The available commissioning
documentation used for this study did not provide a sufficiently complete and independently
verifiable set of instrument acquisition settings (including spatial resolution, sampling interval,
and gauge length); therefore, values not supported by the source documentation are not
introduced here. The analysis consequently focuses on repeatability and relative spatial
variability under the documented field conditions.

Two commissioning measurement stages were analysed in this study. Both stages were
performed along the same horizontal sensing route, which made it possible to compare the
measurement results directly.

The first commissioning stage was carried out during active construction works in the
monitored foundation zone. At this stage, concrete casting and other construction operations
were still influencing the measured section. Therefore, the obtained signal contained not only the
response of the foundation slab, but also temporary disturbances related to construction activity,
thermal effects, and mechanical interaction during works.

The second commissioning stage was performed after the completion of active works in
the monitored section. By this time, the construction-related disturbances had decreased, and the
strain and temperature responses became more stable. This stage was considered more suitable
for defining an engineering baseline for future monitoring.
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Figure 4. Principle of BOTDA-based distributed strain and temperature measurement
Note — adapted by the authors based on engineering-geological survey materials.

The comparison of the two stages was used to evaluate:

- repeatability of the installed sensing line;

- stability of distributed strain and temperature measurements;

- influence of construction-stage disturbances;

- suitability of the second measurement stage for baseline formation.

Data processing and interpretation

The BOTDA measurement results were processed as distributed profiles along the sensing
route using a consistent workflow. First, the recorded profiles were referenced to the distance
coordinate along the fiber optic cable. Second, strain-sensitive and temperature-sensitive
responses were considered separately along the same route. Third, spatial variability and local
deviations were examined for each commissioning stage. Fourth, the two stages were compared
under their documented construction conditions. Finally, the more stable measurement state was
evaluated against explicit baseline-selection criteria and retained as the engineering reference
condition for subsequent monitoring. This workflow allowed zones of higher variability and
zones of more stable behaviour to be identified without introducing unsupported corrections to
the original field data.

The interpretation was based on direct comparison between the two commissioning stages.
The first stage was treated as a construction-influenced measurement condition, whereas the
second stage was interpreted as a candidate reference condition after active works had been
completed. Temperature-sensitive measurements were used for temperature-informed
interpretation of the strain-related response and to identify sections where temporary thermal
effects could plausibly contribute to signal variability. A separate mathematical temperature-
compensation procedure was not applied in the present analysis; therefore, the manuscript does
not interpret the temperature line as a fully compensated mechanical-strain solution.

The following parameters were considered during data analysis:

- spatial distribution of strain-related response along the sensing cable;

- spatial distribution of temperature-related response;

- variability of the measured signal during construction activity;

- stability of repeated measurements after completion of active works;

- suitability of the obtained profiles for future diagnostic comparison.

The baseline was defined not as an absolutely undeformed state of the foundation, but as
a practical engineering reference state obtained after stabilization of construction-stage
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influences. The baseline-selection criteria adopted in this study were: reduced local signal
variability; a lower and more uniform standard-deviation profile; stabilization of the
temperature-related response; completion of active construction operations in the monitored
section; and improved consistency of repeated distributed measurements along the same route.
On this basis, the second commissioning stage was selected as the engineering baseline for future
diagnostic comparison (Katzenbach, et al., 2015; Abdel-Azim, et al., 2020).

Monitoring logic adopted in the study

The methodology of the study was based on the principle that the commissioning stage of
a DFOS system is a key part of structural monitoring. It is not limited to checking the operability
of the optical cable and measurement equipment. It also provides information about the early
behaviour of the monitored structure and helps to establish a reference dataset for future
diagnostics.

The adopted monitoring logic included the following steps:
selection of a structurally important monitoring route within the raft foundation;
installation and protection of the fiber optic sensing cable;
performance of commissioning measurements along the same route;
comparison of measurement stages under different construction conditions;
identification of the more stable response state;

AN

formation of a baseline profile for future long-term monitoring;

7. preparation of the data for possible integration into BIM-based or digital twin
monitoring workflows.

This methodology allows the raw distributed measurements to be transformed into a
practical monitoring basis for reinforced concrete substructures. The proposed approach is
especially relevant for high-rise buildings where the foundation response may develop gradually
and non-uniformly during construction and early operation.

RESULTS AND DISCUSSION

General behavior of the monitored foundation during commissioning

The results of the field measurements confirmed that the commissioning stage of a
distributed fiber optic sensing system provides important information not only about the
operability of the sensing cable, but also about the early response of the monitored foundation.
In the present study, two commissioning measurement stages were compared along the same
horizontal sensing route installed in the raft foundation of Block R. This approach made it
possible to evaluate the stability of the installed DFOS line and to distinguish temporary
construction-related disturbances from a more stable foundation response.

The first measurement stage was performed during active construction works in the
monitored zone. At this stage, the measured signal was influenced by several temporary factors,
including concrete casting, movement of construction equipment, thermal effects related to fresh
concrete, and mechanical interaction with reinforcement and construction operations. As a result,
the distributed response along the sensing cable showed higher variability. This variability
should not be interpreted directly as a permanent deformation pattern of the foundation slab,
because the measurement conditions were still unstable.

The second measurement stage was carried out after the completion of active works in the
monitored section. Compared with the first stage, the distributed strain and temperature profiles
became more stable. The reduction in signal variability indicates that the construction-stage
disturbances decreased and that the measured response became more representative of the initial
condition of the foundation slab. Therefore, the second measurement stage can be considered
more suitable for baseline formation and future diagnostic comparison.
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These results show that commissioning measurements should be treated as a separate and
important part of the monitoring process. If the first available measurement is automatically
accepted as a baseline, the reference dataset may include temporary disturbances caused by
construction activities. For this reason, several repeated measurements under different
construction conditions are necessary before defining a reliable baseline for long-term

monitoring.

Interpretation of strain-related response

The distributed strain-related response obtained from the BOTDA measurements reflected
the spatial behavior of the monitored raft foundation along the installed sensing route. Since the
fiber optic cable was installed horizontally within the foundation zone, the measured profile
provided information about deformation changes along an extended part of the reinforced
concrete slab rather than at isolated points.

During the first commissioning stage, the strain-related profile showed a less stable
pattern. Local variations were observed along the sensing route, which can be associated with
construction-stage influences rather than with the permanent structural behavior of the
foundation. In particular, ongoing concrete works and temporary thermal-mechanical effects
could produce short-term changes in the strain signal. Such variations are typical for early-stage
monitoring of reinforced concrete structures, where the measured response is affected by both
structural and construction-related factors.

(a) Commissioning Test 1 (b) Commissioning Test 2
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Figure 5. Comparison of distributed standard deviation profiles obtained during the first and
second commissioning tests along the Block R horizontal sensing route
Note — compiled by authors based on the Commissioning test report

As shown in Figure 5, the first commissioning test was characterized by higher local peaks
and greater variability along the sensing route. In contrast, the second test demonstrated a lower
and more uniform standard deviation profile. This confirms that the second measurement stage
was less affected by temporary construction-related disturbances and is more suitable for
baseline formation. The comparison is interpreted using the relative spatial pattern and
variability visible in the source commissioning profiles; unsupported numerical reductions are
not inferred where the underlying report does not provide validated summary statistics.

In the second commissioning stage, the strain-related response became more consistent
along the route. The decrease in irregular signal variations suggests that the sensing line had
reached a more stable measurement condition. This does not mean that the foundation was
completely free from deformation; rather, it indicates that the measured strain profile can be used
as a practical engineering reference state. In monitoring practice, such a reference state is
necessary for identifying future changes in the foundation behavior.
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The comparison of the two stages demonstrates that the interpretation of DFOS strain data
should always consider the construction context. Distributed strain measurements are sensitive
to local effects, and this sensitivity is an advantage when monitoring large foundation slabs.
However, without proper commissioning analysis, temporary effects may be incorrectly
interpreted as structural anomalies. Therefore, the baseline should be selected only after the
measurement profiles show sufficient stability.

Interpretation of temperature-related response

Temperature effects are especially important in Brillouin-based distributed sensing
because the Brillouin frequency shift depends on both strain and temperature. For this reason,
temperature-related measurements were considered together with strain-related data during the
analysis of the commissioning stages.

At the first stage, the temperature-related response was affected by active construction
processes. Concrete casting, hydration heat, ambient conditions at the basement level, and local
construction-related thermal disturbances contributed to the non-uniform temperature response
observed along the sensing route.

Figure 6 shows that the temperature-related response also became more stable during the
second commissioning stage. This confirms that part of the variability observed during the first
stage was associated with temporary thermal effects rather than only mechanical deformation of
the foundation slab.

Loose Tube Temperature Sensing Cable ‘ Loose Tube Temperature Sensing Cable
Block R Horizontal % Block R Vertical

‘.WWWWM@WM

Duc to Temperature Change(je)

Strain

Chainage (m) Chainage (m)

Figure 6. Comparison of distributed standard deviation profiles for strain and temperature
sensing cables during commissioning tests
Note — compiled by the authors based on the Commissioning Test Report

At the second stage, the temperature distribution became more stable. This stabilization is
important for the reliability of baseline monitoring because a stable thermal state reduces
uncertainty in the interpretation of strain-related changes. In the present study, the temperature-
sensitive line was used for temperature-informed interpretation rather than for a separate
mathematical compensation of strain. This distinction avoids overestimating mechanically
induced deformation when part of the observed response may be thermal.

The obtained results confirm that temperature monitoring should not be treated as an
auxiliary task only. In DFOS-based foundation monitoring, temperature data are required for
correct interpretation of the structural response. They help to distinguish between thermal
disturbances and deformation-related changes and improve the diagnostic value of the
monitoring system.

Baseline formation for long-term monitoring
One of the main outcomes of the commissioning measurements was the identification of a
suitable baseline condition for future monitoring. In this study, the baseline was not defined as
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the theoretical initial state of the foundation before loading. Instead, it was defined as a practical
engineering reference state obtained after the reduction of construction-stage disturbances.

This approach is more appropriate for real construction projects, where the installation of
monitoring systems often takes place during ongoing works. In such conditions, the first
measurement may be affected by temporary factors and may not represent a stable condition of
the structure. Therefore, baseline formation should be based on repeated measurements and
comparison of their stability.

The second commissioning stage showed a more stable strain and temperature response
and can therefore be used as the initial reference dataset for subsequent inspections. The
proposed diagnostic workflow is: future distributed measurement — comparison with the
Stage 2 baseline — evaluation of changes in strain- and temperature-related profiles
(Aresponse) — identification of spatial anomalies — trend analysis over repeated campaigns
— engineering assessment in conjunction with geotechnical and construction information. This
procedure is intended to support the detection of strain redistribution, unusual thermal
behaviour, and persistent deviations from the established reference condition during operation
of the building.

Diagnostic significance of DFOS monitoring for pile-raft foundations

The results demonstrate that DFOS monitoring is especially useful for pile-raft foundations
of high-rise buildings because such systems may develop complex and non-uniform deformation
patterns. The raft foundation interacts with piles, soil layers, reinforced concrete walls, columns,
and other structural elements. As a result, deformation changes may occur locally and may not
be detected by conventional point-based monitoring methods.

The distributed nature of the fiber optic system provides a significant advantage in this
context. Instead of measuring deformation only at selected points, DFOS allows the response to
be recorded continuously along the sensing route. This makes it possible to identify spatial
variations and compare different zones of the foundation slab. For large reinforced concrete
foundations, this capability is essential for early-stage diagnostics.

The use of BOTDA measurements also provides an opportunity to monitor both strain and
temperature effects. This is particularly relevant for basement and foundation structures, where
temperature conditions may vary due to concrete curing, seasonal changes, ventilation, contact
with soil, and thermal properties of reinforced concrete elements. The combined interpretation of
strain and temperature data increases the reliability of structural diagnostics.

From a practical engineering point of view, the monitoring system can be used for:

e checking the operability and continuity of the sensing line after installation;

e evaluating the influence of construction activities on measured data;

e forming a baseline profile for long-term monitoring;

e comparing future measurements with the reference condition;

¢ identifying zones with increased deformation or unusual thermal behavior;

e supporting decision-making during maintenance and structural assessment.

Thus, the DFOS system should be considered not only as a measurement tool, but also as
part of a broader structural diagnostic framework.

The obtained findings are consistent with previous studies showing that distributed optical
fiber sensing provides a significant advantage over point-based instrumentation because it
enables continuous strain and temperature measurement along extended structural elements.
Similar conclusions were reported in review studies on DFOS applications in structural and civil
engineering, where the ability to detect spatially distributed changes was identified as one of the
main benefits of fiber optic monitoring systems (Bado, et al., 2021; Glisi¢, et al., 2007; Weisbrich,
2023). However, unlike many studies focused on bridges, tunnels, or laboratory concrete
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specimens, the present work emphasizes the commissioning stage of a high-rise building
foundation and the formation of a baseline dataset for future diagnostics.

Influence of geotechnical and construction conditions on monitoring interpretation

The monitored foundation was constructed under complex geotechnical conditions, inclu-
ding heterogeneous soil layers and groundwater influence. These conditions are important for
understanding why distributed monitoring is required for such structures. However, the results
of the present study show that during the commissioning stage, construction-related factors may
have a stronger immediate effect on the measured signal than long-term geotechnical behavior.

This is especially visible in the comparison between the first and second measurement
stages. The higher variability observed during the first stage was mainly related to active
construction processes rather than to stable foundation deformation. After the completion of
active works, the measured profiles became more stable. This confirms that the interpretation of
early DFOS measurements must include both geotechnical and construction context.

For pile-raft foundations, geotechnical conditions may influence long-term settlement,
load redistribution between the raft and piles, and local deformation patterns in the slab.
Therefore, future monitoring results should be interpreted together with available information
about the soil profile, groundwater conditions, pile layout, structural load transfer, and
construction history. The baseline formed during commissioning provides the starting point for
such interpretation.

In this sense, the role of geotechnical information in the article is not to replace monitoring
data, but to support their interpretation. The combination of DFOS measurements and
engineering-geological context allows a more reliable assessment of the foundation behavior
during long-term operation.

Previous studies on combined pile-raft foundations confirm that the behavior of such
systems is governed by soil-structure interaction, load redistribution between raft and piles, and
settlement control. In this context, the present study complements geotechnical investigations by
introducing a distributed monitoring layer that can be used to observe the early structural
response of the raft foundation during commissioning and subsequent operation (Katzenbach, et
al.,, 2015; Leppla, et al., 2025;).

Limitations of the study

Although the obtained results demonstrate the practical applicability of DFOS monitoring
for raft foundation commissioning and baseline formation, several limitations should be noted.
First, the analysis was based on two commissioning measurement stages. A larger number of
repeated measurements would allow a more detailed evaluation of measurement repeatability
and long-term stability.

Second, the study focused on one horizontal sensing route within the foundation slab.
Although this route covered structurally significant zones, a more extensive monitoring network
could provide a more complete understanding of the spatial behavior of the entire raft
foundation.

Third, the interpretation of Brillouin-based measurements is influenced by the combined
effects of strain and temperature. In the present work, the temperature-sensitive line supported
temperature-informed interpretation, but a separate mathematical temperature-compensation
procedure was not applied. In addition, independent reference measurements and a complete set
of independently verifiable BOTDA acquisition parameters were not available within the source
documentation used for this analysis. Future studies should therefore include detailed
temperature compensation, instrument calibration and uncertainty assessment, and correlation
with independent geodetic or point-sensor measurements where possible.
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Finally, the present study focused on commissioning and baseline formation rather than
long-term operational monitoring. Further observations during the service life of the building are
required to evaluate the long-term diagnostic performance of the installed DFOS system.

Summary of discussion

The results of the study confirm that distributed fiber optic sensing can provide valuable
information during the commissioning stage of foundation monitoring systems. The comparison
of two measurement stages showed that the first stage was affected by temporary construction-
related disturbances, while the second stage provided a more stable strain and temperature
response. Therefore, the second stage can be used as an engineering baseline for future
monitoring.

The study also shows that baseline formation is a critical step in DFOS-based structural
diagnostics. The methodological principle demonstrated here is that the first available
commissioning measurement should not automatically be accepted as the baseline; the reference
condition should be selected only after distributed strain- and temperature-related responses
have stabilized and construction-stage disturbances have decreased. Without such a reliable
baseline, future changes in foundation behavior may be difficult to interpret correctly. The
proposed monitoring logic transforms raw distributed measurements into a practical diagnostic
framework for reinforced concrete pile-raft foundations of high-rise buildings.

Overall, the results support the use of BOTDA-based DFOS systems for commissioning
control, baseline assessment, and long-term structural monitoring of high-rise building
foundations constructed under complex geotechnical conditions.

CONCLUSION

This study presented a field case of distributed fiber optic monitoring applied to the pile-
raft foundation of a high-rise building constructed under complex geotechnical conditions. The
main focus of the research was not the general detection of cracks, but the practical use of
BOTDA-based DFOS measurements for commissioning control, interpretation of initial strain
and temperature responses, and formation of an engineering baseline for future long-term
monitoring.

The results showed that the commissioning stage plays a critical role in the reliability of a
DFOS monitoring system. The first measurement stage was influenced by active construction
operations, including concrete casting and related thermal-mechanical disturbances. Therefore,
the obtained signal demonstrated higher variability and could not be directly used as a stable
reference condition. In contrast, the second measurement stage, performed after the completion
of active works in the monitored section, showed a more stable strain and temperature response.
This stage can be considered suitable for baseline formation and future diagnostic comparison.

The study confirmed that distributed fiber optic sensing provides important advantages
for monitoring large reinforced concrete foundation slabs. Unlike point-based sensors, DFOS
allows the registration of strain and temperature changes along an extended sensing route. This
makes it possible to identify spatial variations in the foundation response and to compare future
measurements with the initial stable condition. For pile-raft foundations of high-rise buildings,
where deformation may develop non-uniformly due to soil-structure interaction, load
redistribution, groundwater influence, and construction sequence, such distributed information
is especially valuable.

The obtained results also demonstrate the importance of combined interpretation of strain
and temperature data. Since Brillouin-based measurements are sensitive to both mechanical
deformation and temperature effects, temperature monitoring should be considered an essential
part of the diagnostic process. The comparison of the two commissioning stages showed that
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thermal and construction-related influences can significantly affect the initial measurement
profiles. Therefore, baseline assessment should be performed only after stabilization of the
monitored section.

The proposed commissioning-based monitoring approach transforms raw distributed
measurements into a practical engineering dataset for further structural diagnostics. Its principal
methodological contribution is the selection of the baseline after stabilization of the monitored
section rather than automatic use of the first available measurement. The stable Stage 2 profile
can subsequently serve as a reference for repeated comparison, identification of spatial
anomalies, trend analysis, and engineering assessment of the long-term behavior of the
foundation. The approach therefore provides a practical link between DFOS commissioning
control and long-term structural diagnostics of high-rise pile-raft foundations.
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