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Abstract. Distributed fiber optic cable is in increasing demand in civil engineering,
especially in the field of structural condition monitoring. The characteristics of fiber optic
cable have attracted the interest of engineers and researchers in recent years. This paper
describes an operational test of a distributed fiber optic cable to determine its effectiveness
in detecting cracks in concrete. A distributed fiber optic cable with internal fixed points
was installed in the foundation slab of a high-rise building parking lot. Strain
measurements from the fiber optic sensing cable were acquired and recorded using a
Brillouin time domain optical analyzer throughout the test. The main purpose of the pre-
commissioning tests is to check the accuracy error of the measurements. The accuracy
error at any point on the cable is defined as the standard deviation of the repeated
measurement values. This will show the reliability of the measured strain when
interpreting the results.
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Introduction

Structural condition monitoring is increasingly being used in civil engineering as an effective means
to improve facility safety and optimize the cost of operating and maintaining structures. The data
obtained from monitoring is used to optimize the operation, maintenance, repair and replacement of the
structure based on reliable and objective data. Detection of current damage can be used to detect
deviations from design performance. Monitoring data can be integrated into structural management
systems and improve decision quality by providing reliable and objective information. A distributed fiber
optic sensor (DFOS) based on Brillouin backscattering technology has many attractive features such as
small size, good structural compatibility, light weight, immunity to electromagnetic interference, etc.
Traditional control sensors, such as load cells, often require a large amount of cabling to support them.
The cost of cabling limits the suitability of traditional sensors for monitoring. However, a distributed fiber
sensor is capable of measuring strain at every point along a standard optical cable, which means that an
appropriately installed fiber can potentially replace many traditional point sensors. It is therefore widely
accepted as a cost-effective structural monitoring tool.

Literature Review

SHM systems have been used in civil engineering since the early 1980s [1]. A literature review of
SHM systems was first presented by Doebling et al. in 1996, summarizing hundreds of publications
through 1995. The interest in the ability to monitor a structure and detect damage at the earliest possible
stage is pervasive throughout the civil engineering communities. Current damage-detection methods are
either visual or localized experimental methods such as acoustic or ultrasonic methods, magnet field
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methods, radiographs, eddy-current methods and thermal field methods. All of these experimental
techniques require that the vicinity of the damage is known a priori and that the portion of the structure
being inspected is readily accessible. Subjected to these limitations, 2 of these experimental methods can
detect damage on or near the surface of the structure. The need for additional global damage detection
methods that can be applied to complex structures has led to the development of methods that examine
changes in the vibration characteristics of the structure [2]. Damage or fault detection, as determined by
changes in the dynamic properties or response of structures, is a subject that has received considerable
attention in the literature. The basic idea is that modal parameters (notably frequencies, mode shapes, and
modal damping) are functions of the physical properties of the structure (mass, damping, and stiffness).
Therefore, changes in the physical properties will cause changes in the modal properties. Ideally, a robust
damage detection scheme will be able to identify that damage has occurred at a very early stage, locate
the damage within the sensor resolution being used, provide some estimate of the severity of the damage,
and predict the remaining useful life of the structure.

The effects of damage on a structure can be classified as linear or nonlinear. A linear damage
situation is defined as the case when the initially linear-elastic structure remains linear-elastic after
damage. The changes in modal properties are a result of changes in the geometry and/or the material
properties of the structure, but the structural response can still be modeled using a linear equation of
motion. Nonlinear damage is defined as the case when the initially linear-elastic structure behaves in a
nonlinear manner after the damage has been introduced. One example of nonlinear damage is the
formation of a fatigue crack that subsequently opens and closes under the normal operating vibration
environment. Other examples include loose connections that rattle and nonlinear material behavior. A
robust damage-detection method will be applicable to both of these general types of damage. The majority
of the papers summarized in this review address only the problem of linear damage detection. They
proposed the Classification table for damage identification methods, which is a compendium that
classifies various methods of damage identification and model updating in chronological order [2].

Sensors and equipment. Combined deformation and temperature sensors DiTeSt SMART profile
are designed for distributed deformation (average deformation) and temperature monitoring over long
distances using BOTDA (Brillouin scattering) technology.

The DiTeSt SMARTprofile sensor consists of two bonded and two free single-mode optical fibers
embedded in a polyethylene thermoplastic profile. The stapled fibers are used for strain monitoring, while
the free fibers are used for temperature measurement (quantitative measurement if the strain sensor is
<0.2%, qualitative if the strain is >0.2%) and to compensate for temperature effects on the stapled fibers.
For redundancy, two fibers are included for strain and temperature monitoring. The profile itself provides
good mechanical, chemical and temperature resistance.

The small profile size makes the sensor easy to transport and install by embedding in concrete or
mortar, bonding or clamping.

The SMARTProfile sensor is designed for use in environmental conditions commonly found in civil,
geotechnical and oil and gas applications. However, this sensor should not be used in extreme
temperature environments or environments with corrosive chemicals. It is not recommended for
installation under constant ultraviolet radiation (e.g. sunlight) without an additional cover or protection
with aluminum tape.

The SMARTprofile sensing cable is supplied on reels with all necessary accessories such as
terminations and connectors.

Optical Time Domain Analysis (BOTDA). The principle of the BOTDA sensor system is shown in
Figure 1 and a typical BOTDA analyzer is shown in Figure 2. BODTA technology is a proven, reliable
system for determining load distribution along the pile shaft and pile toe. Light waves traveling through
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the fiber optic cable react with the glass material in the fiber. The reaction causes a change in density as
well as a change in frequency, i.e., a Brillouin frequency shift. By resolving the frequency shift and time
propagation, a continuous total strain profile can be determined [3].
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Figure 1 - Principle of BOTDA sensor system [4]

The main advantages of fiber optic sensors are the use of natural glass, which is immune to
electromagnetic interference, resistant to corrosion and inert to chemical reactions. Fiber optic sensors are
very versatile and can be used safely in many harsh environments such as high voltage, marine or
explosive environments. In addition, DFOS cables are thin and therefore make it easy to install on the
reinforcement cage without disturbing the concreting process. DFOS cables embedded in concrete piles
are durable and can be measured for many years. Consequently, DFOS is also very suitable for long-term
monitoring. Finally, compared to conventional sensors, DFOS provides a continuous measurement of
deformation along the pile rather than discrete measurements at a few specific points.

The analyzer measures strain by transmitting pulses of light along the fiber and analyzing the
frequency spectrum of the backscattered light. The optical budget of the analyzer can be increased by
increasing the pulse duration, measured in nanoseconds, which reduces its attenuation. However, if the
pulse duration is too long, the scattered light from the leading edge of the pulse begins to interfere with
the scattered light from the trailing edge of the pulse, and the analyzer cannot distinguish one from the
other. This imposes a limit on the minimum distance at which the strain value can be interpreted by the
analyzer. This distance is called the spatial resolution and can be likened to the width of the averaging
window for the sample point [2-3].

Spatial resolution up to 2 cm is achievable by some analyzers on the market, but because of the
trade-off between optical budget and spatial resolution, this comes at the expense of the optical budget,
which is only about 2 dB at this low spatial resolution. To achieve the required optical budget of 11 dB
the spatial resolution is typically at least 0.5 m.

Although the spatial resolution limits the minimum distance at which the strain value can be
interpreted, the analyzer is still capable of taking multiple measurements at small intervals along with
the fiber.
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Figure 2 - A typical BOTDA analyzer

Installation Procedures. The fiber optic cable used for the bored pile is shown in Figure 3. The
single strand single-model optical fiber is reinforced with multiple strands of steel wire and a
polyethylene jacket.The fiber optic sensor is 0.125 mm in diameter with a 0.25 mm cable coating, and the
total cable diameter is 5 mm. The glass core is firmly fastened together with the coating to allow full strain
transfer from the coating to the inner glass strand.

0.9mm @
Fibre Optic Polyethylene
Cable (0.25mm @) Cable Jacket

77, (1.2mm Thick)
b 6 nos. of 0.8mm@2

; . . steel wire

Hytrel
50mm @

Figure 3 - Configuration of a strain-sensitive optical cable

It is necessary to prevent fiber fracture, since mounting the fiber under a hollow slab makes any
fracture repair virtually uncorrectable. Fracture along a localized crack in the slab is prevented by fixing
the fiber only at individual points, rather than attaching the fiber to the slab continuously along its entire
path. The length of the unbound section between two adjacent attachment points is called the gauge
length. Preventing overstretching depends on the fiber undergoing average surface deformation of the
slab along the gauge length instead of experiencing maximum instead of maximum localized deformation
near the crack [4].

A gauge length of two meters was considered sufficient to limit the average expansion-induced
strain below the allowable strain limit.

An alternative to discrete fixation is continuous bonding of the fiber along its entire length, but it is
necessary to allow adhesive bonding when the specified shear stress is exceeded. In practice, it is difficult
to achieve consistent adhesive flow under site conditions and there is a risk of either inaccurate
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deformation display if premature or fiber failure if output is delayed [5].

Test results. The main purpose of commissioning tests is to check the accuracy error of
measurements at the construction site. Accuracy error at any point of the cable is defined as the standard
deviation of repeated measurement values. This will show the reliability of the measured strain when
interpreting the results.

Two tests were performed in which readings were recorded once at 15-minute intervals over three
days for each test. At each measurement point, the standard deviation of the readings was determined
and a graph was plotted as a function of the distance along the cable.

In the first test, the analyzer is constantly on, while in the second test, the analyzer is turned off
after each reading. is turned off after each reading. These two different tests are performed because one
of the most important factors causing accuracy error is the thermal drift in the electronic components
inside the analyzer.

Standard Deviation Graphs [6]
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Figure 4: Commission test 1 standard deviation block R vertical
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Figure 6: Slab casting works were ongoing at the above location in Block R during
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Figure 8: Commission test 2 standard deviation block R horizontal
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Figure 9: Slab casting works were ongoing at the above location in Block R during
commission test

Conclusion

The main objective of the commissioning test is to check the measurement precision error. The
precision error at any point along the cable is defined as the standard deviation of repeated
measurement values. This will indicate the reliability of the measured strain during interpretation
of results. The primary objectives of the test are stated below:
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No. |Descriptions Remarks

1 Commissioning Test 1: Complied.
- To take measurement at every 15
minutes for 3 days.

- To keep analyzer continuously on.

- To plot standard deviation with
distance along the fibre optic cable.

2 Commissioning Test 2: Complied.
- To take measurement at every 15
minutes for 3 days.

- To power off analyzer after each

measurement.

- To plot standard deviation with
distance along the fibre optic cable.

The commissioning test was successfully implemented and achieved all the primary objectives.

The commission test results were able to capture temperature changes caused by the curing of
concrete during the testing as shown in Figures 4 to Figure 9. The temperature changes were significant
at certain locations at Block R where the slab casting process was ongoing during the measurement time.
Similar measurement trends between both temperature and strain sensing cables indicate that the strain
changes were caused by a change in temperature rather than structural movement.

By comparing the standard deviation of the first and second test, the results have shown that both
tests have a very similar magnitude of standard deviation except for those areas where there were
significant temperature changes. Therefore, for the current analyzer used, the thermal shift in electronic
components does not affect the precision error when the analyzer is powered off.

References

1. Moehle J P, 2007, “The Tall Building Initiative for Alternative Seismic Design” The Structural
Design of Tall and Special Buildings, 16, 559-567

2. Doebling S W, Farrar C R, Prime M B and Shevitz D W (1996), Damage identification and
health monitoring of structural and mechanical systems from changes in their vibration characteristics: A
literature review, Los Alamos National Laboratory Report, LA-13070-MS.

3. Application of Distributed Fibre Optic Sensor (DFOS) in Bi-directional Static Pile Load Tests
Lee Siew Chengl, Tee Bun Pinl, Chong Mun Fail, Hisham Mohamad2 and Ang Koh An3, Paulus P.
Rahardjo4 1Smart Sensing Technology Sdn. Bhd., Malaysia.

4. Lan, C.G.; Zhou, Z. and Ou, ].P. (2012) "Full-Scale Prestress Loss Monitoring of Damaged RC
Structures Using Distributed Optical Fiber Sensing Technology". Sensor 2012, vol. 12, pp5380-5394.

5. Mohamad, H., Tee, B. P., Chong, M. F., & Ang, K. A. (2017) Investigation of shaft friction
mechanisms of bored piles through distributed optical fibre strain sensing'. In 19th International
Conference on Soil Mechanics and Geotechnical Engineering.

BECTHUK EHY umenu A.H. Tymunesa. Cepus mexrueckue HAYKu 1 mexHOAOZUY Ne 2(139)/2022 59
BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series



Commissioning Test of Distributed fiber-optics sensors during foundation monitoring of the Abu Dhabi Plaza construction project in
Nur-Sultan City

6. Report of the Commissioning Test to fulfil the requirements as stated in Golder’s report (ADP-
135100-001), Section 3.12.2 - Item 4.

A.bypan6aesa!, A.2Kycynoekos?
1.H. I'ymuaes amorridazol Eypasusa yammuix yrnusepcumemi, Hyp-Cyaman, Kasaxcman
2Macikey memaekemmix Kypuiavic yHusepcumemi, Mackey, Peceil

Hyp-Cyaran xaaacbiaaarsr AOy-/labu I1aa3a KypblabIchl >)KOOAChIHBIH ipreTachiH OaKblaay
Ke3iH/e TapaTblAfaH TaAMIbIKTHI-OIITUKAABIK CEHCOpAapAbIH ©HiIMAiAiTiH CbIHAY

Anparmia. TaparbliaFaH TaAIIBIKTBI-ONTUKAABIK, KaOeAb a3zaMaTThIK KYPBIABICTa, acipece
KYPBIABIMABIK, A€HCayABIK MOHMTOPMHIL CaAacblHAa CYPaHBIC apThIl Keaeai. TaAIllIbIKTBI-ONITUKAABIK
KabeAbAiH cuIlaTTaMadapbl COHFBI JKblAJapbl MHXKeHepJep MeH 3epTTeyIlidepAiH KbI3BIFYIIBLABIFBIH
Tyabplpabl. Makaaaga OeTOHAarbl >KapBIKTapAbl aHBIKTayAarbl TUIMAIAITiH aHBIKTay YINiH OeAiHreH
TaAIIBIKTBI-OIITUKAABIK KaOeAbaiH ©HIMA1AIK chIHaFRI cunaTTadabl. KenkabaTTsl aBTOTYpaKThIH ipreTac
TaKTachlHa iIKi OekiTiareH HykTeaepi Oap O©AiHIeH TaAIIBIKTHI-OIITUKAABIK KaOeab OpPHaTBLAABL
TaamBIKTEI-ONTUKAABIK AaTYMK KaOeaiHeH KepHey e11eMaepi ChiHaK OapbIChIHAa onTuKaaslK Brillouin
yaKbIT JOMEHiHIH aHaAM3aTOPbl apKbIABI aAbIHABI JKoHe >Ka3blaAbl. Icke KOCy chIHaKTapbIHBIH HeTisri
MaKcaThl ©AIley AdAAIriHIH KaTeAiriH Tekcepy 0oablll TaOblaaabl. KabGeabaiH Ke3 KeareH HyKTeciHAeri
AdAAIK KaTeAiri KaliTasaHaTbIH eAllleMAepAiH CTaHAQPTTHL aybITKYBI peTiHAe aHbIKTalaabl. Hatmxeaepai
MHTepIpeTalslay Ke3iHje eAlleHreH jepopMallVsIHbIH CeHIMAiAiriH KepceTeai.

KiaT ce3aep: TaAIIBIKTEI-ONTUKAABIK KabeAb, JKepTe.e TaKTachl, KOIIKA0ATTHI Yiilep, TaAIIBIKTHI-
OIITUKAABIK CeHCOpAap, KYPHLABIC MTHKEHEPIIACHI.

A.Bypan6aesa’, A.2Kycyrioexkos?
IEspasuiickuil HayuonarvHolil yrusepcumem um./.H. l'ymuresa, Hyp-Cyaman, Kasaxcman
2Mocxkosckuii 2ocydapcmeeHtvlil cmpoumeAvHolil ynusepcumen, Mockea, Poccus

DKcrayaTalMOHHBIe VICIIBITaHUS pacipejeleHHbIX BOAOKOHHO-OITUYeCKMX 4aTINKOB
IIpyY MOHMTOPHMHTe PpyHAAMeHTa CTpOUTeAbHOTO IIpoekTa Abu Dhabi Plaza B ropoae Hyp-
Cyaran

Annoramus. PacripeseseHHBII BOAOKOHHO-ONTUYECKMII Kabeab ITOAb3yeTcsl Bce OOABIINIM
CIIPOCOM B IPa’kAaHCKOM CTPOUTEAbCTBE, OCOOEHHO B 001aCTV MOHUTOPWHIA COCTOSHIS KOHCTPYKITUIA.
XapaKTepUCTUKM BOAOKOHHO-ONTUYECKOTO Kabeas B IIOCAeAHIe TOAbl IIPUBAEKAIOT MHTepeC MHKeHepOB
U uccaejoBaTeaeil. B JaHHOI craThe ONMCHIBaeTCS DKCIIAyaTallOHHOE MCIBITaHMe pacipeieaeHHOTO
BOAOKOHHO-ONTIYECKOTO Kabeas Aas ompedeaeHns ero SPQPeKTMBHOCTY B OOHapy>KeHUM TpeIuH B
Herone. PacrpeeaeHHbIN BOAOKOHHO-ONITUYECKNIT Kabeab ¢ BHyTPeHHUMM (PUKCHPOBaHHBIMI TOYKaMU
Obla ycTaHOBAEH B (PYHAAMEHTHOI IIAUTe MapKOBKU BBICOTHOTO 34aHus. Vsmepenus gedpopmanym ot
ONTOBOAOKOHHOTO 4yBCTBUTEABHOTO KaOeAsl OblAM MOAY4eHBI M 3allMiCaHbl C IIOMOIIBIO OITUYECKOTO
aHaAM3aTOpa BpeMeHHOI o0aacTu bpuaaiosna Ha npoTsskeHnM Beero ucnbiTaHuss. OCHOBHOJ 11€4BI0
I1yCKO-HaAaA04YHBIX VICIIBITAHUIA SIBASI€TCS IIPOBEpPKa IOrPelIHOCTY TOYHOCTH u3Mepenuit. [Torpemnocrs
TOYHOCTU B 410001 TOUKe Kabeas olpeaeAseTcs KakK CTaHAAQPTHOe OTKJAOHeHMe 3HadeHUI IOBTOPHBIX
u3MepeHnit. OTO MOoKaKeT HaAeKHOCTh U3MepeHHo AzepopMaliuy IIpy MHTepIIpeTaluy pe3yAbTaToB.

Karouesbie ca0Ba: BOAOKOHHO-ONITHYECKIIT KabeAab, I0ABaabHOE IIepeKPhITUe, BHICOTHbIE 34aHIA,
BOAOKOHHO-ONTUYECKIE AaTYNKY, IPakAaHCKOe CTPOUTEABCTBO.
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