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h i g h l i g h t s  
 

 

• Implementation of DOFs to monitor 

the short-term behavior of two TCC 

slabs. 

• Monitoring of the strain/temperature 

during concrete curing. 

• Full characterization of the strain 

evolution along the CLT slabs using 

DOFs. 

• Neutral axis and curvature evolution 

used to analyse the composite action 

in TCC. 

• Hygrometric variations generated 

considerable structural changes in 

TCC at early age. 
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a b s t r a c t  

 

The study of the early-age behavior of Timber-Concrete Composite (TCC) structures is of great interest as 

it provides valuable information for manufacturing specification development, quality control, and opti- 

mization of the formwork design. In this study, the results of the continuous monitoring of the short-term 

behavior of TCC slabs using Brillouin Distributed Optical Fiber Sensors (DOFS) are reported. Two TCC slabs 

with 8.5 m of length were monitored. The composite elements are constituted of Cross-Laminated Timber 

(CLT) connected to a High-Performance Concrete (HPC) slab. During a monitoring period of about 30 days, 

the early-age temperature/strain variation in the fresh concrete and in the CLT slab was measured in great 

details by DOFS. From the presented results, the significant influence of the curing conditions on the 

early-age shrinkage was highlighted. It was also observed that creep and the daily hygrometric vari- ations 

of environment affect considerably the composite action between the timber and the concrete. In addition, 

it was experimentally demonstrated that such mechanisms generate considerable structural changes in 

the composite elements even before their entry into service. 

 

 
 
 

1. Introduction 
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The interest of using timber in contemporary constructions has 

grown over the last two decades, particularly to design ecological 

structures with low environmental impact [1]. By connecting tim- 

ber to concrete it is possible to develop efficient structures in terms 
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of strength, stiffness, vibration and acoustic insulation [2–6]. Such 

structures, called Timber-Concrete Composite (TCC), are promising 

and viable solutions that can compete, for some applications, with 

steel and reinforced concrete structures [7]. 

By making use, in the best way, of advantages of both materials 

is possible to optimize their structural efficiency and perfor- mances. 

In a TCC slab, the timber part withstands the tension forces, while 

the concrete part resists the compression forces and both bears the 

bending moment. The axial forces engender a com- posite action as 

an important moment contribution. The connec- tion system allows 

the transfer of the axial forces as horizontal shear flow at the material 

interface. There are several challenges to achieve an efficient 

composite action between both materials, mainly because of the 

difference in the time-dependent behavior of the timber and the 

concrete. On one hand, the concrete under- goes, in early-age, 

complex deformations, i.e. thermal expansion (due to cement 

hydration heat), creep, drying and autogenous shrinkage, which 

continue during its entire service life [8,9]. On the other hand, the 

timber experiences creep and may shrink or swell as a result of the 

daily hygrometric variations of the environment (‘‘mechano-

sorptive” effect) [10–12]. Consequently, these mechanisms generate 

internal forces in the composite elements even before their entry into 

service life [13]. Information about early-age behavior of TCC 

structures are therefore crucial and must be taken into consideration 

for the optimization of manufacturing process. For instance, by 

better knowing the effects of the concrete shrinkage at early-age, it 

will be possible to optimize the time of the formwork removal or to 

consider the reduction of the moment resistance due to the initial 

unknown prestress forces. Note that current practices do not employ 

a shoring system which can cause an initial deflection due to 

concrete shrinkage and a possible reduction of the moment 

resistance due to the self-equilibrated forces induced by the early-

age mechanisms [14]. However, despite its importance, little 

relevant published information is available in the literature 

concerning the early-age behavior of TCC structures. 

In recent years, the emergence of new sensing technologies such 

as the Optical Fiber Sensors (OFS), offered promising prospects for 

structural monitoring [15–17]. The versatility, the multiplexing 

capability, the compact sizes, the lightweight, the relatively low costs 

and the reliability of such sensors made them very attractive as new 

options for Structural Health Monitoring (SHM) engineers [18,19]. 

For the laboratory applications, OFS can also offer an interesting 

alternative to the traditional sensors, especially for non-standard 

challenging applications. For investigation at the material scale, 

researchers generally prefer the use of discrete or quasi-distributed 

Fiber Bragg Grating sensors (FBG). In this type of sensors, the 

measured quantity is recorded at a number of fixed, discrete points 

along a single optical fiber [20]. For large civil engineering structures, 

Distributed Optical Fiber Sensor (DOFS) are preferred because of 

their capabilities up to hundreds of kilometers [16]. 

Today, the principal application of these sensors concerns the 

monitoring of the existing structures in order to extract relevant 

information about their performances. However, the future trend in 

SHM consists of integrating such sensors at the beginning of the 

construction phase of the structures, in order to gather their whole 

load history (i.e. including the construction and the pre- service 

phases) [21–23]. Mostly, the information about the early- age 

behavior of composite civil engineering structures is of great interest 

as it permits to bring an immediate awareness about their specific 

issues, and gives guidance to the experts and the manufac- turers to 

optimize their construction procedures [24]. In the liter- ature, 

several studies reporting the applications of FBG sensors regarding 

the early-age temperature/strain evolution in 

cementitious materials can be found [25–30]. The OFS offers the 

possibility to start the monitoring process immediately after the 

concrete pouring and thus providing a direct method to monitor the 

curing process and quantify the early-age shrinkage [31,32]. 

However, to the best of author’s knowledge, the tests are per- 

formed only at the material scale, as their principal objective was to 

study the feasibility of embedding the OFS inside the concrete. This 

study aims at using the Brillouin-based scattering DOFS to observe 

the complex early-age behavior of TCC structures, which is mainly 

related to the time-dependent behavior of the timber and the 

concrete. Two TCC slabs were monitored throughout the first 30 

days of their pre-service life. Firstly, the OFS were embedded inside 

the fresh concrete in order to monitor the strain/tempera- ture 

development during each stage of its curing process. The effect of 

the curing conditions on the concrete shrinkage was also inves- 

tigated. After 7 days, both slabs were simply supported, and the 

evolution of their deformation was monitored for 23 days using 

multiple-line DOFS mounted on the CLT part of the slabs. Lastly, the 

changes of the composite action between timber and concrete was 

monitored using indicators such as neutral axis position and 

curvature evolution over the time. 

 
2. Brillouin distributed optical fiber sensors 

 
2.1. Introduction 

 
The OFS can be broadly classified based on the spatial distribu- 

tion of the measurand into two main categories: distributed sens- 

ing and multipoint sensing [20]. A typical OFS system is composed 

of a standard Optical Fiber (OF) connected to an interrogator. When 

a light signal is sent through the OF, a part of the signal is reflected 

to the source (backscattered light) and it is used for sensing pur- 

poses. The scattering mechanisms result from the interaction 

between the light and the medium through which it passes (optical 

fiber). The analysis of the backscatter allows continuous measure- 

ments of the strain and/or the temperature along the entire length 

of the fiber with a specified sampling interval. Three different scat- 

tering phenomena can take place inside the OF, namely the Raman, 

Brillouin, and Rayleigh scattering. Various technologies are avail- 

able based on the type of the scattering mechanisms and each one 

having its own advantages and limitations in terms of the 

maximum fiber length, the measurement resolution and the spatial 

resolution. The choice of suitable technology depends on the end- 

user request and the monitoring solution requirements [20]. 

In the present study, the Brillouin-based DOFS system has been 

used. This system can continuously measure the strain and the 

temperature over large distances (up to 150 km). The operating 

principles of this system are presented in the following sections with 

the emphasis on the basic concepts for the users to correctly interpret 

and asses the measurements provided by these sensors. 

 
2.2. Operating principle 

 
In the Brillouin scattering-based DOFS, the frequency at which 

the scattered light reaches a peak value is defined as the Brillouin 

frequency. Each OF is characterized, along its length, by a unique 

Brillouin scattering pattern, that can be viewed as the ‘‘fingerprint” 

of the fiber. A change in temperature or in strain inside the OF 

results in a shift in the spectrum of light scattered inside it (i.e. the 

Brillouin scatter signature changes along the fiber). The Bril- louin 

frequency shift varies linearly (for values of strain and tem- 

perature within its tolerance ranges) with the strain change (Δε) 
and temperature change (ΔT), as given by: 

 (1) 
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where CE is the strain coefficient (MHz/με), CT is the temperature 

coefficient (MHz/°C). ε0 and T0 are respectively the reference strain 
and temperature. The strain and the temperature coefficients depend 
on the fiber composition, the pump wavelength, the fiber coatings and 
the jackets [33]. These coefficients are generally pro- vided by the fiber 

manufacturer. υB (T0; ε0) is the initial Brillouin fre- 

Table 2 

Strain/Temperature coefficients for SMF-28® Ultra optical bare fiber [38]. 
 

 

CT (MHz/°C) CE (MHz/lE)* 

Given by the manufacturer 1.0240 0.0529 

* Measured at 21 o C. 

quency along the fiber (the baseline). 

It is important to note that in Eq. (1), the frequency shift 

depends on both the temperature and the strain changes within 

the fiber. That is, the effect of the strain and the temperature must 

be separated afterwards from the recorded data [34]. 

 
2.3. Strain measurement using DOFS 

 
In the DOFS systems, the measurements are performed at dis- 

crete points (sampling points) spaced at a constant interval desig- 

nated as the ‘‘sampling interval”. The measurement at each point is 

computed as the average over a certain length called ‘‘spatial res- 

olution” [35]. This quantity represents the lowest distance between 

two independent measurements. Hence, the strain/temperature 

values at a given sampling point rely on the information contained 

in the surrounding ones. All the measurements corresponding to a 

distance smaller than the spatial resolution of the DOFS system are 

correlated and dependent. 

The measurement of the deformation with optical fibers 

assumes that the strain and/or the temperature experienced by 

the host material (sample to be tested) is transferred as faithfully 

as possible to the OF. The OF responds with a shift in Brillouin fre- 

quency following the Eq. (1). A typical single mode bare OF is com-

posed of three layers: the fiber core with a diameter of 9 μm covered 

by the cladding layer with an outer diameter of 125 μm and the 

external coating. The coating is made of plastics with an outer 

diameter of 250 μm. Construction sites and the engineering 

materials present a very aggressive environment for the bare OF to 

be used and in most cases, which is why it must be protected by an 

external coating. Thus, several types of cables are available 

on the market for different applications and referred to as tight 

buffered cable. However, the presence of the protection in the form 

of one or several layers may affect the transfer of the strain from 

the host material to the fiber and causes that only a small portion 

of the ‘‘real” strain of the host material is sensed [36]. For the appli- 

cations where large strains need to be measured, it can be reason- 

ably assumed that the fiber follows perfectly the deformation of 

the host material [37]. However, for the measurement of fresh con- 

crete shrinkage and when a low strain level takes place, the impact 

of the protective coating of the sensing cable on the strain cannot 

be neglected. In this case, a bare OF is more suitable, but a strategy 

must be put in place to protect it during the casting process of the 

concrete. 

 
2.4. DOFS system used in this study 

 
The DOFS used for the present study is a Brillouin Time Domain 

Analysis (BOTDA) commercially known as OZ Optics 

ForesightTMDSTS. The configuration of the BOTDA adopted in this 

study is illustrated in Table 1. 

The optical sensor used is a single mode bare OF (SMF-28® 

Ultra) with 250 μm of diameter. The recommended values for the 
strain/temperature coefficients were given by the manufacturer 

 

Table 3 

Technical data for the external temperature/ 

relative humidity sensor (HOBO MX1101). 
 

 

Temperature Sensor 

Range -20° to 70 °C 

Accuracy ±0:21 o C from 0° to 50 °C 

Resolution 0.024 °C at 25 °C 

Relative Humidity Sensor 

Range 1% to 95% 

Accuracy ±2.5% from 10% to 90% 

Resolution 0.05% at 25 °C 
 

 

 
 

[38] and reported in Table 2. The value of the strain coefficient was 

verified in the laboratory by performing a direct tensile test on the 

fiber. The strained length of the fiber was about 80 cm. As mentioned 

above, the strain and the temperature effects were sep- arated by 

inserting one unbounded fiber inside a loose tube (cop- per tube 

with 6 mm of diameter) and a second fiber embedded directly in the 

concrete. For the fibers placed on the CLT, an exter- nal 

temperature/relative humidity sensor (HOBO MX1101) was used to 

measure the ambient temperature. The specification of the sensor are 

given in Table 3. 

 
3. Experimental set up 

 
Before presenting the experimental set-up, it should be noted that 

this paper details only the aspects related to the instrumenta- tion 

and the analysis of the strain/temperature response collected from 

DOFS system. It is beyond the scope of this study to explore the 

technical aspect related to the choice of connectors geometry and the 

structural performances of the TCC slabs. The reason is that both 

studies were carried out by different research teams. 

 
3.1. Materials properties 

 
Two identical TCC slabs were considered in this study. Their 

dimensions are reported in Fig. 1. The timber part of the slabs is 

formed by Cross-Laminated Timber (CLT) consisting of 5 bonded 

single-layer panels, commercialized under the name Nordic X-Lam 

175-5s and were prefabricated and delivered in the laboratory by 

Nordic. Each layer measures 35 mm in thickness, and the total height 

of the timber slab was equal to 175 mm (cf Fig. 1). The design 

mechanical properties of CLT, provided by the manufacturer, are 

reported in Table 4. The concrete used in this study is High-

Performance Concrete (HPC) C60, which has been prepared in a 

central mixing plant and delivered in the laboratory using a truck 

mixer (cf Fig. 3b). For the transport purposes, a retarding admixture 

MasterLIFE® SRA 20 was added to the concrete. The mixture was 

fully tested and characterized in the laboratory and its main 

properties are summarized in Table 4. The concrete slabs were 

reinforced with a welded mesh constituted of steel bars with 

 

Table 1 

BOTDA configuration used in this study. 

Sampling Interval Measurement interval Spatial Resolution Frequency Step No. Averages 

0.04 m 20 Min. 0.1 m 3 MHz  40000 
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Fig. 1. Schematic illustration of the TCC slab and the shoring system. 

 
 

6 mm in diameter and designated as MW28 according to standard 

ASTM A1064 [39]. The reinforcement was placed to resist the ten- 

sion forces in order to prevent large cracking of the concrete slab. 

The concrete was cast in situ on the top of the timber slabs, and 

both parts of the TCC slab were interconnected using 8 notch con- 

nections spaced by 700 mm. The connection system had a triangu- 

lar shape and was cut directly in the CLT (cf Fig. 2) [40]. The 

connections were reinforced with steel screws (8 mm x 180 mm), 

embedded at length of about 155 mm. 

The TCC slabs were cast on 15 supports uniformly spaced and 

were kept on them for the first 7 days. A plastic film was laid over 

the slabs directly after the casting to ensure wet curing of the con- 

crete. After 7 days of curing, both slabs were simply supported 

(cf Fig. 3c). They were then conditioned 23 days in the laboratory 

under a controlled temperature at 21 °C ± 0.5 °C, while the relative 

humidity was not controlled. 

 
3.2. Sensors arrangement and monitoring program 

 
The instrumentation and the monitoring of the slabs using DOFS 

system evolved during the different phases of the manufac- turing 

process. This is illustrated graphically in Fig. 4 and detailed in the 

following paragraphs: 

 

Phase 0: The BOTDA interrogator requires access to both ends of 

the fiber. Hence, the OFS were installed inside the concrete 

formwork in two loops, with a single loop for each of the slabs. A 

loop is subdivided into two paths: the first one is directly in 

contact with the concrete and sensitive to both strain and tem- 

perature, while the second one is mechanically isolated and 

sensitive only to the temperature. By combining the measure- 

ments from both paths in the same loop and assuming that both 

paths undergo the same temperature, a separation of the tem- 

perature and the strain is then possible in the Eq. 1. 

This was practically achieved by installing the fiber in solid jack- 

ets (6 mm copper tube) that cross the slab along its length. The 

ends of the tubes pass through holes in the transverse wall of the 

formwork (cf Fig. 5). They protect the OF during the concrete 

 
casting process and as copper is an excellent heat conductor it 

ensures a faithful transfer of the temperature from the concrete 

to the OF. After the casting, one of the gains was carefully slid 

through the end of the formwork leaving the fiber in direct con- 

tact with the concrete. The fluid concrete is prone to shrinkage, 

coats perfectly the fiber. The tube in the second part of the loop 

is left embedded inside the concrete throughout the test. 

Phase 1: In this phase, the curing process of concrete slabs was 

monitored for 4 days. The sensor inside the slabs measured the 

temperature/strain changes with respect to a reference state 

defined by a baseline. The optical sensor signal was set to the 

baseline after one hour from the casting of the concrete. The 

evolution of temperature/strain was continuously recorded with 

a measurement time interval of 20 min. During this phase, both 

slabs were placed on several shoring supports and were 

maintained under wet curing using the plastic sheeting method 

(specified by the standard ACI 308R-16ACI [41]). The concrete 

surface was maintained continuously wet under the plastic sheet 

during the curing period. 

Phase 2: In this phase, the effect of curing condition on the 

shrinkage of concrete is investigated. For this purpose, the slab#1 

was maintained under the wet curing and the slab#2 was 

exposed to air (cf Fig. 4). It should be noted that before pro- 

ceeding to the dry curing of the slab#2, it was experimentally 

verified that the concrete has reached at least 70% of the spec- 

ified 28 days strength (see Table 4), as specified by [41]. 

Phase 2A: In this phase, both slabs were disconnected from the 

FO system before being placed the simple supports. At the same 

moment, four lines of fibers were installed at different height on 

the timber as shown in Fig. 6. Note that the fibers were glued 

along the CLT layers that are oriented in the longitudinal direc- 

tion. Then the new loop was connected to the already existing 

loop inside the concrete. At the beginning, both slabs were 

equipped with OF sensors. However, as for the Phase 3, the FO 

sensors of the slab#2 were damaged by the moving operation of 

the slab and it was then decided to equip the slab#2 with a 

displacement transducer to measure its deflection at the center. 

For the fibers installed on the timber, the temperature compen- 

• 

• 

• 

• 
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Table 4 

Materials properties. 
 

 

Material properties Measure Standard 
 

 

Fresh Concrete 

Water-cement ratio 0.31 – 

Air content 1.8% ASTM C231-17a 

Slump (mm) 220 mm ASTM C143 

Temperature 22.5 °C – 

Hardened Concrete 

Compressive strength (1 day) 30.8 MPa ASTM C39-18 

Compressive strength (4 days) 44.7 MPa ASTM C39-18 

Compressive strength (28 days) 63.6 MPa ASTM C39-18 

Tensile strength (28 days) 4 MPa ASTM C496-17 

Elastic modulus (4 days) 24.8 GPa ASTM C469-14 

Elastic modulus (28 days) 30.0 GPa ASTM C469-14 

Shrinkage strain (56 days) 330 μm/m ASTM C157 

Design properties of CLT slaba,b 
 

 

Bending Stiffness (EI) 4140 (109 N-mm2 /m) – 

 Bending moment resistance 87 (109N-mm2 /m) –  

a Design properties according to the manufacturer. 
b Properties of the slab according to major strength direction. 

sation was achieved using an external temperature sensor. For the 

fiber embedded inside the concrete, the compensation was done 

following the same procedure used in the previous phases. 

Phase 3: In this phase, the evolution of the deformation of the 

simply supported slabs was monitored from the days 7 to 30. 

During this period, both slabs were only subjected to the uni- 

formly distributed loads resulting from their self-weight  

(~2.28 kN/m) and the concrete shrinkage. The OFS were set to 

the baseline when the slab was still on the ground. This way, the 

strain due to the self-weight of the slab was directly logged in the 

measurements. After four days from the beginning of this phase, 

the fiber embedded inside the concrete part of the slab#1 was 

damaged and was removed from the loop. The monitoring of the 

timber was continued using the same baseline. 

 
4. Monitoring results and discussion 

 
In the following sections, the monitoring results recorded by 

DOFS during the first 30 days of the slabs life are presented and 

 
 
 

 
 

Fig. 2. Details of the triangular notched connection system. 

 

 

 

Fig. 3. Fabrication procedure of the TCC slabs. (a) view of CLT-slabs before the concrete pouring, (b) TCC slabs after the concrete casting and (c) slabs placed being simply 

supported. 

• 
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Fig. 4. Summary of construction and monitoring periods of the TCC slabs. 

 
 

 

Fig. 5. (a) Cooper tube are positioned inside the formwork in order to encapsulate the fiber during the concrete casting; (b) process of removing the tube once the concrete 

has been poured leaving the fiber directly embedded inside the concrete slab. 

 

discussed. The results are introduced chronologically according to 

the monitoring program presented in Section 3.2. 

 
4.1. Concrete curing 

 
4.1.1. Data Processing: temperature compensation 

The temperature and the deformation in the concrete part of both 
slabs were monitored for 6 days. As explained in Section 2.2, the 
changes in fiber’s temperature and/or deformation generate a shift 

Dm in the Brillouin frequency. This quantity represents a linear 

combination of strain and temperature changes inside the mate- rial, 

as expressed in Eq. 1. The temporal evolution of Dm in MHz along 

the length of the fiber is illustrated in Fig. 7. This representa- tion is 
quite useful because it gives an overall view of the temper- 

ature/strain evolution in the slabs. 

Along each loop, two paths (waves) can be distinguished: the first 

one corresponds to the temperature sensor (designated here as Ti, 

with i being the slab number). The second one corresponds to the 

fiber that is in contact directly with the concrete (ε-ΔT sensor 

designated as STi). It can be observed that there is a clear 
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Fig. 6. Fiber arrangement for the slab monitoring during the phases 2A and 3 (cf Fig. 1). The primary fiber loop that was embedded in the concrete during the Phase 1 was 

extended to the timber part of the slab. 

 

 

Fig. 7. Temporal evolution of Brillouin frequency shift along the fibers placed inside concrete slabs during the curing process. (a) slab#1 and (b) slab#2. 



M.C. Teguedy et al.  

 

 
difference between the Ti and the STi curves because of the differ- 

ent embedment conditions of the sensors. As a general observation, 

the fiber inside the concrete (STi) shows larger fluctuations in fre- 

quency measurements compared to the one placed in the cooper 

tube (Ti). During the Phase 1, both slabs exhibit similar quantita- tive 

behavior indicating good repeatability of the measurements. 

The effect of the hydration heat released by the curing process 

of the concrete can be observed on the curves as it indices an 

increase in the frequency shift. The maximum value of the Brillouin 

frequency shift was reached after about 10 h from the concrete 

casting. It then gradually decreased to the reference frequency 

and then essentially remained constant. 

From these curves, it is possible to obtain the strain and the 

temperature changes inside the concrete with Eq. 1. To do so, this 

equation must be solved at each point along the fiber length. In this 

case, the signal relative to the temperature (Ti) and the one repre- 

senting both the strain and the temperature (STi) must be perfectly 

aligned. The spatial resolution of the sensing system is about 10 cm 

which makes it difficult to associate precisely the measured data 

along the fiber with its position on the slab. A practical solution 

proposed here is to align the fiber using the cross-correlation pro- 

duct, which measures the similarity between Ti and shifted 

(lagged) copies of STi. As the effect of temperature is sensed simul- 

taneously by both signals (Ti and STi), they show some similar fea- 

tures and thus can be precisely aligned. An example of such 

procedure is illustrated in Fig. 8. Δυ along the sensors T1 and ST1 

after 10 h of the beginning of the test is represented in Fig. 8a. As 

the fiber was arranged in a loop, the ST1 signal has been inverted 

to have the same orientation as T1. The shift corresponding to the 

higher cross-correlation coefficient (0.16 m in this case) was used 

to align both signal Fig. 8b and c. After the correction of the 

Brillouin frequency shifts for misalignment issue, the temperature 

and strain can be retrieved. 

 
4.1.2. Temperature and strain evolution in the concrete 

Fig. 9 illustrates the temperature and the strain evolution in the 

concrete during Phases 1 and 2. The recording of the temperature 

and relative humidity of the environment during these phases is also 

presented in Fig. 10. During the wet curing phase (Phase 1), both 

slabs experienced almost identical behavior. The heat due to the 

hydration process of the concrete generated a strong increase in the 

temperature along the length of the slabs. The temperature increased 

rapidly to reach a peak after about 10 h from the time of concrete 

pouring (cf Fig. 9a and c). It then decreased gradually and cooled 

down to a steady state. Some slight differences exist in the 

deformation of both slabs during the Phase 1. 

Indicatively, the difference is about 40 μm/m in the length range 

in between 6 and 8 m. This difference for such portion of the slab is 
less than 20% of the deformation range measured and it is rea- 

sonable for heterogeneous materials such as the fresh concrete. 
Although the DOFS provide only the measurement of temperature 
changes, knowledge about the concrete temperature at the begin- 

ning of the monitoring (about 22.5 °C) was useful to have an esti- 

mate of the absolute value of the temperature. The maximum 

temperature change in the concrete is about DT = 18 °C, which cor- 

responds to an internal absolute temperature in the concrete of 41°C. 

 

 
 

Fig. 8. Illustration of procedure for the fiber alignment. (a) T1 and ST1 signals 

before alignment, (b) normalized cross-correlation coefficient of T1 and ST1 and (c) 

alignment of ST1 with respect to T1. 

 

length of the slab seems heterogeneous, especially during the Phase 

2, when slab#2 was exposed to air (cf Fig. 9d). The highest 

contraction seems to occur at the extremities of the slabs which may 

be the indication of possible curling effect. This effect results from 

the moisture gradient and the temperature differential across the 

slab thickness [44]. 

This behavior can be better visualized in Fig. 11, where the evo- 

lution of temperature and deformation changes at the center (ΔεCen ; 

ΔTCen) and at the extremity (Δεi
Ex ; εTi

Ex) of both slabs are
 

Fig. 9a and d show the evolution of the strain along the length of 

both slabs. At the very early-age (first 24 h), both slabs underwent 

thermal expansion as results of the heat generated from the cement 

hydration reaction. Thus, expansion and temperature were observed 

to reach peak values at the same time. After the initial expansion, the 

concrete began to shrink monotonically. It should be noted that such 

observations are in concordance with those generally observed in the 

literature for cementitious materials [30,42,43]. In addition, the 

distribution of the strain along the 

illustrated. The position of the considered sections is indicated by 
dashed lines in Fig. 9. It was clear from these curves that the defor- 
mation at the extremities of the two slabs was more pronounced than 
that at the center. For the temperature, the difference between the 
extremity and the center was not significant. At the end of the Phase 
1, the temperature change was slightly negative. This suggests that 

the temperature of the concrete was 2 °C higher than the ambient 

temperature of the room (21 °C) when the baseline for the OFS was 

set. 
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Fig. 9. Temperature and strain mapping along (a,b) slab#1 and (c,d) slab#2. 

 
 

 
Fig. 10. Temperature and relative humidity readings during the Phases 1 and 2. 

 
 

After about 4 days of humid curing of the slabs, the shrinkage 

started to slow down. At this stage, the concrete reached about 70% 

of its nominal compressive strength (cf Table 4). It was thus decided 

to change the curing conditions of the slab#2. This was done by 

removing the plastic sheet and thus exposing the concrete surface 

directly to its surrounding environment (cf Fig. 12c). It was observed 

an immediate effect on the temperature and deformation of the 

second slab. The slab reacted directly with a drop of temper- ature 

(cf Fig. 11 and a sharp contraction (cf Fig. 11b and c). The net 

shrinkage of the slabs was mainly due to the drying shrinkage 

which was caused by the water evaporation [45]. The curing con- 

ditions slightly affect the temperature evolution, e.g., a drop of 

about 2 °C of temperature can be observed at the beginning of the 

Phase 2 due to sudden start of evaporation. The effect can be 

better visualized at the center of the slab (cf Fig. 11c). The process 

of evaporation (or drying) occurred gradually over the 10 first 

hours. Fig. 12 shows images of the slab surface during the drying 

process. The images correspond to the locations 1, 2 and 3 which 

are indicated in Fig. 11b. The rate of contraction increases at the 

beginning as the evaporation rate increases. It then becomes more 
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stable when the slab surface become completely dry (cf Fig. 12c). 

Therefore, by the end of these monitoring phases a significant dif- 

ference existed between the contraction of both slabs. 

 
4.2. Early-age deformation of the TCC slabs 

 
The data acquisition by OF was stopped on the 6th day in order to 

put in place the DOFS system for the timber part of the two slabs 

before being moved on the supports. There was approximately a 19 

h gap between the end of Phase 2 and the beginning of Phase 3. Due 

to some technical problems related to the sensors installation, only 

one of the slabs (slab#1) was equipped with DOFS. The position of the 

sensors along the height of the timber part is shown in Fig. 6. The 

slabs were also equipped with traditional displacement sensor to 

measure the deflection at the mid-span and the slip between the 

timber and the concrete at the extremities respectively. 

 
 

 
Fig. 11. Temporal evolution of strain and temperature (Δε; ΔT) changes in: (a, c) the center (ΔεiCen ; ΔTi

Cen) and (b, c) the extremity (ΔεiEx ; ΔTi
Ex) of both slabs. 

 

 

Fig. 12. Drying of the surface of the slab#2 after removal of plastic sheet. Images (a), (b) and (c) correspond respectively to the instants (1), (2) and (3) in the Fig. 11b. 
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Fig. 13. Initial deflection of the slab#2, measured immediately after the positioning of the slab on 2 supports. Strain along different fiber paths is represented (baseline = slab 

on the ground). The position of each of the paths is indicated on the bottom-left corner of the figure. 

 

4.2.1. Initial deflection 

Following the installation of the slab on the simple supports, it 

underwent an initial deflection under the effect of its self-weight. Fig. 

13 illustrates the axial strain profile along the FO paths installed at 

different heights of the slab#1. The values of the strain were mea- 

sured with respect to a reference baseline captured when the slab 

was still on the ground. The procedure described in Section 4.1.1 was 

used to align different fiber paths with respect to each other. For the 

fibers bonded to the timber, the temperature was compen- sated 

using an external sensor while the temperature inside the concrete 

was compensated using the fiber placed in the cooper tube that was 

embedded beforehand inside the concrete (cf Fig. 6). Regarding the 

distribution of the strain, it can be observed that the timber part of 

the slab was under tension strain while the fiber embedded in the 

concrete showed compressive strain. This behav- ior is typical for 

TCC sections, i.e. in TCC slabs subjected to bending, the location of 

the neutral axis is different from the mid-plane of the timber section. 

The section can be viewed as under a combination of bending 

moment and axial tension. The neutral axis in the pre- sent case was 

located near the upper fiber of the section, suggesting the 

establishment of a high degree composite action between the timber 

and the concrete. Another observation is that the strain along the 

slab length presented some non-uniformities, especially OF placed 

in the vicinity of the concrete slab. This variation may have been 

caused by the interaction between the concrete and tim- ber through 

the connection system. 

 
4.2.2. Time-dependent behavior 

Fig. 14a illustrates the evolution of the axial strain in the mid- 

span-cross section of the slab#1. It is recalled that the values of 

the strain were measured with respect to a reference baseline cap- 

tured when the slab was still on the ground. The daily variation of 

the relative humidity (RH) of the laboratory is also plotted in Fig. 

14a. The temperature of the laboratory was controlled at 21°C ± 

0.5 °C. 

From Fig. 14, it can be observed that the short-term behavior of 

the slab varies significantly over time. First, the strain increased 

during the 4 first days (from 14-Sep to 19-Sep). After that time, 

the deflection showed a cyclic tendency, which seemed to be dri- ven 

by changes in the relative humidity of the laboratory. In fact, the 

deformation of the slab mirrored, with a delay of few hours, the 

relative humidity curve of the laboratory. The deformation of the 

slab increased as the relative humidity increased (humidification of 

the timber) and decreased when the relative humidity (drying of the 

timber) decreased. An analysis of the relative deflection of the 

second slab seems to corroborate these observations (cf Fig. 14b). The 

relative deflection was measured by a displacement sensor. It was 

reset immediately after the installation of the slab on the support. 

Therefore, the data do not include the initial elastic deflection (about 

8.5 mm). 

The fiber embedded in the concrete revealed an initial compres- 

sive strain that increased over time. This strain was a combination of 

several complex mechanisms such as the concrete shrinkage and the 

creep as well as the interaction with the timber part of the slab 

through the connection system, which underwent creep deforma- 

tion. The sudden drop in relative humidity on Sep-19 (cf Fig. 14a.) 

generated an overall contraction of the CLT slab (the slab tends to 

return to its initial position). This caused the breaking of the fiber 

inside the concrete. Measurements were interrupted for few hours 

and then were re-started after the removal of the defective part of 

the fiber. 

 
4.2.3. Sectional analysis of timber section 

Fig. 15 illustrates the evolution of the strain measured by OF in 

the CLT slab at mid-span at four time points (t1-t4), located as indi- 

cated in Fig. 14. The times were chosen because they are specifi- cally 

relevant to understanding the different deformation mechanisms of 

the timber slab. The vertical dashed line corre- sponds to zero 

deformation and its intersection with the strain dia- gram 

corresponds to the position of the neutral axis of the CLT section. 

The diagram t1 (Sep-14, 10:46 am) represents the axial defor- 

mation of the section immediately after the positioning of the slab on 

the supports (elastic deformation of the slab). It can be observed that 

the strain diagram is linear, revealing that the CLT section remained 

flat during its deformation. Also, it appeared that most 
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Fig. 14. Temporal evolution of the strain in the middle span section of the slabs. (a) Strain at different heights measured with the DOFS (baseline = slab on the ground). The 

position of each fiber is indicated on the bottom-left corner of the plot. (b) Temporal evolution of the relative deflection of the slab#2. The relative deflection is measured with 

respect to a reference considered right after the installation of the slab on the supports. 

 
 

 

Fig. 15. Strain variation across the TCC section at different times (t1 -t4 ), whose location are indicated in Fig. 14a. (a) Mid-span section and (b) quarter-span Section (2 meters 

from the support). 

 

of the CLT slab was under tension, indicating that the compression 

is mainly withstood by the concrete slab. Measurements provided 

by the fiber embedded within the concrete confirm this 

observation (cf Fig. 14a). The time t2 corresponds to the date (Sep-17, 

16h25 pm), i.e. about 77 h from t1. Comparison of the strain diagram 

with that of t1 shows a rotation of the section. 
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Fig. 16. Temporal evolution of the neutral axis in the timber cross-section. 

 
 

 
Fig. 17. Mid span CLT curvature evolution over the time. 

 

The tensile and the compressive strains within the section increased 

respectively, evidencing a creep of the slab. The com- pressive force 

increased due to concrete shrinkage and the neutral axis of the 

section moved down, suggesting a slight loss of composite action 

between the timber and the concrete. It seemed that at this level, the 

deformation of the slab was mainly driven by the concrete shrinkage 

and the creep of the concrete and the timber. 

The time t3 (Sep-24 15:08 pm) corresponds to the sudden drop in 

the relative humidity of the laboratory (cf Fig. 14a). By comparing the 

diagrams t2 and t3, it can be observed that they are almost par- allel 

(they keep the same curvature), indicating a uniform compres- sion 

of the CLT-section between those two states. The hygroscopic 

phenomenon of timber can explain this observation [12]. In fact, the 

moisture content of the timber is directly dependent on the rel- ative 

humidity of the environment, and its changes induce the 

swelling/shrinking of the timber. This results in a uniform strain in 

the CLT cross-section. In contrast, at the time t4, where the relative 

humidity reached a peak (81%), the humidification of the 

timber caused a uniform expansion of the section. In fact, the dia- 

gram corresponding to t4 is a translation of t3 in the tensile direction. 

Using the measured strain values along the CLT section, the evo- 

lution of the neutral axis of the CLT slab can be measured along its 

length over the entire monitoring period. Clearly the DOFS system 

provide much more information on the structural behavior of TCC 

slabs than the traditional sensors. 

 
4.2.4. Neutral axis depth and curvature evolution at early-age 

In TCC structures, the position of the neutral axis in the timber 

cross-section is a good indicator of the degree of composite action 

existing between the timber and the concrete. In fact, when a full- 

composite action is achieved between both materials, they become 

rigidly connected without any relative slip between them. In this 

case, the cross-section of the slab has a single neutral axis and the 

flexural strains at the timber-concrete interface are identical for 

both materials. However, in TCC structures, a fully composite 
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action is not usually achievable, and the slip cannot be prevented. 

TCC structures exhibit most often a partial composite action. In that 

instance, the single neutral axis splits, and each one of the layers 

become characterized by its own neutral axis. As the slip between 

the layers increases, both neutral axes move farther apart [46]. 

Hence, the information about the neutral axis position in the timber 

slab provides useful information about the health of whole TCC slab. 

Fig. 16 represents the temporal evolution of the neutral axis of 

the CLT mid-span section. At the beginning, it can be observed that 

the neutral axis was positioned near the interface between the tim- 

ber and the concrete, confirming a robust composite action 

between them. However, the position of the neutral axis descends 

rapidly towards the center of the timber section indicating the 

development of an axial force of traction that is caused by the con- 

crete shrinkage. In fact, as the structure is subjected only to its 

self-weight, the neutral axis evolution is mainly caused by the 

time-dependent behavior of the slab components. The fact that 

the components are connected implies that the change in the 

behavior of one component creates strain/stress in the other [47]. 

Another relevant quantity such as the curvature at the CLT mid- 

span section is reported in Fig. 17. This quantity can give interest- 

ing information on the slab behavior as it directly proportional to 

the moment supported by the timber member. The curvature of 

CLT section was determined by fitting a linear function over the 

strain diagrams showed in Fig. 15. 

It can be observed from Fig. 17 that the curvature increased 

rapidly in the first 3 days, due to the creep of the TCC slab as well as 

the shrinkage of the concrete. After this period the curvature 

stabilized. It also can be seen that the curvature was not affected by 

the relative humidity of the laboratory, mainly because the 

swelling/shrinking of the timber is uniform in CLT cross-section. 

 

5. Conclusions and perspectives 

 
This study is the first attempt to implement Brillouin-based 

scattering DOFS system for monitoring the early-age behavior of 

two TCC slabs. The monitoring started from the concrete pouring 

and continued throughout the first 30 days of their pre-service life. 

The main concluding remarks can be summarized as follows: 

 
The OF sensors were successively embedded within the fresh 

concrete slab and allowed continuous measurement of the 

strain/temperature along its length. They captured with preci- 

sion the early-age mechanisms related to the curing process of 

concrete; 

The multiplexing capabilities of DOFS system offered the possi- 

bilities to measure the strains at several heights of the timber 

section using a single sensor. The measurement allowed the full 

characterization of the strain evolution along the CLT slab over 

the entire monitoring period; 

The changes of the composite action between timber and con- 

crete was monitored using indicators such as the neutral axis 

position and the curvature evolution within the CLT slab. It 

was experimentally shown that mechanisms such as creep and 

the thermos-hygrometric variations of the environment 

generate considerable structural changes in the composite ele- 

ments even before their entry into service. The observations 

reported in this paper confirm the necessity for the designers 

and experts to take into consideration such effects during the 

design process of TCC structures. 

 
Finally, the results presented in this study demonstrate that 

DOFS system is an interesting tool for monitoring civil engineering 

structures in general and TCC structures in particularly. However, 

the installation of OF is relatively difficult to undertake and requires 

a greater degree of precision and care. Development must be 

undertaken to provide low-cost protective encapsulation or 

packaging for the bare fiber. These protections must also guarantee 

an optimal transfer of the strain from the structure to the fiber. 

The outcomes of this study can be applied to future projects, in 

order to optimize the formwork design of TCC structures and better 

consider the effect of early-age prestress on the long-term behavior 

[48,10]. 
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