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This paper presents a new long gage sensor for Structural Health Monitoring based on the use of
Fiber Bragg Gratings. The proposed sensor has the advantage over existing sensors that it does
not require prestressing of the optical fiber. The development consisted of numerical studies
complemented by experimental tests to analyze: (1) the strain transfer between the sensor and the
host structure; (2) the influence of sensor axial stiffness on the structural behavior of the host
structure; (3) the influence of the mechanical properties of the adhesive used to fix the sensor;
and (4) the failure modes of the sensor (buckling and shear stress of sensor anchors).
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Experimental and numerical analysis of a hybrid FBG Long gauge sensor for
Structural Health Monitoring.

Notation: See attached document.
1- Introduction.

Strain is one of the most important parameters to monitor when assessing the state of a structure.
Although strain can be measured by different methods, fiber optics is at present one of the most
advanced technologies in this field, due to its advantages over other types of sensor and the reduction
in its price. These advantages relate mainly to their flexibility, embeddability, multiplexity, small size
and immunity to electrical or magnetic interference [1, 2, 3].

With reference to their spatial disposition, fiber optic sensors used to measure strains are classified as
distributed (or continuous) sensors or discrete (or point) sensors. Distributed sensors measure the
parameter at several positions in the fiber and can replace a chain of point measurements whereas
discrete sensor measures a parameter related to a single position in the structure between two given
points. The distance between these two points is known as “gauge length” and defines the length of the
sensor.

Discrete sensors can be classified into “long gauge” and “short gauge” according to their gauge length.
The choice of the correct type will depend on the objective of the study and on the nature of the
material involved in the test [1]. Traditional sensors such as strain gauges belong to the “short gauge”
group and measure strains between two points quite close together, of the order of a few millimeters,
so that the values they register are highly influenced by any local defects or irregularities in the study
zone. Such sensors are suitable for monitoring homogeneous materials like steel. However, other types
of material such as concrete, wood, stone, or composites such as CFRP (Carbon Fiber Reinforced
Polymer) may have local defects or irregularities, including cracks, cavities and air pockets. These
materials need to be monitored by long gauge sensors that give the mean strain value between two
points far enough apart not to be influenced by local irregularities. Long gauge sensors range in length
from a few centimeters to several meters and give an overall picture of the behavior of the structure.
They can also be built into the structure during the construction stage (e.g. in the case of concrete
elements) or placed on the surface of the structural element as it might be the case in existing
buildings, wooden structures and historical buildings [1].

Regardless of the principle on which it is based (Bragg gratings, interferometry, etc.) or its type of
installation (embedded or surface mounted) the working of a long gauge fiber optic sensor requires
that it be prestressed in order to measure compression strains correctly. Due to its low degree of
stiffness, if optical fiber has not been prestressed, it may buckle even at relatively small compression
loads. All the presently available long gauge fiber optics sensors (e.g. [4], [5]) have prestressed fibers
and generally give satisfactory results in a variety of applications ([1], [6], [7], [8]). However,
prestressing the fiber is a delicate operation with an uncertain outcome that is best avoided, due to: 1)
some conditions (e.g. fibers slipping in their anchorage, temperature variations, etc.) could cause loss
of prestressing and lead to erroneous measurements; 2) the level of prestressing is normally not
known; 3) the prestressing operation may damage the fiber; and 4) developing fiber optics strain
sensors able to work at high temperatures requires non prestressed sensors, since high temperatures
cause the fibers to dilate, neutralize the initial prestressing and cause fiber deformation.



In addition, sensors need a special packaging that enables the optic fiber to be fixed to a structure
without influencing the strain field or structural displacements of the host structure, while at the same
time ensuring the correct transmission of structural strains to the fiber. Examples of different types of
packaging with materials such as steel or composites can be found in Calderén & Glisic [8], Torres et
al [9], Majumder et al. [10], Li et al. [11], Moyo et al. [12], Leng et al. [13], Kesavan et al. [14] and
[15]. It should also be pointed out that using a proper packaging is a crutial issue in sensors
development since previous research [16] reported discrepancies between the measured and actual
strain values that have been attributed to the choice of packaging.

In this context, this paper proposes a new design for a surface-mounted long gauge sensor that does
not require prestressing of the optical fiber to function correctly. The aim of this paper is to identify,
for proposed long gauge sensor, the critical parameters that influence the accuracy of the strain
measurement, to study how these parameters affect the accuracy, and to give recommendations for
sensor users. The sensor study was based on: 1) a series of experimental tests on concrete elements
subjected to simple compression designed to verify the functioning of the sensors; 2) finite element
numerical models to: 2.i) quantify the influence of the mechanical and geometrical properties of the
proposed packaging (anchorage, length of sensor, packaging stiffness) when measuring strains; 2.ii)
assess the interaction of the sensor with the structure under study; 2.iii) optimize the sensor design in
order to keep measurement errors to a minimum; and, 2.iv) study all the possible failure modes of a
surface-mounted sensor. Eliminating fiber prestressing gives the sensor a substantial advantage over
other sensors available at the present time and opens the way to the development of fiber optic sensors
able to measure strains at very high temperatures that might be very useful in fire engineering and in
the power plants.

2- Proposed long gauge fiber optic sensor.

The working principle of the proposed sensor is based on the use of FBGs (Fiber Bragg Gratings). An
FBG is a reflector built in a short segment of the core of an optical fiber by exposing the fiber to an
intense UV light. This exposure creates periodic alterations in the index of refraction of the fiber core,
known as Bragg gratings, and makes the FBG (1) reflect only particular narrowband light wavelengths
of light known as Bragg wavelengths, and (2) transmit all others (see Fig. 1), as shown in [17]. The
Bragg wavelength condition is given by Eq. (1), where Ag is the wavelength of the FBG, ne is the
effective refractive index of the fiber core, and A is the Bragg grating period or distance between two
consecutive alterations of the fiber core [9].

AB = ZneffA (1)

As external perturbations such as strains and temperature changes induce modifications in the Bragg
grating period A, they also induce a shift Ak in the Bragg wavelength. Using a calibration, it is
possible to separate both perturbations to obtain strain and temperatures by measuring the Bragg
wavelength shift.

The design of the proposed long gauge sensor can be seen in Fig. 2. The optical fiber is anchored at
both ends to the mid-point of a linear element fixed by adhesive to the structure to be monitored. It is
considered that the strain on the linear element is uniform at all points throughout its length and also
that Eq.(2), as shown by Glisi¢ & Inaudi [1], gives the direct value of the mean strain between the
sensor’s two anchorage points, £¢. In Eq.(2) &,,(X) represents the strain distribution between
anchorage points A and B, AL represents the increase in sensor length, L the sensor length, ug and ua



the displacements in direction X of points A and B after deformation of long gage sensor, Xg and X
the coordinates of points that define sensor length, Aw, ; the number and magnitude of discontinuity
(e.g. air pockets, cracks, etc.) between A and B, and L is the sensor length.

AL, ug-u, 17 1
E = S — =— 1 & X dX+— AW, .
C,s L XB . XA LS ):[ x,s( ) LS zi / d,i (2)

The following points should be considered in designing a sensor:

1. The linear element should be subjected to the same strains as the structure under study. The
design of the sensor anchors and the properties of the adhesive material are fundamental to
achieving this aim [9].

2. Fixing a sensor to a structure can interfere with the strains in the monitored zone, as explained
in Section 5.1. Proposed long gauge optical sensor unit must have sufficient axial stiffness, so
that the sensor does not influence the strain of the host structure. To achieve a low value of
axial stiffness, aluminum material has been chosen to manufacture linear element.

3. The length of the sensor depends on the structure and the nature of the study to be carried out.
The proposed sensor unit is prismatic, with a rectangular cross section and variable length.
Tests were carried out with sensor lengths of between 0.2 and 1 m.

4. This proposed long gauge sensor must able to function correctly under all types of strain.
However, it could buckle under small compression loads because proposed sensor has to be as
slender as possible to avoid interfering with structural strains. For this reason, corrective
measures have to be designed to ensure its stability. The sensor design includes a component
that acts as a buckling inhibitor. This component restricts movements of the sensor and this
prevents its buckling. Buckling inhibitor increase bending stiffness but not modify the value of
axial stiffness. Buckling inhibitor design will be explained and described later, on 5.2.2.

3-Experimental study of sensor

In order to test the sensor in practical applications, a set of experiments were carried out on concrete
specimens subjected to compression. The proposed sensors were mounted on the surface of the
structural element. The strains measured by the sensors were compared to the values provided by the
point fiber optic sensors described in [9], placed close together. Different types of specimen were
produced in order to test different sensor lengths.

Experimental tests have been performed in laboratories under controlled environmental conditions
(temperature and humidity). Due to the short duration of the tests, temperature and humidity have
remained constant during the tests, so temperature effect on FBG and packaging has not been
considered in this article.

3.1 Characteristics of the specimens used
Three types of concrete specimens were produced for use in the experiments:

1. Specimen A (see Fig.4a). Prismatic mass concrete specimens with a 0.10 m x 0.40 m cross
section.



2. Specimen B (see Fig. 4b). Prismatic mass concrete specimens with a 0.20 m x 1.20 m
Cross section.

3. Specimen C (see Fig. 4c). Prismatic mass concrete specimens with a 0.30 m x 3.00 m
Cross section.

The column heads (load application zones) shown in Figs. 4b and 4c had to be reinforced to avoid
local failure due to compression stresses. The reinforcement took the form of a steel jacket to confine
the concrete in this area. The load applications were increased and reduced gradually in all the tests
until the concrete gave way. The different types of specimen and the tests to which they were
subjected can be seen in Table 1.

3.2 Properties of materials used in the tests

The concrete specimens were made from different mixes since the tests were carried out at different
times. In the three cases, both compression strength and elasticity modulus were determined by simple
compression tests on standardized 0.15 m diameter x 0.3 m high cylindrical specimens by the
procedure described in [18].

Specimen A was made with high resistance concrete. Table 2 summarizes the main mechanical
properties at 28 days obtained in the tests on three standardized cylindrical specimens. Mean values of
the compression strength f.,g and elasticity modulus were 100.4 MPa and 34116 MPa, respectively.

Specimens B and C were made with a conventional concrete and gave mean compression strength and
elasticity modulus values of 7.1MPa and 29450 MPa. Table 3 gives the values obtained from the tests
on the three standardized cylindrical specimens. Note that a compression strength value could not be
obtained for the third specimen due to a problem with the data acquisition system. The yield strength
of the steel used in the reinforcement was f,, = 500 MPa and that of the metal jacket used to reinforce

the column heads was f;,s = 265 MPa.

3.3 Test frames

The tests were carried out in the laboratory of the Concrete Science and Technology Institute
(ICITECH in Spanish) of the Universitat Politecnica de Valéncia (UPV).

Specimen A shown in Fig. 4a was tested in an ICON press with an automatic control system and a
maximum load of 2500 kN, connected to a computer system for data capture and storage.

Specimen B shown in Fig. 4b was tested in a 2 m high metal frame equipped with a hydraulic jack
with a load capacity of 2500 kN. The specimen was supported on a base considered to be infinitely
stiff consisting of three solid metal sheets 0.10 m thick. The load was applied to the top of the
structure until the specimen fractured.

Specimen C in Fig. 4c was tested in another metal frame 3.5 m high and 5000 kN maximum load. As
in the preceding case, the columns were placed on supports considered to be infinitely stiff and a
vertical load was applied to the head until collapse occurred.



3.4 Instrumentation

Point fiber optic sensors developed by Torres et al. [9] were placed alongside the proposed new optical
sensors in all the tests to validate the results obtained.

The interrogation system used for the strain monitoring was an FBG type MicronOptics, Model
sm125-500 and a laptop computer with software developed specifically for this application [19] in
LabVIEW™ V. 8.5 programming language. The sm125-500 optical sensing interrogator is composed
of a tunable Fabry-Perot laser source with a wavelength range of 1510 to 1590 nm and four optical
channel outputs. Maximum data capture frequency is 1 Hz and measurement precision is 1 pm. The
laptop used in the tests was an Intel Pentium 4 a 2.4 GHz with 768 MB Ram.

Load cells were used to record the loads applied by the hydraulic jack. This data was handled in real
time by a Pentium IV computer. The data acquisition equipment was a Hewlett Packard Model HP
3852 and the acquisition software was programmed in LabVIEW™.

4-Numerical model

Numerical 3D finite element models of the sensor-structure assembly were created with the Lusas
program [20], with the aim of: 1) quantifying the effect on the measurements of the mechanical and
geometrical properties of the proposed sensor (sensor anchoring, lengths and stiffnesses); 2) evaluate
the interaction of the sensor with the monitored structure; 3) optimize sensor design to minimize
measurement errors; and 4) study possible failure modes of the sensor when placed in or on a structure
(shear stress on the anchorage of the sensor to the structure, sensor buckling under compression loads).

4.1 Description of the finite elements used, boundary conditions, and load application.

The different elements figuring in the study were modelled: concrete, adhesive, sensor and optical
fiber. Concrete, adhesive and sensor were modeled by hexahedric finite elements with 20 nodes and
three degrees of freedom per node (element HX20). Optical fiber was modeled with BRS3 linear
elements [20] with three nodes and three degrees of freedom per node (translations along the three X,
Y and Z axes). Fig. 5 gives the finite elements used, all of which have non-linear elastic behavior. As
the concrete specimens were supported on solid steel bases that were supposed to be infinitely stiff,
translations were forbidden in all the axes of the nodes of the specimen bases. Loads were applied to
the top of the specimen and were increased until the load levels of the laboratory experiments were
reached.

4.2 Concrete-adhesive interface

The concrete-adhesive interface with the structure was simulated by HX20 hexahedric elements (Fig.
5). The constitutive model employed was the 3-D Elasto—Plastic Interface Model [21], implemented
on Lusas, which allowed a friction plane between two 3-D bodies to be considered. The elastic
properties (E, G and v) were defined for two axes, one on the contact interface and another
perpendicular to it. Failure occurred in the concrete-adhesive interface when any of the following
conditions was met:



e The Mohr-Coulomb failure criterion, shown in Eq.(3), was satisfied:

Ty = Cs + 0; tagops (3)

(Variables of Eq.(3) are defined in the Notation Section.)

e Normal stress at the interface reached a uniaxial out of plane yield stress of f;. When this
value was reached, the sensor lost its attachment to the host structure due to normal tensile
stresses.

The properties assigned to the concrete-adhesive interface are summarized in Table 4, which indicates
the interface’s elasticity modulus, cross-sectional stiffness module, and Poisson coefficient (identified
as E3, Ey, Gs, Gy,vs and vy respectively), both on the contact interface (subscript “P”) and in the
direction perpendicular to it (subscript “N”). The table also gives the values of the parameters
necessary for the Mohr-Coulomb failure criterion, i.e. cohesion of the contact interface cg and its angle
of friction ¢ as well as the value of f; .

Concerning Table 4, it is important to note the following:

e The same elastic properties values (E, G and v) were considered for the contact interface and
the direction perpendicular to it [21].

e The values assigned to the contact interface were obtained from the mean value of the two
elements in contact [21], i.e. concrete and adhesive.

e The value adopted for cohesion (c;) is 10 MPa, which represents the adhesive manufacturer’s
shear strength value.

e The friction angle (¢) assumed is 0. The numerical model results do not depend on this value,
since there are no normal forces on the contact interface.

o A value of 35 MPa was adopted for f; (uniaxial out of plane yield stress). This value was also
provided by the adhesive manufacturer.

4.3 Buckling study

In the buckling study, the sensor element was modeled by thin shell QSL8 elements (Fig. 5), with 8
nodes [18] and:

e Three degrees of freedom (translations in the X, Y and Z axes) in the element’s corner nodes.
e Five degrees of freedom (three translations and two turns) in the element’s side nodes.

Buckling was studied by an Eigenvalue analysis carried out on Lusas [20], which provides the
theoretical buckling strength of a structure which is idealized as elastic.

5- Results and discussion



5.1 General behavior
5.1.1 Transmission of strains

The sensor was mounted on the surface of the Specimen A, as shown in Fig. 4, fixed at both ends by a
two-component adhesive. The specimens were submitted to compression loading-unloading cycles.
The strain values measured by the reference point optic sensor were compared to those recorded by the
proposed long gauge sensor.

Fig. 6 gives the values of the experimental strains in concrete & exp @S measured by the reference
sensor and those measured by the proposed long gauge sensor (continuous blue and black lines,
respectively). It also shows the values of the theoretical strains in concrete & rev and in the long gauge
sensor &gem Obtained from the numerical 3D finite element model (with markers and dotted line).
Finally, the continuous maroon-colored line indicates the proposed loading-unloading cycle, with a
maximum load value of 225 kN.

The results given in Fig. 6a show that the strains are not entirely transmitted from the concrete to the
sensor (as can be seen in Fig.6b), since the sensor records lower strains than the concrete (the

. . & . . .
sensor/concrete strain ratio “***/. s around 0.75, or a 25% difference). In the numerical model

it can be seen that these differences are due to the mechanical properties of the adhesive. The property
with most influence on sensor behavior is the adhesive’s elasticity modulus E,.

The effect of the adhesive’s elasticity modulus E,4 on the EsFEM / Ec.FEM ratio (Fig. 7) was studied with
the above numerical model. The results show that there is a minimum value E, = 400 MPa, after
which the “FEM [ecrpy Tatio is almost 1, and the total strain is transmitted from the concrete to the
sensor unit. However, at small E, values (around 90 MPa) there is incomplete strain transmission,
with 5sFEM /SC,FEM ratios close to 0.75 and a 25% difference between the real strain values and those
measured by the sensor.

After discovering the importance of the properties of the adhesive for transmitting strains between
concrete and sensor, another experimental test was designed with the same loading-unloading cycles
but with a different adhesive of E4 = 13000 MPa. The results are given in Fig. 8 and confirm that total

. 1) .
strains are transferred from concrete to sensor (~SFEM /gc ey Tatios very close to 1) and therefore that
the sensor is working correctly.

5.1.2 Axial stiffness of the sensor

The long gauge optical sensor unit must have sufficient axial stiffness, E;A;, Eg being the sensor
material’s elasticity modulus, and Ay its cross section, so that the sensor does not influence the strain
of the host structure. The influence of this value was assessed by FEM from the ratio between the
strain in the concrete with no sensor, ec o rgpy, and that of the concrete plus sensor, ec pgy. Fig. 9

shows the relationship between the axial stiffness of the element E and the “COFEM [ec ppay TatiO for
sensors 20, 40 and 60 cm long.



Fig. 9 shows that the influence of sensor axial stiffness is reduced for longer sensor lengths. This
influence can also be assessed graphically from the concrete’s displacement field in the Y-direction
(load application axis) (Fig.10). Thus, in Fig. 10a the influence of the sensor element can be clearly
seen, as its axial stiffness E A is high. In this case, the displacement isolines in the specimen are no
longer horizontal. In Fig. 10b there is no sensor element on the surface and the displacement isolines
are horizontal.

5.2 Sensor failure modes
The set of experiments carried out demonstrated the existence of two possible sensor failure modes:

a) Separation of the sensor from the concrete due to shear stress at the sensor element/concrete
interface.

b) Buckling of the sensor during operation.

These failure modes and the methods of avoiding them were analyzed in a special study with 3D FE
numerical models on Lusas. Lusas models had the characteristics described in sections 4.2 and 4.3 in
relation to the studies on ultimate shear stress and buckling respectively.

5.2.1 Study on ultimate shear stress

The proposed sensor causes a local increase of the shear stresses at the sensor/concrete interface. If
these stresses reach the threshold value (as defined by the Mohr-Coulomb failure criterion) the sensor
unit separates from the concrete.

Fig. 11 shows the experimental strains in the concrete and sensor obtained in a compression test of
Specimen C and the theoretical strains of concrete and sensor obtained from the 3D FE model. It can
be seen that the sensor fails around minute 28.8 because it separates from concrete (Fig. 12). Up to the
time of failure, the strains measured by the long gauge sensor were compared to the concrete strains
obtained from the reference point fiber optic sensor, and the behavior was quite similar (less than 5%
of difference in the strain values). As the load value was increased, there are greater differences
between the experimental and theoretical values, which could be attributed to possible bending of the
column due to the load not being perfectly centered in the experiments, while in the numerical model
it was.

This experiment also enabled to calibrate the numerical model by comparing the numerical and
experimental strains and thus to determine the shear stresses at the adhesive/host structure interface
(Fig.12). First row in Table 5 indicates: the time at which the sensor separated from the structure, the
main sensor characteristics, and the numerical results obtained, including: shear stresses at the
adhesive/concrete interface t;, concrete strain in the direction of the applied load &, rgy, and sensor
strain &g pgy. According to Fig 12b the separation of the sesnsor from the concrete specimen took
place when the shear stress on the contact interface was 12.04MPa. This value was recorded at the
upper corners of the interface, as shown in Fig. 12b, and is similar to the adhesive’s maximum shear
strength value entered in the numerical model as cohesion value.



It is important to note that an elasto-plastic model was used to simulate the contact interface. However,
as the separation that actually occurred was sudden, the numerical model adopted is therefore only
valid for estimating shear load values at the interface up to separation time.

In the light of the above results, in order to guarantee the correct operation of the long gauge sensor it
was found necessary to adopt measures to reduce the shear stresses, for which two alternatives were
studied:

a) A decrease of the adhesive’s elasticity modulus, E,.

The evolution of shear forces is in direct relation with the E, value adopted. The numerical
model clearly shows that the higher the E, value, the greater the horizontal stresses generated
in the contact interface (Fig.13).

However, reducing the adhesive’s elasticity modulus E4 has a negative effect on the transfer
of strains between the structure and concrete, as explained in Section 5.1.1, so that this method
was ruled out as a solution to the problem.

b) Reducing the sensor element cross section As.

Smaller cross section area implies lower shear stresses in the contact interface. The sensor
element’s cross section was therefore reduced by 50%, after which a study was made of the
horizontal loads in the contact interface by means of an FE numerical model.

Second row in Table 5 gives a summary of the main numerical results obtained. Fig. 14 shows
the value of the shear stresses on the concrete under the same load conditions in which failure
occurred in Fig. 12b.

After reducing the cross section area by 50%, the maximum shear stress value at the contact
interface for a concrete strain of -979.5 pe is 6.15 MPa (Fig. 14), as against the previous value
of 12.04MPa. This means that the operation of the sensor/concrete interface is considerably
improved and rules out the separation of the two elements, since the new maximum shear
stress is lower than f; .

After making a numerical estimation of the value of the shear forces reached in the experimental tests,
these were repeated with 50% less cross section area in the sensor.

The results obtained are given in Fig. 15, in which the deformation obtained with the long gauge
sensor is compared with the concrete deformation (obtained from the reference point sensor), placed at
a short distance from the long gauge sensor. In this test, the concrete failed after 8.75 minutes at a
concrete strain of 2%o, which is understandable since the specimen was under simple compression.
After about 6.5 minutes, and therefore before concrete failure, the specimen was unloaded in order to
detect a possible hysteresis associated with the load/unload of the sensor element. The sensor element
did not become detached during the test and showed the same strain as the concrete, measured by a
reference optical point sensor (Fig.15). The results show an excellent degree of fit and the behavior of
the long gauge sensor is considered to be very satisfactory.

5.2.2 Sensor buckling study



The proposed sensor had to be as slender as possible to avoid interfering with structural strains, as
explained in Section 5.1.2. However, as this meant it could buckle under small compression loads,
corrective measures had to be designed to ensure its stability.

To do this the bending stiffness was increased (increasing the product El, when E; is the value of
the elasticity modulus of the sensor material, I is the moment of inertia of the cross-section) with a
system known as a buckling inhibitor. In order to avoid the complications described in Section 5.1.2,
this system did not modify the value of product E;A,. The buckling inhibitor restricts movements of
the sensor and thus prevents its buckling (Fig.16a) and was designed with the help of an FE model of
the sensor on Lusas software [20] that provided the sensor’s buckling load. This theoretical buckling
load was verified experimentally. Fig. 16 shows the model together with the boundary conditions
applied. The sensor was simulated by QSL8 type FE elements and the inhibitor by springs with
stiffness K. The model was used to study the sensor’s buckling load (Prp) depending on the inhibitor
stiffness according to the method detailed in Section 4.3. For the sensor to operate correctly, this load
must be higher than the maximum load supported by the sensor when concrete reaches its ultimate
strain (which is 3.5%. pe under bending and axial forces, in accordance with [22]). This load was
annotated as Prp3s. Fig. 17 gives the sensor buckling loads for different sensor lengths and inhibitor
stiffness values as well as Pgp 35 values. Minimum inhibitor stiffness for correct sensor operation Egl
can be obtained from the graph depending on the sensor length.

From the results displayed in Fig. 17 it can be seen that:

e With no buckling inhibitor the sensor cannot function correctly since it will buckle when
subjected to a maximum strain of less than 3.5 %..

e As sensor length is increased, inhibitors of higher E,I; values must be used. For example, an
inhibitor with stiffness 0.4 kN m? will solve the buckling problem for sensors up to 40 cm
long. However, if the sensor is 60 cm long, minimum sensor stiffness E I will be 0.6 KN m2.
Finally, an inhibitor with an E,I; value equal to KNm”will solve this failure mode for sensors
up to 100 cm long.

5.2.3 Characteristics of proposed long gauge sensor
In the light of the results of the study, a sensor with the following characteristics is proposed:

e Prismatic cross-sectional area 0.1 cm?.

e Length between 20 and 100 cm.

e Axial stiffness E;Ag = 700 kN.

e Bending stiffness E;I;= 58.3 10 °kN m’.

o Elasticity modulus of adhesive E; = 13000 MPa.

In these conditions, the measurements obtained from the proposed sensor closely agree with those
recorded by the reference sensors (Fig.15). Although certain differences can be observed between both
sets of results, these are due to the difficulty of achieving perfectly centered loads on the specimens
under test conditions.



6- Conclusions

This paper presents the studies on the design of a new FBG-based long gauge fiber optic sensor,
whose principal novelty and advantage is that it does not require prestressing of the optical fiber in
order to function correctly. It thus paves the way for the development of fiber optic sensors able to
measure strain at extremely high temperatures, such as those found in building fires.

The experimental and numerical studies carried out were able to ensure the correct operation of the
sensor and analyzed: 1) the interaction of the sensor with the structure; 2) the influence of the
mechanical and geometric properties of its packaging on its ability to measure strains; 3) sensor
optimization to reduce measurement errors to a minimum; and 4) the sensor’s possible failure modes.
The sensor also provided satisfactory results when it was used to monitor structures such as a high-
speed rail tunnel in Mogente (Valencia, Spain) [23].

The principal conclusions are as follows:

1)

2)

3)

4)

The sensor’s anchorage points on the structure must ensure the correct transmission of strains
from the host structure to the sensor, which requires the use of an adhesive with an elasticity
modulus E4 equal to or above 400 MPa

The sensor’s axial stiffness (product E Ag) should be low enough to allow correct
measurements. High E A values provide inaccurate results as they provide a local
strengthening of the structure that alterates the strains of the structure around the sensor.
Sensors with E;Agvalues lower than 5 MN and a minimum length of 20 cm provide
differences between actual and measured strains of less than 4%. However, the influence of
the unit’s axial stiffness is lower for longer sensors; for example, an EgAg value of 20 MN has
a measurement error of around 11% when the unit is 20 cm long, while this is reduced to 4%
if the length is 60 cm.

The sensor may fail due to shear forces in the anchor zone. In this regard it is important to
point out the following:

a. High E;A; values will cause shear forces in the anchorage high enough to cause
failure. To avoid this it is proposed to use a sensor with an E;Agvalue of 700 kN and
increased roughness of the contact interface to enhance cohesion at the
concrete/sensor interface.

b. Using adhesive with a high elasticity modulus also causes high shear forces at the
interface. Although it may be thought advisable to use adhesives with low elasticity
modulus, this entails the disadvantage of incomplete strain transfer and so is not
recommended.

The proposed sensor may also fail due to buckling. To avoid this, a buckling inhibitor was
designed to raise the sensor’s E.I, value without contributing to its axial stiffness EqAg. A
sensor unit with a bending stiffness of 1 kNm? would solve this problem for sensors up to 100
cm long and for combined bending/compression loads in which the maximum compression
strain of the concrete is 3.5%o.
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Figure 4. Types of specimens used to test the long gauge sensors: (a) Specimen with a height of
0.4 m (Specimen A), (b) Specimen with a height of 1 m (Specimen B), (c) Specimen with a
height of 3 m (Specimen C).



BRS3

Figure 5. Finite elements used in the numerical models [20].
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Figure 6. Specimen A: (a)- Numerical and experimental results of the strains measured in the
specimen and sensor and the load cycle applied to the specimen. (b)- Numerical finite element
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Figure 12. (a) Frontal view of concrete specimen.
(b)- Sensor failure. Finite element model of sensor/concrete interface. When failure took place,
the value of the shear stress at the interface was equal to 12.04MPa.
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Figure 13. Shear stress 7 at the concrete-adhesive interface depending on the adhesive
elasticity modulus E,.
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interface.
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Specimen

Specimen dimensions (m) Goals of the test

Specimen A (Figure 4.a)

Strain transfer (Section 5.1.1)

0.1x0.1x0.4 Axial stiffness EgA; (Section

5.1.2)

Specimen B (Figure 4.b)

Anchorage failure (shear stress)
02x02x1.2 (Section 5.2.1)

Sensor buckling (Section 5.2.2)

Specimen C (Figure 4.c)

Anchorage failure (shear stress)

0.3x0.3x3 (Section 5.2.1)

Table 1. Relationship between the type of specimen tested and the goals of the study.



Cylindrical Specimen Concrete compressive Young's Modulus, E (MPa)
Strenght, f. (MPa)

1 106.6 35350
2 98.2 33824
3 96.5 33176
Average 100.4 34116

Table 2. Specimen A (Fig.4). Values of concrete compressive strength and Young’s Modulus.



Cylindrical Specimen Concrete compressive Young's Modulus E (MPa)
strenght, f. (MPa)

1 374 30330
2 36.8 29664
3 - 28356
Average 37.1 29450

Table 3. Specimens B and C (Fig. 4). Values of concrete compressive strength and Young’s
Modulus.



Contact Ep E} G} G} o s ¢ s fy
interface  (MPa) (MPa) (MPa) (MPa) P NOo(MPa) (°)  (MPa)

Concrete-

: 21.25103% 21.2510% 8.1710% 8.1710° 0.3 0.3 10-15 0 35
adhesive

Table 4. Properties of the concrete-adhesive interface used in the FE model.



Test Ly (m) E, (MPa) A, (cm?) T; (MPa) €.rEm (ME) €5 rEm (HE)

1 1 13000 0.2 12.04 -1001.9 -994.7

2 1 13000 0.1 6.15 -979.5 -970.3

Table 5. Main data and results obtained with the FE model at failure when the sensor fails by
separation due to shear stress. Sensors with A, = 0.2 cm? (Test 1) and with A, = 0.1 cm? (Test
2).



