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ARTICLE INFO ABSTRACT

Keywords: The introduction of Distributed Optical Fibre Sensing in experimental testing of reinforced concrete structures
Distributed Optic Fiber Sensing (DOFS) has enabled the acquisition of measurements with an unparalleled level of detail, providing an accurate and
Concrete

ubiquitous description of cracking and deflections throughout an element. However, most of the available
research using this technology has focused on the study of beam specimens and high quality data for the cali-
bration and development of models that can describe accurately the behaviour of D-regions in service is still
lacking. For that reason, the application of distributed optical fibre sensing in D-regions remains a subject of
interest. In this work a method for the deployment of fibre sensors in a multilayer configuration is presented for a
wall element. An interpolation approach is then proposed, which combined with the distributed nature of the
sensors enabled the description of detailed heat maps for the global and principal strain fields. The results
indicated that shear strains can reveal the position of shear cracks well before they are formed whereas the
maximum and minimum principal strains clearly show the crack pattern and crack development as well as the
load transfer mechanisms including, for the first time, the experimental identification of a secondary strut-and-tie

Principal strains

mechanisms.

1. Introduction

Despite concrete being one the most employed materials in con-
struction, the design of reinforced concrete structures is complex and
presents important challenges that still need to be addressed. A concrete
structure can be often divided in distinctive regions that require
different design approaches due to their behaviour under loading. These
regions are well known as Beam regions (B-regions) and Disturbed re-
gions (D-regions). The main difference between both is the distribution
of strains in the cross-section. In B-regions the bending effect can be
simplified assuming a strain field normal to the concrete section, where
the contribution of the shear strains is neglected, meaning that Ber-
noulli’s theory can be applied and used for design and assessment.
Conversely, D-regions present more complex strain fields being the shear
deformations nonnegligible in the response of the region. Common ex-
amples of D-regions in a concrete structure are corner joints between
columns and beams, support corbels, foundations, walls, or beams
where the length to height ratio is low, widely known as deep beams.
The existence of such regions has been long known and the methods for
their design and analysis are long-standing. However, due to the
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intrinsic complexity, geometry variability and material dependency of
D-regions, a single unified design method is not available. Nevertheless,
two methods are widely used for the design and detailing of D-regions:
the strut-and-tie method and the stress field method. Both methods are
based on the lower bound theorem of plasticity, although their origin is
rooted in different approaches. Essentially the strut-and-tie method is
based on the truss analogy, aiming to provide an intuitive phenome-
nological description of the reinforced concrete behavior after cracking
without any theoretical basis [1-3]. Conversely stress field methods
arose as a direct application of the theory of plasticity, the application of
which in concrete structures dates back to 1961 by Drucker [4]. An
initial approach for using the stress field method was proposed by the
Danish Society of Structural Science and Engineering [5]. Later Muttoni
et al. [6] presented a more general methodology, which already
included serviceability aspects. In a further step, a finite element
approach to the problem combining linear elasticity and pre-set states of
stresses accounting for the condition of plasticity in the elements was
presented by Despot [7]. A generalization of the later was proposed by
Ruiz et al. [8] and further developed by Muttoni et al. [9], where a finite
element analysis including steel non-linearities and concrete plasticity
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was established to describe the stress field and later used for both
analysis and design of D-regions. However, in spite of the potential of the
stress field methods, a major drawback is still the difficulties to evaluate
D-regions in Serviceability Limit State (SLS), relegating existing methods
to the design in Ultimate Limit State (ULS). Consequently, some efforts
have been directed towards the development of methods that address
Service Limit State evaluations [10,11]. The current development of
either strut-and-tie or stress field methods is based on wide experi-
mentation. However, even though the current state-of-the-art consists of
an extensive database of concrete elements of different configurations,
the limited data obtained from the tests due to the utilization of tradi-
tional instrumentation represents an important limitation for the study
of D-regions. Such data is often limited to hand-measured crack widths
at discrete load levels, the description of crack patterns only at failure,
load displacement curves for a single point of the structure and the
geometrical and loading configuration of the specimens [12-20].

In the last years, new sensing technologies and instrumentation
techniques have been developed and introduced to the structural engi-
neering testing scene, such as Digital Image Correlation (DIC) or strain
and temperature measurement based on optical fibre sensing. Particu-
larly, optical fibre sensors present several advantages compared to
traditional sensors, them being small in size, light weight, chemically
inert and corrosion resistant and immune to electromagnetic fields [21].
In this context Fibre Bragg Grating and Fabry-Perot have been widely
researched and to date are the most used type of optical fibre mea-
surements in practice [22]. However, these two types of sensors have
clear limitations with respect to the maximum number of measuring
points along an optical fibre and their spacing, thus being often referred
to as quasi-distributed sensors, making them less suitable for specific
applications such as crack detection in concrete structures.

More recently, Distributed Optical Fibre Sensors (DOFS) featuring
unprecedented spatial resolutions have been developed, thereby open-
ing for new possibilities in the development of testing techniques. The
working principle of DOFS is based on the analysis of light backscat-
tering that occurs along the fibre due to three different processes:
Raman, Brillouin and Rayleigh scattering. Raman scattering is highly
sensitive to temperature variations and consequently its application has
been mostly limited to fields other than civil engineering [23]. Brillouin
and Rayleigh scattering, on the other hand, are both sensitive to tem-
perature and strain variations, yet they present fundamental differences
with respect to spatial resolution and measuring range. Indeed, DOFS
based on Brillouin Optical Time Domain Reflectometry (BOTDR) feature
a spatial resolution in the order of the tens of centimetres [24] but their
measuring range can reach lengths of up to 300 km [25]. Conversely, the
sensing range of Rayleigh based DOFS is currently limited to 100 m, but
they boast an unmatched spatial resolution in the sub-millimetric scale
[26].

Owing to such capabilities, as indicated in a review on the use of
DOFS in civil engineering conducted by Bado et al. [27] the application
of DOFS spans from geotechnical applications, tunnel lining, pipes, wind
turbines or different applications within the built environment. Yet, as
the use of DOFS for structural engineering purposes is still rather young
compared to other more traditional instrumentation technologies, large
efforts are currently devoted to increase the usability of such technology
and broaden the possibilities of its application through laboratory
experimentation. As a result of those investigations, the suitability of
DOFS for the evaluation of key performance indicators has been
demonstrated experimentally for both Brillouin-based DOFS [28-31]
and Rayleigh-based DOFS [32-37]. Significant efforts have been carried
out for the assessment of crack widths using Rayleigh-based DOFS
grounded directly on the shape of the strain measurements performed
without the use of strain transfer models between the fibre core and the
substrate element, both for short and long-term monitoring [38-41].

Despite very promising results, most of the available research has
been limited to the study of simple elements such as beams. Due to the
relatively low level of maturity of DOFS within structural engineering
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applications, studies in the literature scoping more ambitious applica-
tions and complex elements such as D-regions are scarce. In this regard,
Rodriguez et al. [42,43], presented two experimental campaigns which
successfully assessed and evaluated both crack withs and crack patterns
in a D-region of a beam based on DOFS measurements. In more recent
studies Mata-Falcon et al. [44] and Poldon et al. [36,45,46], presented a
combined acquisition technique based on DIC and DOFS attached to a
steel reinforcement grid for the successful evaluation of the tensional
state of the steel bars in elements subjected to shear deformations. In a
work carried out by Battista et al. [47] DOFS sensors based on Brillouin
technology were deployed in a wall-diaphragm element, aiming to study
the out of plane deflections during construction. In a later study [48],
sensors were arranged in a grid configuration to study the concrete
behaviour of a strong floor slab during casting, combining Brillouin-
DOFS and Fibre Bragg Grating solutions, both for temperature and
strain measurements. Yet, the applicability of DOFS for the study of
strain fields in wall elements has not yet been explored, which opens the
possibility of broadening the understanding of the structural behaviour
of disturbed regions under SLS, and not only under ULS as it is
commonly done, as well as to validate the new methods for design and
assessment.

This paper reports the results of an investigation of the suitability
and performance of robust fibre optic cables to evaluate strain fields
under different load levels in D-regions. In particular, the work focuses
on the analysis of Rayleigh scattering based DOFS measurements with
sensors deployed in a three-directional grid configuration in the mid-
plane of a wall element. The study presents a method for the sensor
deployment and postprocessing of the measurements in order to enable
the description of shear and principal strain fields within the wall. The
strain fields are later compared to the crack pattern of the wall, to
validate the agreement of the measurements to the wall behaviour.

2. Experimental programme

An experimental programme was devised to investigate the perfor-
mance of coated DOFS to provide accurate information about a D-re-
gion’s serviceability condition under cyclic loading. Therefore, a RC
wall, outfitted with DOFS deployed in a multi-layer configuration was
cast and cyclically loaded. The most relevant aspects of the experimental
programme are described in the following.

2.1. Geometry and reinforcement layout

The specimen used in this work was a RC wall with a total width of
0.8 m and height of 0.5 m, featuring a thickness of 0.1 m. The wall was
reinforced with two reinforcement grids of @6 mm bars at 100 mm
spacing in both vertical and horizontal directions. The bottom hori-
zontal bars of the grid were replaced by two @12 mm, providing extra
reinforcement in the tension zone. All reinforcement was made of con-
ventional carbon steel B500S with a nominal yield strength of 500 MPa.
The wall was cast in horizontal position and plastic spacers were placed
between the grid and the back side of the form to ensure a clear concrete
cover of 15 mm. The geometry and reinforcement layout of the wall is
presented in Fig. 1.

A premixed C32/40 class concrete was used to cast the wall element.
The concrete mix had a water to cement ratio of 0.5 and 360 kg/m> of
ordinary Portland cement with a maximum aggregate size of 12 mm.
Following the casting, the wall was covered with a polyethylene sheet to
reduce moisture evaporation and stored in an indoor climate (20 + 2 °C
and 60 + 10 % RH) for two weeks until it was tested.

2.2. Instrumentation
In this study, the robust reinforced fibre optic cable BRUsens V9 from

Solifos, featuring an external polymeric jacket with rough surface and an
inner steel reinforcement tube providing additional protection to the
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Fig. 1. Geometrical description of the concrete wall, steel reinforcement arrangement, supports and loading plate (units in mm).

fibre optic cable, was used. The multiple protective layers of the V9
cable result in an outer diameter of 3.2 mm which limit the minimum
bending radius of the cable to about 60 mm when tensioned. Unlike the

125 pm-thick polyimide-coated fibres commonly used in several
experimental research studies, see e.g. [49-51], the V9 cable is stiffer
and can be easily handled and deployed without risk of rupture, making
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Fig. 2. (a) Optic fibre arrangement within the studied element and detail of the attachment of the Optic Fibre cable to the form (b) Final distribution of the Fibre
Optic cables in multilayer configuration and detail of a cable gland. (All units in mm).
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it especially suitable for both fresh and hardened concrete applications.

A single 27 m long robust DOFS was installed in a multi-layer
configuration to monitor the variation of strain across the entire wall
area. A total of three layers of cable, i.e., horizontal, vertical, and di-
agonal layer, conformed the measurement grid, see Fig. 2(a-b). All ca-
bles were arranged parallel to the back side of the specimen, starting at a
height of 45 mm, what approximately corresponded to the mid-section
of the concrete wall thickness. The total thickness of the sensor grid
including the three directions was 9.9 mm, spanning between 45 mm
and 54.9 mm in the specimen thickness, see top-right sketch in Fig. 2(a).
The first and last horizontal and vertical sections, i.e., h1 and h5, and v1
and v8, were positioned parallel to the wall edges and exactly at 50 mm
from the form edge. Subsequently, a regular spacing of 100 mm between
cable centres was chosen to distribute the remaining sections, amount-
ing to 5 horizontal sections, namely h1-h5, and 8 vertical sections,
namely v1-v8. The third and topmost layer of the grid was formed by
diagonal sections. The ends of segments d1 and d12 were placed at 100
mm from the closest corner defining an inclination of 45° with respect to
the vertical and horizontal wall edges. Thereafter, the same horizontal
and vertical spacing of 100 mm was used for the subsequent sections,
adding up to a total of 12 diagonals, namely d1-d12. Such multi-layer
configuration of the sensor grid guaranteed that all the intersections
between different orientations were formed by the three directions,
horizontal, vertical, and diagonal, giving a total of 40 intersection
points. An important drawback of placing such grid configuration at the
mid-thickness of the wall, is that the sensors had no natural support to be
attached to. In order to ensure the correct position of each sensor during
casting, the cable ends were clamped to the form sides by means of
plastic cable glands, sometimes referred to as cord grips, see Fig. 2 for a
detail. Such device enabled the application of a small prestressing force
to the cable, but sufficient to keep it straight and tense during the casting
process and thereby ensure its desired position in the hardened concrete,
see Fig. 2(b).

The Optical Distributed Sensor Interrogator (ODiSI) 6000 series from
Luna Inc. was used as data acquisition unit. This instrument offers a
strain resolution of 1 pe, a maximum strain range of + 15000 pe and a
sample rate that can go up to 250 Hz depending on the gauge pitch,
cable and length and number of active channels. In all tests, the largest
available spatial resolution between measuring points provided by the
interrogator was chosen, namely 2.6 mm. This configuration provided a
combined accuracy (sensor + interrogator) of + 10 pe, whereas the
sample rate was set at 1 Hz. It is worth noting a cubic Hermite poly-
nomial interpolation with a spatial resolution of 2 mm was performed on
the measured raw data before proceeding to the analysis of the results in
order to homogenize the number of gauges between different sections of
the same length, without compromising the accuracy of the results.

2.3. Test setup and loading procedure

The wall was simply supported on rollers and loaded under three-
point bending setup. The clear span between the centre of the sup-
ports was equal to 675 mm. The rollers placed under 50 mm wide steel
plates allowed for free rotation of the supports. The load was introduced
using a single actuator acting on a 60 mm wide steel distribution plate
with restricted horizontal displacements. Loading was applied under
displacement control using a closed-loop feedback system at a
displacement rate of 0.05 mm/min. Several load cycles were performed
at increasing loads reaching a final maximum load of 210 kN. The
loading setup is schematically illustrated in Fig. 1 and the loading
scheme is presented in Fig. 3, where three load levels of interest are
indicated: 50 kN corresponding to early cracking, 125 kN corresponding
to stabilized formation of bending cracks and 200 kN corresponding to
the formation of the second shear crack.
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Fig. 3. Loading scheme where three selected load levels of interest (50, 125
and 200 kN) are indicated by red markers. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)

3. Results and discussion

3.1. DOFS strain profiles in reinforced concrete beams under three-point
loading

As thoroughly discussed in [52], there are several factors that may
have a significant impact on the robust DOFS measurements when
embedded in concrete. First, the non-uniform field of strains along the
wall surface will mobilize the shear response of the outer jacket in the
case of perfect bonding. Second, the appearance of cracks in the con-
crete, both bending and shear cracks, will create steep strain gradients in
the fibre cables. In that scenario, the strain transfer between the sub-
strate material and the DOFS would be very sensitive to the properties of
fibre coating/outer jacket. Deploying the sensors on the reinforcement,
either by carving a notch and using adhesive or simply attaching the
sensor to the surface of the bars, is a way to effectively prevent the
appearance of large strain gradients and thus obtain more reliable
measurements. However, the goal of this study was to develop a setup
that could be used to measure strain fields in a concrete element by
removing as much as possible the influence that steel reinforcement bars
have on the length of sensor that is affected by intersecting cracks.
Consequently, the robust DOFS was simply embedded in the concrete
and fixed to the form edges. This arrangement method will provide
strain measurements that should, in principle, converge quicker to the
actual concrete strains away from the cracks.

3.1.1. Analysis of DOFS strains

In Fig. 4(a), the strain profiles for all the DOFS segments in the
measurement grid are presented for increasing load levels. To increase
the readability of the results, the strain values have been grouped into
two load ranges, namely 0-100 kN and 100-200 kN, and normalised
with respect to the maximum strain level of the maximum load level in
each group, i.e., 100 kN and 200 kN respectively.

The results of the horizontal strains in Fig. 4(a) describe a clear initial
bending behaviour of the wall, showing a concentration of compressive
and tensile strains at the top and bottom of the wall, respectively. It must
be noted that the presence of peaks measured at the bottom tie of the
wall seems to correspond to initial bending cracks. Those peaks become
more accentuated with increasing load levels as the cracking propagates
further up the wall. Similar observations have been reported by several
authors for DOFS applied to reinforced concrete beams [35,38,39,41],
which are clearly reproduced in this experiment. Moving to the vertical
strains, the results obtained are in line with the expected behaviour of
the wall in such direction, i.e., the regions under both loading and above
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surements all the values were normalised with respect to the maximum strain value at 100 kN and 200 kN respectively.

reaction points described clear negative strains due to the vertical
compression caused by the jack and reaction forces at the supports.
Furthermore, the vertical cables located halfway between the loading
and reactions points also displayed compression strains, although the
concentration of strains occurred in the central part of the segment. The
reason for that is that the vertical cables were clearly depicting the path
of compressive strains in the concrete going from the loading plate and
to the supports or, in other words, the strain peaks in the vertical cables
indicated the position and width of the so-called concrete struts, see
Fig. 5 for a typical example of a strut-and-tie model of the wall. Lastly,
some unusual results were observed from the measurements described
by the diagonal segments. The diagonal cable d9, for instance, with one
of its ends right under the point load, described an important concen-
tration of strains. The reason for this peak, which was not in agreement
with the closest diagonal measurements, nor with the measurements of
the closest vertical segments, was attributed to either a local clamping of
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Fig. 5. Example of a strut and tie model for the tested specimen.

the cable or a local distortion due to high strains introduced by the
loading plate. It must be mentioned that regardless of this observation,
the values measured by the cable were not filtered in further analyses.
By looking at the remaining diagonal segments, it can be noted that
segments d1-d5 were in tension whereas segments d7-d12 were in
compression. This is in line with the observations made for the vertical
strains and the expected wall behaviour as diagonals d1-d5 were ar-
ranged perpendicular to one of the concrete struts, i.e., they were
describing the corresponding splitting strains, while diagonals d7-d12
were aligned with the other concrete strut, thus showing the compres-
sive strains of the strut. Furthermore, diagonal d6, which is somewhat
between both regions described, accordingly, a compression/tension
behaviour.

Regarding the analysis of the DOFS for higher loads, see Fig. 4(b), it
can be seen that the measurements are consistent with the afore-
presented observations. The horizontal strains still showed the
bending effect on the wall with compression on the top side and tension
in the bottom part of the wall. However, as the load level increased and
the cracking propagated, it can be seen how the horizontal tensile strains
became more dominant on the wall surface and much larger in magni-
tude. An observation worth mentioning is that the last two load levels
revealed the presence of a major inclined crack on the right side of the
wall, and the occurrence of a new, even wider inclined crack on the left
side at the very last step. Those cracks correspond to the characteristic
shear cracks originated in this type of element when subjected to three-
point loading. The presence of shear cracks is also evident in the diag-
onal segments perpendicular to the concrete strut (left side), but not so
clear in the vertical strains. In the former, a clear path for the shear crack
can be described by the measured strain peaks, the strain of which
decreased when the crack approached the loading point. Obviously, as
the orientation of the cables on the right side of the wall was almost
parallel to the shear crack, such crack was almost imperceptible in the
recorded strains of the corresponding segments. In the vertical strains,
important strain peaks were described as well when the shear cracks
crossed the cables, particularly in the bottom and top part of the seg-
ments v2 and v3, respectively, for the left shear crack as well as in the
bottom part of the v6 segment for the right shear crack.
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An additional observation worth noting from the horizontal strain
measurements at any load level, but particularly pronounced at low load
levels, is the presence of two accentuated peaks describing tensile strains
right above the supports and an additional peak right below the loading
plate, which reduced the compressive strains in that region. By looking
closely at detail 1, highlighted in Fig. 4(a), it is possible to see that, even
though the strains are negative, the measured strain magnitude became
significantly smaller within a certain region around the loading plate.
This behaviour is attributed to the appearance of tensile splitting strains
in the transversal direction caused by the introduction of a localized
point load. These splitting strains are a direct consequence to the
transversal deformation due to the Poisson’s effect, which is a well-
known phenomenon. Based on the results shown in Fig. 6(a), this phe-
nomenon can be well described by the DOFS measurements. Considering
that the compressive strains due to the bending effect should grow
bigger when approaching the loading point, the theoretical compressive
strains neglecting the aforementioned Poisson’s effect could be inter-
polated from the strains outside the influence region, see Fig. 6(a). By
subtracting the actual DOFS measurements to the interpolated values, it
is therefore possible to isolate the theoretical contribution due to Pois-
son’s transverse deformation in the specific region, see Fig. 6(b). Sub-
sequently, from these strains the applied force under the loading plate
could be estimated according to Eq. (1) and thereafter compared to the
actual applied force:

1
Fapp =—e / (Eh,,, - ghim )d}C.E(, ® Tyl (1)
v

lo

where ¢, is the measured horizontal strain by the DOFS, ¢, is the
strain interpolated from the measured data outside the affected region,
I; = 312mm and I, = 480mm are the limits of the affected zone, E. =
26000MPa, is the concrete modulus of elasticity and t,q; is the wall
thickness, 100 mm. Finally, v represents the concrete’s Poisson’s ratio
which for hardened concrete usually ranges between 0.15 and 0.25 [53]
and in this work was chosen to be 0.18 as the age of the concrete was
only 14 days at the time of testing.

Fig. 7 shows a direct comparison between the measured applied force
and the force calculated by Eq. (1). As observed, the agreement between
both values for the different load levels from 20 to 100 kN is excellent
being the difference between them in all cases lower than 10 %. That
supports the hypothesis that the fibre optic cable installed under the
loading point was able to capture accurately the splitting strains due to
the introduction of the load and therefore such information can be used
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Fig. 6. (a) Strain profile measured by DOFS under the loading plate. (b) Tensile
transversal strains capture by DOFS due to the load introduction in the wall
element calculated as the difference between interpolated and
measured strains.
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to reach better understanding of the structural behaviour of D-regions
and propose better design methods.

3.1.2. Crack detection by DOFS

As discussed by several authors, the distributed nature of the strain
measurements based on Rayleigh scattering provides a straightforward
way to identify the position of cracks, which appear as well-defined
peaks in the strain profiles [39]. In addition, thanks to their smoother
signal output, coated DOFS embedded in concrete do not require com-
plex post-processing algorithms to remove strain reading anomalies,
commonly present when using sensors without a robust outer jacket
[38]. It is worth mentioning, however, that most of the available studies
have focused on beam elements with sensors installed on the steel
reinforcement. As discussed in Section 3.1.1, the strain profiles pre-
sented in Fig. 4 also describe a similar output as previously reported in
the literature [38,40,50], highlighting the presence of cracks. Conse-
quently, such strains can be used to unambiguously identify the onset of
cracking as well as to follow the propagation of cracks. However, it must
be noted that unlike other works where the sensors were somehow
supported on the steel bars, in the present work sensors were deployed in
the mid-plane section of the wall, without any physical support.
Consequently, the calculation of crack widths as proposed by several
authors, [34,38,41], is in principle not applicable since the strain
measured by the sensors at the cracks does not correspond to the steel
strain. Thus, the validation of existing methodologies or the develop-
ment of new ones is needed to perform such calculations using the
proposed setup. In order to highlight the potential of the presented fibre
deployment method, in Fig. 8 the final crack pattern of the wall for a
load of 200 kN is compared to the strain measurements for the same load
level. As observed, the results display a very good agreement, which in
turn upholds the ability of DOFS to detect cracking in elements other
than beams, and particularly for D-regions.

3.2. Postprocessing of DOFS strain for visualization of 2D strain fields

3.2.1. Interpolation of DOFS strains

In order to facilitate and enhance the visualization of strain results
for elements other than beams, where strains may distribute in large
surfaces and in a more complex manner, the measurements obtained by
the different cable segments can be used to create heat maps of strains in
every direction. To move from discrete data at the different cable po-
sitions to continuous data across the wall surface, data interpolation is
required. For the interpolation, it was assumed that the variation of the
strain between two consecutive segments in the same direction was
linear. Subsequently, a regular grid interpolation algorithm was applied
to the data aiming to obtain uniformly distributed values of strain every
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Fig. 8. Measured strain at 200 kN and corresponding crack pattern.

20 mm in all directions, i.e., horizontal (global X), vertical (global Y) and
diagonal (XY direction). Fig. 9 shows the interpolated data for the three
load levels of interest indicated in Fig. 3, namely 50, 125 and 200 kN,
which corresponded to a low load stage at early cracking, a load stage
with full development of bending cracks and lastly a load step where all
shear cracks were fully formed. These load levels were chosen to
showcase the ability of DOFS to detect and follow cracks of different
origin, namely, bending cracks, which are transversal to the horizontal
fibre and thus easy to detect, but also shear cracks which run diagonally

Global strain (eh’x » L€l

Applied load 50 kN

Applied load 125 kN

Applied load 200 kN

0 400 800 1200 -300 0

Global strain (sv’Y), [ue]

and could be, in principle, harder to capture with DOFS, as their nature
only allows for the strain measurement along the sensor path. However,
it can be clearly seen that the interpolated values provide a compre-
hensive and richer visualization of the strains enabling the tracking of
crack development.

Other existing technologies such as Digital Image Correlation (DIC),
also allow obtaining similar results, where strain fields and crack
development can be followed during testing. It is also important to
highlight that like for DIC results, the interpolated strain maps presented

Global strain (e d,XY)’ [ue]

i

500

300 600 -500 0 1000

Fig. 9. Interpolated strain fields in the three directions of the arranged grid, horizontal, vertical, and diagonal at the indicated load levels in Fig. 3. Note that the

colour scale is different for every subfigure.
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in Fig. 9 and subsequent figures, do not represent the actual mechanical
strain of the material, which for concrete should be equal to zero at the
cracks. Instead, the presented values are an idealization of the concrete
strains assuming the material as a continuum, where the discontinuity of
the displacement field at the cracks is smeared over a certain distance
which is converted into a fictious strain. An advantage of DIC is that the
influence length over which the crack opening is distributed is generally
smaller, resulting in a better localization of cracks and more accurate
crack patterns. However, DIC results are limited to the surface of the
element and the resolution of commonly available cameras is usually not
sufficient to provide an accurate description of concrete strains in large
elements. Conversely, DOFS are not sensitive to the element size since
the resolution of the sensor is independent of its length, allowing for the
measurement of strain fields to be scaled up to elements of any size.

3.2.2. Calculation of principal strains

Even though the results presented and discussed in section 3.2.1
demonstrate that the described methodology enables a comprehensive
analysis of the strain fields within the wall, a common and more intuitive
approach to investigate the structural behaviour of D-regions is the
study of principal strains. The traditional approach to experimentally
measure principal strains in a concrete element has been the use of
rosette strain gauges, either conventional or based on FBG-built rosettes,
see [54-58]. This type of gauges enables the measurement of global
strains in three directions, namely X, Y and XY (usually placed at 45°
from the X direction) or what is the same ¢y, ¢y and exy. Using Eq. (2),
which is only applicable for an angle of 45° between XY and X, it is
possible to obtain the shear strains, and consequently the magnitude and
angle with respect to the global direction X of the principal strains:

Principal strain (¢ r"ax), [ue]

Principal strain (emin), [ue]
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1
Emax = z [SX +er+ }lmax]

1
Emin = = [SX +éy — ymax}

2
69— ltan’l (Sx +ey—2e E'xy)
2 Ex — &y
Vimax = \/2'((6')( - €xy)2 + (exy — EY)Z) 2)

Using Eq.(2), the principal strains epq and &, can be directly
calculated at the 40 intersection points between the horizontal, vertical
and diagonal cables, where actual values of the strains in three di-
rections were measured, namely ¢, = ex, &, = ey and &4 = exy according
to the wall’s global coordinate system. However, if only the 40 inter-
section points were used, the resolution of the grid would be very low
(although still much higher than with traditional approaches based on
rosette strain gauges). Additionally, using only the intersection points
would not make use of the full potential of the distributed measuring
nature of the DOFS. Therefore, in this work it was suggested to use the
same interpolated grid used to create the heat maps shown in Fig. 9 in
order to increase the number of points with information of the principal
strains and the corresponding angles. Accordingly, in Fig. 10 the prin-
cipal strains &pg, and &, together with the shear strains, y,,,,,, are shown
for the same load levels as in Fig. 9.

Several important observations are to be noted from Fig. 10. First,
the crack distribution is generally better described by the maximum
principal strain, émqy, than by any of the global components. However,
there are obvious similarities between the &p. and e,, because the
largest tensile strains in the wall were predominantly horizontal.

Shear strain ('7max)’ [ue]

Applied load 50 kN

Applied load 125 kN

-375 -250

-125 0 0 150 300 450
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I
0 600 1200 1800 700 -350

o

0 350 1000 2000 3000 4000

Fig. 10. Calculated principal and shear strain fields from the interpolated strains presented in Fig. 9 at the same load levels.
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Moreover, the minimum principal strains, ep;,, allowed for the visuali-
zation of the load paths from the loading point to the reaction plates in
an evident way, showing very markedly the two concrete struts formed.
Additionally, looking closely to the principal strain, &, for a load level
of 200 kN, the heat map reveals a secondary strut and tie mechanism
right after the formation of the left shear crack. Such secondary strut-
and-tie mechanisms are a known phenomenon, but to the authors’
knowledge it has never been experimentally measured and presented as
done in the present work. Lastly, the shear strains shown in Fig. 10,
display distinctly the regions in the wall subjected to higher shear
strains, indicating at a very early stage the position of the shear cracks
that occurred at higher load levels.

Finally, if the principal strains epmq, and ep;, are plotted together with
the angle formed to the global axis X, it is possible to show in a more
intuitive way the strain fields at different load levels. Fig. 11 illustrates
in a clear manner how the variation of the load paths occurred in the
wall for increasing load levels. Similarly, for the last load step, Fig. 11
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Fig. 11. Combined plot for the principal strain fields at the refence load levels.
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depicts the formation of the aforementioned secondary strut-and-tie
mechanism in a precise way.

4. Conclusions

This article investigated the analysis of D-regions by DOFS based on
Rayleigh backscattering. A wall element was cast with a robust fibre
optic sensing cable deployed in a multi-layer configuration at the mid-
section of the wall. The wall was subjected to cyclic loading under
three-point loading while the strains were continuously measured. The
main conclusions drawn from this study are the following:

e The proposed methodology for the deployment of optical fibre sen-
sors in D-regions proved successful for the study of two-dimensional
strain fields yielding superior results in terms of data richness
compared to conventional techniques.
The direct measurements for the three global directions, ¢, ¢, and &g,
showed relevant information of crack development and local effects.
The accuracy and resolution of the DOFS is such that it enabled the
measurement of transversal deformation due to the load introduc-
tion. This information could be even used to back calculate the
applied load.
e In line with previously reported research focused on reinforced
concrete beams, the strain measurements could be also used to
determine the crack onset and to track the crack development in a
wall element. However, using the proposed methodology in which
the sensors are placed at the mid-thickness of the wall instead of
being installed on the steel reinforcement, requires the development
of new methods to calculate crack widths.
The interpolation of DOFS measurements assuming a linear variation
of strains between consecutive segments proved to be a suitable and
effective way to obtain a comprehensive view of the data while of-
fering flexibility in the output resolution. For the studied element
and the load configuration used, a spacing of 100 mm between
segments in the different directions was deemed adequate to describe
the element behaviour accurately. However, a detailed study of the
limits of the sensor spacing is of interest to minimise the amount of
cable necessary.
The proposed method for the fibre optic deployment in a multilayer
configuration following the global directions X, Y and XY, enabled
the direct calculation of the principal strain from the measurements
at 40 intersection points. However, the amount of data could be
drastically increased by combining the benefits of distributed strain
sensing and the proposed interpolation approach, which yielded
detailed heat maps of the principal strains. The computation of
principal and shear strains in this way allowed for the experimental
study of D-regions in an unprecedented way.

e The visualization of shear strains enabled the early detection and
localization of the regions where later shear cracks would form at
much higher load levels. Likewise, the visualization of principal
strains enabled the clear identification of concrete struts at any load
level as well as the identification of a secondary strut-and-tie
mechanism formed after the second shear crack occurred. To the
authors’ knowledge this has not been previously experimentally
captured and shows the great potential of the presented method for
study of the structural behaviour of reinforced concrete walls and D-
regions in general.
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