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ARTICLE INFO ABSTRACT

Keywords: Accurately measured strains are critical when investigating the application of Fiber Reinforced Polymer (FRP)
DIC materials, but traditional mechanical strain measurement methods have several critical drawbacks related to the
FRP installation process and the recording capabilities of the devices. FRP materials typically used in the civil en-

Strain fields gineering field feature large asymmetries and heterogeneity originated from the manual installation procedures,

E;;danchors as opposed to the highly controlled FRP fabrication methods used in other fields that result in more homo-
Strengthening geneous materials. The feasibility of using an optical full-field Digital Image Correlation (DIC) technique for

measurement of strain fields on FRP materials used in the civil engineering industry has been investigated and
the level of error in the DIC method when using more traditional methods was determined. The main advantage
of using DIC over more traditional methods, which is the capacity of DIC to measure full field strains instead of
strains at isolated points, has been demonstrated by providing exemplar measurements of various specimens of
FRP materials. The reported strain fields are examples of what was obtained during an experimental campaign to
understand the behavior of FRP anchors and other materials. The main conclusions drawn from the observation

of those strain fields are discussed.

1. Introduction

Determining operational limits and safe working strains, as identi-
fied in international guidelines such as ACI 440.2R [1] and CNR-DT 200
[2], is paramount to the application of Fiber Reinforced Polymers (FRP)
in civil engineering. One of the most common applications of FRP
materials in civil engineering is as Externally Bonded Reinforcement
systems (EBR-FRP) to strengthen existing structures. Accurate mea-
surement of the FRP strains when under load in such applications
provides insight and understanding of the load distribution within the
FRP material. When conducting tests, a number of traditional instru-
ments are available for the measurement of displacements and strains,
including Linear Variable Differential Transformer devices (LVDT) or
foil Strain Gauges (SG). These instruments have been in use for decades,
but feature some significant drawbacks as the installation of the in-
strumentation is typically invasive, expensive, cumbersome or time-
consuming. But the most significant deficiency of these devices is that
they only measure displacements or strains at specific, isolated points.
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Spatial strain fields allow both general strain distributions and localized
strain concentrations to be observed. Spatial strain field measurements
are critical when investigating EBR-FRP systems, where the FRP ma-
terials are non-homogenous and highly anisotropic as opposed to more
traditional metallic or cementitious materials. This effect is exacerbated
by “low-tech” in situ manufacturing methodologies typically involved
in the installation of EBR-FRP systems. The manufacturing approaches
typically used in EBR-FRP systems result in low fiber volume fractions,
which is defined as the ratio between the volume of fibers and the total
volume, and in large variations in fiber orientation both in-plane and
through thickness due to the lack of molding/compression force.
Modern full-field imaging techniques such as Digital Image Correlation
(DIC), thermograph and particle image velocimetry enable the de-
termination of strain fields during testing. Full-field digital imaging
techniques are increasing in availability and are frequently applied to
composite structures [3,4], however to date much of the research of
digital imaging techniques in composites has been focused on high-end
composites manufactured using resin infusion, resin transfer moulding
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or pre-impregnated textiles. The materials addressed in this work pre-
sent novel challenges in that the surface of the structure has significant
undulations, with large local stiffness variations due to the low volume
fraction and the frequent misalignment of fiber orientation as a result of
the on-site installation process. The validation and application of a
Digital Image Correlation methodology to coarse, low fiber-volume
fraction FRP materials is presented, together with examples of the re-
sults that can be obtained and how to interpret them.

1.1. Digital Image Correlation fundamentals, spherical lens aberration and
3D image rectification

Digital Image Correlation (DIC) involves the calculation of dis-
placements and material strains by tracking the movement of features
in consecutive images and was firstly developed in the 1980s at a time
when digital cameras and powerful computers were scarce and ex-
pensive if available at all [5]. Several computer programs appeared in
an attempt to solve the high computational load that characterized the
first attempts to use DIC [6], and continuous efforts have been made to
improve the efficiency and the accuracy of DIC through different al-
gorithms and computational tools [7,8].

DIC can be used to record displacements and transform them into
strains at isolated points (typically known as virtual gauges) or to ob-
tain full field displacement or strain maps. Full field strain maps are
remarkably useful when studying the behavior of FRP materials, due to
the complexity of these materials and the influence of concentration of
localized strains in the behavior. DIC can be used in a two-dimensional
(2D) configuration, which requires only one camera, or in a three-di-
mensional (3D) configuration, which requires the use of two cameras
on the same field of view and a more complex processing. A wide range
of DIC applications can be found in the literature, like material char-
acterization through tension, compression, fatigue or shear testing [9],
cyclic/fatigue testing of epoxy resins [10], identification of delamina-
tion on carbon FRP beams [11] and measurement the effect of impacts
[12] or blasts [13] on metal, amongst others.

Two errors originated by the optical effects of the lens can affect the
quality of the readings [14]. Lens spherical aberration is an optical
effect that is inevitable when using lenses, as this effect occurs due to
the refraction of the light rays passing through the camera lens and can
appear in both 2D and 3D DIC techniques. The theory of spherical
aberration, how to correct the distortion and examples of the verifica-
tion of the correction can be found in the literature [15-17]. The second
optical error is exclusive to 3D DIC, as this error is the result of pro-
jecting — or rectifying — two or more images onto a single plane image.
The theory of combining two images to create a three-dimensional
model was developed in the 80s and 90s [18], and different methods for
3D reconstruction have been developed in the past [19]. Sutton [7]
compiled a thorough review on the effect of out of plane motion on 2D
and 3D DIC readings, comparing CCD and telecentric cameras. No ex-
ample could be found in the literature on the extent of 2D spherical
aberration and 3D image rectification errors that can be expected when
inexpensive DSLR cameras and variable focal length lenses are used,
with different focal lengths and distance from specimen to camera are
used. Furthermore, the influence of the ratio between calibration
checkerboard size and field of view and of the number of tracking
points on the correction of the distortion error have only been partially
investigate to date [20].

A speckle pattern proportional to the specimen size and to the field
of view needs to be produced into the specimen to obtain correct
measurements, with multiple examples being available in the literature
[21-24] and a thorough study being undertaken by Lecompt et al. [25].
For the current research, four different patterns were used until the
correct one was found, but no further work is reported in this regard.
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1.2. The use of DIC on FRP materials

DIC has been used extensively in the civil engineering industry,
albeit mostly to track displacements, deflections or to identify the
presence of cracks in reinforced concrete or masonry structures
[26-29]. Many examples exist on the use of DIC to detect and study the
bond behavior between FRP and substrate, both when the substrate is
concrete [30,31,3] and masonry [32,33,4]. DIC has been typically used
in the civil engineering field to measure displacement and strain at
isolated points but strain fields were not obtained, which means that
one of the most advantageous features of DIC technique was not
exploited [34,35]. Multiple examples exist of full field displacement or
strain measurements on FRP materials with DIC outside of the civil
engineering field [36-42] but no studies could be found on the use of
DIC to study in detail the type of FRP material used in the civil en-
gineering field when fiber rupture failure mode is present.

Only one example could be found in the literature where full field
displacement and strains were produced to investigate the behavior of
FRP materials in a situation comparable to a real case use of FRP in civil
engineering [43]. Full field strains of FRP reinforcement on an RC beam
were obtained in the aforementioned study, to measure the overall FRP-
RC composite behavior rather the detailed behavior of the FRP. Two
strain gauges and two LVDTs at isolated points were used to validate
the data obtained with DIC, but not enough data was obtained to have a
conclusive validation.

A few attempts have been undertaken to validate the use of DIC
measurements with alternative equipment. A few examples exist where
DIC (2D and 3D) and a discrete number of foil strain gauges were used
to validate strains [44,36,45,38,46,20], but in some cases the in-
formation regarding the foil strain gauges properties is incomplete, or
the foil strain gauges and the virtual strain gauges were placed at dif-
ferent points, compromising a direct comparison between DIC and SGs.
Mehdikhani [24] used FEM models to calibrate the displacements and
strains obtained on virtually deformed and microscopically obtained
images of FRP materials, but the microscopic scale of the work com-
promises the validity when large scale testing is involved. Ivanov [39]
also used FEM to validate DIC readings, but the authors could not
achieve a correspondence between FEM and DIC. Tekieli [4] compared
the readings from an extensometer and 2D DIC on several FRP sub-
strates, and produced full field strains to detect cracks and FRP-to-
substrate debonding, but not to obtain strains at rupture.

1.3. Research motivation

Full strain fields are crucial to understand and model the behavior
of FRP materials, and DIC gives researchers the opportunity to obtain
them. The main objective of the research reported herein is to give
examples of the readings that can be obtained with DIC on FRP mate-
rials for different specimen sizes and uses, especially when fiber rupture
failure mode is expected. How these results were used to understand the
behavior of FRP materials in the civil engineering industry, especially
focusing to understand fibre rupture mechanisms, is discussed in detail.

The motivation of the research was double, first to assess the ac-
curacy of using DIC in combination with inexpensive and easy to use
DSLR cameras to obtain full strain fields with FRP materials, and second
to report and discuss the results that can be obtained when the rupture
of the fibers is expected, particularly when a heterogeneous FRP ma-
terial with resin- and fiber-rich areas is used.

2. Experimental program

The material morphology, testing test set-ups and methodology is
described in this section, together with the verification of the error that
can be expected when using DIC with the FRP materials used in the civil
engineering field.
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2.1. Material morphology

Material homogeneity and surface topology have significant influ-
ence on the surface strains of a material under stress but the majority of
existing research utilizing DIC on composite structures has been on
marine or aerospace composites. In these fields the FRP manufacturing
methods are highly controlled processes which result in homogeneous
and consistent materials and typically involve multi-directional weaves.
These material systems are typically characterized by a high fiber vo-
lume fraction (also known as fiber volume ratio), which is the per-
centage of fiber volume in the entire volume of the FRP composite
material. However, in the civil industry the installation usually takes
place in the construction site using unidirectional fabric and an un-
consolidated wet-layup process with highly dependence on the quality
of workmanship [47], in contrast to the closed molded or vacuum
bagged processes typically used in higher end composite structures.

While the fiber volume ratio is typically 50% or even higher when
controlled manufacturing methods are involved, the ratio drops to 30%
or even lower when the material is installed on site. The result of this
manufacturing approach is a highly variable, heterogeneous and in-
consistent composite that typically includes large spatial variations and
a high level of surface undulation. These undulations consist of areas
that are more fiber-rich and other areas that are more resin-rich, which
can lead to three dimensional deformations even when three dimen-
sional displacements are not expected. The difference in cross-section
morphology between materials manufactured using a range of manu-
facturing methods is illustrated in Fig. 1. Composites manufactured
using an autoclave pre-impregnated material is the most homogeneous
with little variation through thickness and little to no voids, as can be
seen in Fig. la. Resin infusion produces a slightly less homogeneous
material and a higher number of voids as reported in Fig. 1b, however
lower voids and more homogeneous than wet-hand laid materials as per
Fig. 1c, as considered in this work.

This inherent variation resulting from the low technology manu-
facturing process leads to larger local variations in strain.
Understanding the ability of full field imaging techniques to account for
this variation and identify local areas of high stress/strain is important
for developing insight into prediction of failure and initiation within
industrial composites for civil applications.

2.2. Test set up and methodology

Two DSLR cameras with a graphic resolution of 24.3 megapixels
and a lens with a focal distance of between 18 mm and 55 mm were
used to acquire the images in RAW mode, placing them as close to each
other as possible with constant and neutral white LED lights. Manual
mode was used, adjusting the ISO, focal aperture and shutter speed to
obtain the sharpest possible image but within the limits of: ISO between
100 and 250, focal aperture between 1/4.5 and 1/5.5 and shutter speed
between 1/60s and 1/100s. The physical distance between the cam-
eras was maintained at 300 mm, but the distance from the cameras to
the specimen varied depending on the type of specimen used. The load
data acquisition started at the exact moment at which the first image
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was taken, which makes that first image as “zero” or non-loaded image.
From that point the load and the image capturing process, and therefore
the strain data, were synchronized.

DIC was used in a range of specimens of different sizes as part of a
testing campaign to help understand the fibre rupture failure mode of
FRP anchors, although all the results discussed herein are novel mate-
rials [48-57]. FRP tensile coupons 25 mm wide and between 150 mm
and 200 mm were used to obtained the tensile properties of the FRP
according to ASTMD3039 [58]. Foil strain gauges that were 5 mm long
and 2mm wide (FLA-5-11-1L from Tokyo Sokki Kenkyujo Ltd.) were
used to measure strains on the FRP coupons and corroborate the strains
measured with DIC. Two FRP coupons bonded using lap joints were
used to investigate the FRP-to-FRP bond mechanism and strength, with
the dimensions being in accordance with ASTMD5868 [59] and
ASTMD3528 [60] for single and double lap joints respectively. FRP
anchors are typically used to ensure the continuity of the load path from
FRP sheets into the structure, and consist of a bundle of fibers that is
introduced into the structure on one end and splayed to form a fan on
the other end, which is then bonded onto the FRP sheet using epoxy
resin [56]. Schematic examples of how FRP anchors are used are illu-
strated in Fig. 2 [61]. DIC was used in a wide range of FRP anchor
testing to investigate the fibre rupture failure mechanism and develop a
predictive model to calculate the anchor tensile capacity. Displacement
gauges were installed on the outside of the FRP anchor to prevent any
damage to the fibers, and the recordings from DIC were compared with
the displacements obtained with the displacement gauges. Finally, DIC
was used on FRP anchors incorporated into reinforced column seismic
testing to capture at which point the fibers ruptured and in which
manner. The observations from the use of DIC in all these situations is
discussed in detail in Section 3 Results of DIC on FRP materials.

A speckle pattern on the specimen surface has been shown to have
an influence on the reliability of the displacement and strain mea-
surements [62]. A preliminary investigation was conducted to identify
the most suitable speckle pattern to use. Four different patterns were
tested; (a) as-is, (b) sandpapering the surface to eliminate the glossy
finishing and reflections, (c) with white dots painted with a marker, and
(d) spray-painting the specimen with two layers, which gave the best
results of all and was used in all consequent tests. The spray-painting
pattern consisted of a first black matte layer to eliminate reflections and
then a second white layer sprayed from a distance in short bursts to
obtain small droplets on the specimen surface that would produce the
irregular pattern, examples are provided in Fig. 3. The spray-painting
pattern resulted in the speckles having a pixel size of between
3 x 3 pixels or 4 x 4 pixels. More details regarding speckle properties
and influence on the readings can be found in the literature [23,24].

TRIDENT V3.0, an image processing Matlab [63] GUI developed by
the Centre for Advanced Composite Materials (CACM) at the University
of Auckland, was used to obtain the DIC results in this research. It is
important to note that DIC systems can be purchased on the market and
that DIC analyzing software can be freely downloaded from the in-
ternet. Details of the TRIDENT V3.0 tracking algorithms and im-
plementation are presented by Stubbing [64], who has subsequently
developed its 3D strain field capabilities [65]. The parameters used for
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Fig. 1. Comparison of cross-section morphology of composites using different manufacturing methods.
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Table 1
DIC details.

Parameters used for analysis of images Optical system components

Subset size 15 x 15 pixels® Cameras Nikon D5600
Step size 15 pixels Lenses Nikon 18-55mm f/
3.5-5.6G DX VR
Shape function Cubic Lighting White LED lighting
Strain filter size 15 x 15 Environment Laboratory conditions

(15-25C)

analysis of images are reported in Table 1.

To record strains and maximize the benefit of TRIDENT’s sub-pixel
resolution a fine speckle pattern was required, with a speckle size be-
tween four and sixteen pixels. The as-is, white dots and sandpapered
surfaces (Fig. 3) gave poor results due to the speckle pattern coarseness
whereas the spray painted surface treatment (Fig. 3d) provided the
greatest number of high-contrast features for the software to track.

2.3. Test matrix

An overview of the test program is presented in Table 2, where each
tested specimen is listed together with the properties of the tested
specimen, the objective of the test, and the subsequent section and
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Figure where the results are discussed. As can be inferred from Table 2,
the two main objectives of the research (verification of the technique
and report of the typical results that can be obtained) overlapped to-
wards the middle of the testing program.

2.4. Reprojection error

A lens spherical aberration calibration process was conducted as the
first step using Bouguet’s toolbox [66] based on the Heikkild and Silvén
method [67] to identify the range of reprojection error expected when
using DIC on small scale FRP anchors. This section describes the error
that can be expected when DSLR cameras are used, given that the
distortion and quality of the images obtained with these cameras is
significantly reduced when compared with the images obtained with
the typically used CCD and telecentric cameras. The reprojection error
is described as the distance between any given points in the image to
where that point is. Two main sources may exist for having a large
reprojection error, i) the spherical aberration caused by the lens and ii)
errors between the mathematical camera model and the physical
camera behavior. The calibration process was thoroughly described by
Yang et al. [27]. To perform the calibration correctly between 10 and
12 photos of checkerboards of different sizes were taken, in which the
exact dimension of the black and white squares were known. As an
example, the checkerboard in Fig. 4 features squares with dimensions of
10x10 mm.

Three checkerboards with the same number of squares but different
square sizes of 10 X 10 mm, 15 X 15mm and 20 X 20 mm were used,
which corresponds approximately to 125, 175 and 225 pixels respec-
tively. By maintaining the same number of squares but increasing their
size the overall size of the checkerboard increased. The checkerboard
sizes under investigation were approximately half, a quarter and an
eighth of the size of the field of view, with the cameras being installed
at three distances from the specimen but maintaining the same field of
view. At least ten sharp and properly illuminated photos were taken,
ensuring that the field of view edges were covered. The three distances
were as close to the specimen as possible with a focal length of 18 mm,
at medium range with a focal length of 35 mm, and as far away from the
specimen as possible with a focal length of 55 mm. The objective was to
compare the spherical aberration that the lens would produce when
studying the same specimen from different distance and changing the
focal length to maintain the field of view. Although a fixed focal length
lens would reduce the likelihood of introducing errors due to the dif-
ficulty to repeat the exact same focal length of 35 mm, a variable focal
length lens was favored because the versatility of having different focal
lengths within the same equipment. The reprojection error resulted as a
correction of the lens spherical aberration was small as can be seen in
Fig. 5. For all checkerboard sizes and camera locations the reprojection
error was less than 0.056 pixels, with the largest error being obtained
when a checkerboard half the side of the field of view was used. The
reprojection error produced by lens spherical aberration was measured
using the Camera Calibrator application included in the Computer Vi-
sion System toolbox from Matlab [63]. The smallest reprojection error
of 0.022 was obtained with a focal length of 35 mm at medium range,
using a checkerboard a forth or an eighth the size of the field of view,
which was the configuration selected for all future tests. The average
reprojection error was 0.036 pixels. The lens spherical aberration is
typically smaller as the focal length increases, which would imply that
the smallest spherical aberration is to be expected with a focal length of
55 mm. However, since the objective was to maintain constant field of
view, the spherical aberration was also influenced by the distance from
the specimen to the camera, hence the smallest lens spherical aberra-
tion and image rectification error being obtained with a focal length of
approximately 35 mm.

A second calibration phase was undertaken using checkerboards
featuring squares of the same size but different numbers of squares in
each checkerboard. Tracking points are defined as the point where four
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Table 2
DIC details.
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Verification of results

Strain fields results

Characteristics Objective Characteristics Objective Section (Figure)
D1 Anchor testing with Verify accuracy of - - 258
D2 displacement gauges DIC displacements
S1 FRP coupon test with single Verify strain accuracy - - 2.6 9
S2 foil strain gauge in in direction parallel

the direction of loading to fibers and load

M1 FRP coupon test with Verify strain Coupon subjected Verify the strain 2.6 10
M2 with multiple foil strain accuracy in to unidirectional uniformity in 3111

gauges in multiple directions multiple directions tensile load orthogonal directions 1213
L - - Tensile coupon with Determine the 3.114

single lap splice lap splice strength
Al - - A narrow straight anchor Study load path, failure 3.2
A2 A wide bent anchor mechanism, capacity and 1516
A3 A wide straight anchor develop a predictive model 17
C - - Anchors installed at the Predictive model verification 3.3
column-foundation joint in full scale structural elements 18

Fig. 4. Example of a calibration checkerboard.

squares meet, excluding the outer line of points, such that for example
the checkerboard in Fig. 4 shows 11 X 7 = 77 tracking points. The
number of tracking points for the 3 checkerboards were 15, 77 and 345,
with the results when using 77 tracking points being the most accurate
of the three configurations as can be seen in Fig. 6. The reprojection
error was negligible, being approximately 0.042 pixels in average. The
reprojection error obtained indicates that 2D DIC using DSLR cameras,
without compensating for reprojection error, is accurate enough to
measure displacements and strains on FRP materials as used in the civil
engineering industry, although the process of calibrating the reprojec-
tion error certainly increases the accuracy of the recordings. The neg-
ligible reprojection error also indicated a good match between the
mathematical camera model and the actual/physical camera behavior.

2.5. Verification of displacements

Two FRP anchor specimens (D1 and D2) were used to verify the
accuracy and reliability of the displacements measured with DIC by
installing displacement gauges close to the targets used for DIC as re-
ported in Fig. 7. Note that there are six targets in Fig. 7, four next to the
anchor (two of them highlighted in yellow) and two on the floor that
are barely visible in the figure but that did not move during testing. The
distance between targets and between displacement gauges is ap-
proximately 55 mm. A comparison between the DIC and displacement
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gauges is shown in Fig. 8 for both FRP anchor specimens. The maximum
difference corresponds to 0.2 mm (around photo number 21 of Fig. 8b),
but this difference is most probably related to the displacement gauges
rather than the readings from the cameras, as indicated by the rise in
the black curve. The displacement at peak was significantly smaller,
with a difference of 0.05 and 0.07 mm corresponding to 2.8% and 1.4%
respectively. This difference is somewhat smaller than previous ob-
servations, where a typical measurement difference between 4% and
6% has been observed, peaking at 10% difference [29].

2.6. Verification of strains

FRP coupon specimens were tested in general accordance with
ASTMD3039 [58]. Specimens S1 and S2 had a single foil strain gauge
(aligned with the direction of loading) placed centrally on one face of
the specimen, while a spray paint surface treatment was applied to the
other face for DIC to be used. The strains, recorded parallel to the load
and fibers for both specimens, are reported in Fig. 9. The solid line is the
strain from the SG, which is 5mm long, while the dashed line is the
result calculated from the DIC, calculated with a subset size of 15 pixels.
The DIC result was calculated as the average strain measured over an
area that was equal to and located directly opposing the foil strain
gauge. Photos were taken every 10s for specimen S1 (67 photos) and
every 3 s for specimen S2 (385 photos), while maintaining the loading
rate constant for both specimens (0.01 mm/s). The DIC data was cor-
related with the applied load values by synchronizing the start of the
test with the first photo without applied load, which was numbered as
photo number 0 in the post-processing and in Figs. 9-11.

The strain fields in the direction longitudinal to the fibers (g) ob-
tained from DIC for specimen S2 at loads of 7, 14 and 21 kN are pre-
sented in Fig. 9. Due to the weave of the FRP textile used in the coupon
the fiber tows have some out-of-plane crimp, rather than being com-
pletely straight. As the load and therefore longitudinal strains increased
the variation in local strains as a result of the tow crimp became more
visible in the DIC strain fields. The correlation between the results re-
corded with DIC and with SG supports the use of DIC to measure strains
in the direction parallel to the fiber. Furthermore, the strain fields
presented in Fig. 9 indicate the ability of DIC to satisfactorily measure
local strain variations, with a maximum difference between the reading
obtained with DIC and with SG of 0.06%.

Further testing was undertaken, with multiple foil strain gauges
placed at different locations and in different directions. SGs were
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(a) Left camera (directly in front of the specimen)
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(b) Right camera (slightly rotated towards the specimen)

Fig. 5. Reprojection error depending on camera position and the ratio between checkerboard size and frame size.

installed on specimens M1 and M2 at the locations detailed in Figs. 10
and 11 respectively. DIC was again used to determine the strain field on
the opposing face to the foil strain gauges. The DIC measurements were
calculated following the same procedure as for specimens S1 and S2,
over an area that matched the same size and location as each of the foil
strain gauges. For SG4, SG5 and SG6 a square including all three foil
strain gauges was selected. Photos were taken every 5s for M1 (158
photos) and every 4s for M2 (184 photos). A good correlation was
observed for the strains recorded in the direction parallel to the fiber
(SG1, SG3, SG4, SG7 and SG9), similar to the results obtained for
specimens S1 and S2. The strains in the transverse direction (SG2, SG6
and SG8) recorded with foil strain gauges were consistently lower than
those recorded with DIC. The SGs were installed transverse to the fiber
tows and, given that the SGs were longer than the width of one fiber
tow, the recorded strains were the average of the strains from several
adjacent fiber tows. This effect leads to inconsistencies in the strain
readings, for both the SGs and DIC. The solution to solve or minimize
the divergent reading could be to limit the recordings to a single tow
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but this possibility does not exist with SGs because of their size. SG5
recorded the strain in the XY direction, which for DIC was obtained by
rotating the image 45 degrees. The foil strain gauges recorded sudden
jumps at different moments during the test, or stopped altogether, likely
due to debonding of the foil strain gauge from the FRP coupon.

A second specimen with multiple foil strain gauges was tested (M2),
with the results being consistent with those from M1 as can be seen in
Fig. 11. The correlation was good for longitudinal strains (SG2, SG3,
SG4, SG7 and SG9) but poor for transverse strains (SG1, SG6, and SG8)
and for strains in the XY direction (SG5). The problem of the SGs de-
bonding from the FRP coupon was partially corrected with a more
careful installation process in specimen M2 when compared to spe-
cimen M1, where all the SGs stopped recording at approximately step
number 138. The surface was more meticulously cleaned with acetone
previous to installation of the SGs and a different type of glue re-
commended by the SG manufacturer was used on specimen M2. DIC did
not experience the debonding problem in any of the experiments,
thereby proving to be a more reliable method to measure strains than is
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the use of foil strain gauges.
3. Discussion of results of DIC on FRP materials
Results from small scale FRP coupon tests, FRP anchors and FRP
anchors installed on reinforced concrete columns are reported in this

section. All full strain maps, both transverse and longitudinal, are
scaled from —2% (compression) to +2% (tension).

« Displacement gauge*
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R AT

3.1. FRP coupon testing

i
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- 2 diee ) w7 As discussed in Section 2.2 Test set up and methodology, FRP
L] ; & 2 <i % ) coupons were tested in accordance with the ASTM standards for tensile
properties and for lap shear adhesive strength [58-60]. The DIC re-
cordings for the tensile properties testing are reported first, while the
DIC recordings for lap shear adhesive strength are reported at the end of
this section.
The strain fields in the transverse (g) direction are reported in

.y

=

-

Fig. 7. DIC targets and displacement gauges in an FRP anchor specimen.
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Fig. 12 for 13 steps in the last two thirds of the test for specimen M2,
previously used to validate the strains with SGs. The effect of the weave
of the fabric on the strains can be seen in the transverse direction strain
fields, which are patterned in phase with the weave of the tows. Typical
Poisson’s ratios for FRP materials are between 0.2 and 0.35, such that
for tension in the longitudinal direction it is expected that compression
is developed in the transverse direction. However, the strain fields in
Fig. 12 range from tension to compression. The likely source of this
observation is the variation in properties between resin rich and fiber
rich regions previously discussed. Although the out-of-plane movement
of the FRP coupon was prevented during testing, it is possible that small
amounts of out-of-plane deformation that may be misconstrued as in-
plane strains were recorded as the fibers straightened from slack to taut
under tension.

The strain fields in the longitudinal (¢) direction obtained while
testing specimen M2 are reported in Fig. 13 for the same 13 steps than
in Fig. 12, with the strains in the longitudinal direction linearly in-
creasing as the load increased. The effect of the weave pattern on the
strain fields can also be seen in Fig. 13, but the effect of the weave on
the strain fields in the longitudinal direction is less significant than in
the transverse direction. The magnitude of the recorded strains in the
tows with the convex surface facing the cameras were higher than the
magnitude of the strains in the tows with the concave surface facing the

cameras. This is due to the limitation of DIC to capture the strains only
at the surface of the material, as discussed above. The resin in the part
of the tows with the concave surface facing the cameras are more
stretched than the resin in the part of the tows with the convex surface
facing the cameras. Therefore, the resin in the concave parts experi-
ences higher strains than the resin in the convex parts, although the
fibers experience a consistent strain.

The strain patterns for the lap shear adhesive strength tests are re-
ported in Fig. 14a for the direction transverse to the fibers and Fig. 14b
for the direction longitudinal to the fibers, with the strain ranging from
— 2% in compression to + 2% in tension. The strain patterns reported in
Fig. 12 and Fig. 13 did not develop as strongly when the lap shear
adhesive strength was being tested because the load at which de-
bonding occurred was always lower than the load at which failure
would occur. The strain levels were smaller in the region where the lap
splice was located, as there are two times more material in this region
than in the other regions. A concentration of strains in the longitudinal
direction was observed at the end of lap region, where debonding
would eventually occur. This behaviour was confirmed for all speci-
mens, regardless of the bond length or bond area, which has been
marked in Fig. 14. These results helped develop the lap shear strength
predictive models reported in detail elsewhere [68].

— Strain gauges
--=-DIC

Strain (%)

10 15
Load (kN)

(a) Strain fields

(a) Comparison between DIC and resistive foil strain gauges

from DIC

Fig. 9. Strain results for coupon specimens S1 and S2.

50



E. del Rey Castillo et al.

Composite Structures 212 (2019) 43-57

Load (kN)
0 5 10 15 20 25 30 0 5 10 15 20 25 30
1 1
1 7z 2
rd
0.8 - 0.8
e
td
0.6 .7 0.6
4
e
4
0.4 . 0.4 -
- .-
- -
- -
0.2 - 0.2 _--
- _-
7 -
z,
0 0
1 1
4 s, ’ 5
~ 08 P 0.8
s i
o 06 - P 0.6
R=
= 04 0.4 .
= Z -7
-
2P 7 0.2 T
0 0 === [
1 1 >
7 .7 8 , ’
4 rd
0.8 P 0.8 ,
P/ > s
4
0.6 P 0.6 e
Z -’
Z -,
7 ,
0.4 # 0.4 -,
4
rd
P’ 4
0.2 _z 0.2 e
Z > 7, <
P
0 0
0 25 50 75 100 125 150 0 25 50 75 100 125 150
Photo number
= T T T T T = T T = DICResults
SG Results

SG location

Fig. 10. Strain correlation for specimen M1.

3.2. FRP anchors testing

An extensive experimental program investigating the tensile capa-
city of straight and bent FRP anchors exhibiting fiber rupture failure
was undertaken by the authors, further details on testing set-up and
results were reported elsewhere [55,57]. DIC was used to capture full
field strain maps, identify the failure mechanism and develop a design
model that would be in accordance with the observations. Of all the DIC
recordings captured during the testing, only three examples are re-
ported herein due to space constraints.

The results from the first example, obtained while testing a narrow
straight anchor (specimen Al), are reported in Figs. 15 and 16. The full
field strain maps for transverse and longitudinal strains extracted from
the last picture before failure, together with a picture of the failed
anchor, are reported in Fig. 15. The longitudinal strain map featured a
large concentration of tension strains (in red) at the bottom of the an-
chor, with the strain levels being close to the rupture strain (1.3%). The
longitudinal strain in the FRP sheet, reported in Fig. 15a, remained
close to zero because all the tension load was being transferred by the
FRP anchor. DIC often derives in localized mistakes typically char-
acterized by closely located tension and compression points, as identi-
fied by the red circles in Fig. 15a. The transverse strain map reported in
Fig. 15b indicated how and where the failure was expected, with the
large tension and compression shades being analogous to the fiber
failure pattern outlined in yellow in Fig. 15c. This observation, which
was common for almost all the measurements, indicated that the
transverse strains had a large influence on the rupture of fiber rupture
of FRP anchors. The elongated red shade on the left hand side of the
anchor in Fig. 15b illustrates the tension forces between the sheet and
the anchor as the FRP-to-FRP debonding force increased. The

51

development of the strain maps as the anchor was tested can be seen in
the recordings reported in Fig. 16 for 1/3, 2/3 and at the end of the test.
The development was linearly correlated to the increment in applied
load.

Although the readings reported in Figs. 15 and 16 are representative
of the most common behavior observed during testing, atypical results
were also encountered. Two such examples are reported in Fig. 17,
showing the strain maps corresponding to the last picture before rup-
ture of two wide anchors (specimens A2 and A3). In the case of the wide
bent anchor the sheet ruptured longitudinally at an early stage of the
test, which can be observed in both the longitudinal and the transverse
strain maps. The rupture of the sheet determined the way the anchor
failed at the key portion at the bottom of the anchor but the failure load
was not significantly different to the failure load of other anchors. The
transverse strains map from the wide straight anchor is characterized by
extreme tension strains on half of the anchor and extreme compression
strains on the other half. This behavior is indicative that there was a
slight misalignment between the point where the load was applied and
the point where the anchor was introduced into the concrete substrate,
which induced a rotation into the FRP sheet that was captured as ten-
sion/compression discrepancies in the transverse strains map reported
in Fig. 17d. This slight rotation was not observed to affect the ultimate
load at which the anchor failed when compared to anchors that failed in
a more typical manner.

3.3. FRP anchors on RC columns
A total of five RC columns strengthened with FRP anchors were

cyclically tested as part of a larger research project, with the FRP an-
chors being sandwiched between two layers of unidirectional FRP
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sheets and installed onto the concrete surface, further details of the the other columns.

testing set-up and results were reported elsewhere [55]. Selected strain
maps of one cycle of one of the columns (specimens C) are reported in
Fig. 18, but the strain maps are representative of the results observed on
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Similarly to the strain fields obtained with isolated FRP anchor
testing, the longitudinal strain maps did not give conclusive insight to
where and how the anchors ruptured. A large concentration of tensile
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Fig. 12. Strains in the transverse direction for specimen M2.
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Fig. 14. Strain field in FRP coupons testing lap splice joints.

strains can be observed at the bottom of all three anchors, with the
strain being higher on the right hand side anchor. This anchor was the
first one to rupture, followed by the middle anchor and the anchor of
the left hand side, probably due to eccentricities in construction and/or
testing or material irregularities. However, when observing the trans-
verse strain maps, only the anchor on the right hand side featured high
tension/compression patterns like the patterns observed on isolated
anchors and reported in Fig. 15. As in the case of isolated anchors, the
transverse strain maps indicated which anchor failed and how. Large
transverse tension strains were recorded on the sides of the three an-
chors, especially the left hand side anchor, which corresponded with
the tensile strains on the FRP sheets covering the anchors as the sheets
stretched. The small compression mark on the left hand side of the
figure was originated from an undulation of the FRP sheet and was
therefore not related to the anchor behavior.
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4. Conclusions

The reported findings present the measurement of displacements
and strains on FRP materials for use in civil engineering applications,
where asymmetric, anisotropic and heterogeneous materials can be
expected. Lens spherical aberration and image rectification errors were
insignificant and can be disregarded when the cameras are used in a
similar set-up as in this study (streamlining the process of obtaining
displacements and strains with DIC). The correlation between the dis-
placements measured with mechanical gauges and with DIC was gen-
erally satisfactory, but the correlation between the strains measured
with foil strain gauges and with DIC depended on the direction in which
the strains were measured. The correlation was coincident for strains
measured in the direction parallel to the direction of the fibers, but the
correlation was divergent for strains measured in any other direction.

Several examples were presented of the behavior of FRP materials
based on the strain fields obtained with DIC. The results from the strain
fields suggest that the strains in the transverse direction might have an
equal or even larger influence on the strength and behavior of FRP
materials than the strains in the longitudinal direction. Strain fields
obtained using DIC were key in the study of the behavior of FRP ma-
terials.

The main findings resulting from the results have been summarized
below:

e The optimum speckle pattern size must be between 3 X 3 and
4 x 4 pixel 2. The smallest deformation was observed when a focal
length of 35mm was used. The negligible reprojection error also
indicated a good match between the mathematical camera model
and the actual/physical camera behavior. The negligible reprojec-
tion error also indicated a good match between the mathematical
camera model and the actual/physical camera behaviour.
Although the use of specialised equipment will always be preferable,
this equipment is typically expensive and complex to use. The use of
commercially available and easy to use DSLR cameras gave accurate
results both in terms of displacements and strains.

DIC can capture multi-direction field strains of regions which are
smaller than common strain gauges (i.e., 2mm by 5mm). The
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consistent measurement results showed the potential capability of
measuring or observing the rupture strains of FRP materials and
how the capacity is influenced by these strains. The measurement of
debonding effects can also be improved using DIC, as opposed to
strain gauges, given that the debonding line is thin and easy to
misread.

DIC enabled the capture of multi-direction field strains on FRP an-
chors, which would have been extremely difficult to obtain using
traditional methods given the geometry of the anchors. The results
obtained with DIC gave insight on how the stresses were distributed
around the anchor, and how the stresses in the transverse direction
had an effect on anchor capacity when fibre rupture was expected.
Additionally, DIC helped detecting anomalies in some tests that
would have otherwise evaded the results from traditional equip-
ment, unless a very extensive, costly and time-consuming in-
strumentation campaign had been put in place.

The use of DIC confirmed the damage observed in full-scale case
study testing. This result could be used to be able to predict where
the damage will occur before it actually happens.
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