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Abstract. In order to make accurate predictions of the structural behaviour of non-metallic
reinforced concrete elements, one of the key problems in the development of this type of new
material system is the capacity of modelling the load transfer mechanisms between the concrete
matrix and the reinforcement elements. To predict the load-deflection response up to ultimate
limit state conditions, a wide range of numerical simulation approaches, with capability of
modelling the bond behaviour between the different materials has been proposed over the years
and compared to experimental results. This research work presents new possibilities for
comparing numerical finite elements models with laboratory data generated by computed
tomography, namely in the context of three-point bending tests performed on carbon-reinforced
concrete specimens. The aim is to present the potential of in situ computed tomography for
validation of numerical simulations. Examples of computed tomography generated quantitative
results and data visualisation are shown, which focus on generated displacement fields and
crack patterns.

1 INTRODUCTION

Concrete is the world’s most produced material and the second-most consumed material
globally after water [1]. In view of this, related research and development is of crucial
importance worldwide, aiming for greater sustainability and for the urgent need to help mitigate
climate change. One way to increase resource efficiency in concrete construction is through the
use of non-metallic reinforcement solutions, such as carbon reinforcement, which enable the
design of thinner load-bearing structures [2] and promote a reduction of concrete volume
consumption. To exploit the sustainability potentials and ensure the safety as well as durability
of structural members made of this composite material, it is crucial to understand its mechanical
properties. The experimental characterization of the concrete’s micro-structure including the
analysis of damage mechanisms such as cracks are an ongoing subject of research in civil
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engineering. Yet, investigations of crack formation under load are often restricted to the visual
examination of the concrete’s surface.

Computed tomography (CT) can be used to capture non-destructive cross-sectional images
of concrete samples by exposing them to X-rays. When assembled, three-dimensional images
are produced, providing information about the inner structure with the possibility of enabling
full 3D characterization of internal damage such as cracks [3-5]. CT has hence become an
increasingly relevant tool in the construction sector throughout the last decades, yielding studies
that were previously unimaginable, as covered in recent literature reviews [6-8].

CT technology has also evolved to the point where X-ray scans can be performed while
subjecting specimens to progressive loading conditions using in situ CT tests [9]. The resulting
4D datasets deliver holistic information about crack formation processes that are captured
spatially (3D images) and temporally (for different load/time intervals). A number of papers
have been published in recent times reporting investigations involving the emerging in situ CT
approach, using different types of loading configurations on concrete samples, such as: uniaxial
loading in compression [10,11] and tension [12], bending tests [13-15] splitting tests [5] and
pull-out tests [9]. These research works have however been conducted using micro-CTs, which
limits the maximum X-ray energy levels and sample size. Within the mentioned experiments,
a maximum sample cross-section size of 75 x 75 mm? and a maximum X-ray scanning voltage
of 210 keV were reported. The present study has unprecedented features in this regard, using
energies of 8 MeV and a test setup that enables scanning specimens with cross-sections up to
80 x 160 mm?,

Also in the case of numerical modelling, there has been a mounting interest on the use of
CT-image-based finite element models to estimate the mechanical properties of concrete. CT
is used in this case to accurately obtain the morphology of concrete’s heterogeneous meso-
structure, commonly characterised by aggregates, macro-pores and cement matrix. The
segmented CT data, obtained through image processing algorithms, is then given as an input to
a 3D meso-scale model [12,16-18]. Different material laws and approaches can then be applied
to model the interfacial transition zone between elements such as aggregates [12,19,20] and
fibres [15] and the surrounding matrix. The use of in situ CT allows furthermore for the
validation of these models by providing a real 3D representation of the progression of damage
and deformation due to external loading [11,19,21]. This is particularly important for the
validation of cracking mechanisms on advanced numerical models cable of simulating a
realistic 3D nonplanar crack propagation process [20]. The combination of CT scans and meso-
scale modelling provides a comprehensive framework to understand the mechanical behaviour
of composite materials on a microscopic level. However, images obtained through micro-CT
technology are usually restricted to limited fields-of-view and small specimen dimensions and
the extrapolation from mesoscale models to a macroscopic scale is yet to be thoroughly
investigated.

This paper presents results of a preliminary in situ CT bending tests on carbon-reinforced
concrete (CRC) beams that were conducted at the Fraunhofer Development Centre X-ray
Technology (EZRT) in Furth, Germany, using the X-ray detector that will be installed at
Gulliver (see Section 2) and similar X-ray energy levels. The primary objective of these
experiments was to visualize and analyse the development of load induced cracks on the CRC
beams. To achieve this, the propagation of cracks was investigated at various load levels using
CT during the bending tests. In this context, the present paper is the third part of an extended
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research work conducted in the scope of the collaborative research centre/transregio TRR280
“Design strategies for material-minimized carbon reinforced concrete structures™ [22]. The first
two parts focused on the validation of CT data through comparison with other measurement
techniques [23] and on the application of methods such as digital volume correlation and
grayscale profile analysis for the determination of crack width [24]. This third part aims at
providing a different perspective on the CT results, now focused on possible comparison
procedures for FEM-based numerical simulations.

2 THE TOMOGRAPHY PORTAL “GULLIVER”

At the University of Kaiserslautern-Landau (RPTU), a worldwide unique tomography portal
called “Gulliver” is currently on the last stages of development (see Figure 1a), which enables
investigations on full-scale structural building components subjected to load increase while
performing high-resolution computed tomography scans. The aim of this XXL-CT is to use
computed tomography to deepen the understanding of the load bearing and deformation
behaviour of concrete members under failure. Funded by the German Research Foundation
(DFG), Gulliver is a central component of the Civil Engineering Technology Centre (BIG) at
the RPTU in Kaiserslautern.

1 — X-ray source
2 — Gantry

3 — Loading frame
4 — Hydraulic jack
5 — Support

6 — Specimen

7 — Detector

Figure 1: The tomography portal “Gulliver” at the University of Kaiserslautern-Landau: (a) photo with artificial
representation of the beam specimen; (b) identification of component parts

To enable high-quality image-based analysis of building components and structures under
loading conditions, Gulliver is distinguished by its unique technical features (see Figure 1b).
The built-in X-ray linear accelerator is mounted on a gantry that is able to rotate around the
sample’s cross-section and move along the sample’s longitudinal axis. The linear accelerator
provides X-ray energy of up to 9 MeV. The CT imaging system is equipped with three detectors
of different characteristics, to enable dynamic measurements depending on the sample size and
loading conditions: (i) X-ray detector XEye 5009 HE for scans on medium to large samples
(field of view 500 x 90 mm?, 10000 x 1900 pixels with pixel size 50 um); (ii) X-ray flat panel
detector Varex 4343 HE for scanning smaller test specimens (field of view 400 x 400 mm?,
3072 x 3072 pixels with pixel size 139 um); and (iii) high speed detector for fast scans during
cyclic load application (field of view 300 x 150 mm?, 1000 x 500 pixels with pixel size 300 pm
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and maximum frame rate 300 Hz).

In terms of loading capabilities, Gulliver’s loading test bench enables both static (up to
600 kN in compression and 300 kN in tension) and dynamic loading (up to 300 kN in
compression and 300 KN in tension) in the transverse and longitudinal direction of the
specimen. The arrangement of supports can be customised and adjusted along the longitudinal
direction of the sample. The maximum allowable dimensions for the test specimens are
6000 mm (length)x 1000 mm (max. width for 300 mm height) x 700 mm (max. height for
300 mm width).

The in situ CT tests reported in this paper were conducted using a radiation source similar
to the one mentioned above, namely a linear accelerator (linac) with a current of 500 mA and
energy of 8.0 MeV, and Gulliver’s the Varex detector. This means that each projection image
had a resolution of 3072 x 3072 pixels, pixel size of 13 um and a sensitive area of 400 x 400
mm?. The test rig and the samples (see Section 3.1) were placed on a rotating platform in
between the linac and the detector. The number of projections was limited by rotating the
specimens by only 200°. Each scan took approximately 20 min for a total of 1300 projections.

3 INSITUCOMPUTED TOMOGRAPHY TESTS

3.1 Test setup, specimens and loading procedure

Figure 2a shows the test setup that was used during the in situ CT tests. The loading
configuration consists on a three-point bending test performed on a pair of standing beam
samples. The load was applied and measured using two hydraulic cylinders and two load cells
positioned at the top and bottom ends of the beams. The test setup is complemented by a steel
rod and two metal plates, which form the central support of the loading system (white objects
visible in Figure 4b). This special loading configuration was developed specifically for the
execution of in situ CT tests using a rotating table. The presence of two separate load application
apparatuses on the beam ends, detached from each other, allow for a free measurement field
during CT scans on the central portion of the samples (see yellow box in Figure 2b), where the
highest level of damage is expected to occur. The measurement field was restricted to a 400 mm
extension along the samples’ longitudinal axis.

The specimen geometry is illustrated in Figure 2b. The CRC beams have a length of 600 mm
and a cross-section of 80 x 80 mm?. The adopted beam geometry also features a notch at the
central cross-section with a depth of 3 mm (aligned with the steel rod support). The location of
the carbon grid, placed at the tension zone of the specimens, is also shown in Figure 2b. The
adopted carbon reinforcement consists of a grid with six warp threads in longitudinal direction.
The adopted concrete cover thickness was equal to 5 mm.

The CT scans were performed on a total of four loading steps (see Table 1), with the aim of
capturing the crack propagation process at different stages. The first CT scan was performed at
load step 0, to capture the initial/unloaded state of the samples. Three additional scans were
performed afterwards, for applied loads corresponding to 2 kN, 4 kN and 6 kN. The indicated
load levels were kept constant during the scans.
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Figure 2: Test setup and specimens: (a) three-point bending test setup; (b) specimen geometry

Table 1: Load steps for the in situ CT scans

Step 0 1 2 3
Load 0 kN 2 KN 4 kN 6 KN

3.2 Materials

The CRC samples investigated in this research work are composed by a fine-grained
concrete matrix and a carbon fibre reinforced polymer textile reinforcement (see carbon grid in
Figure 2b). The referred cementitious matrix consisted of a self-compacting and high-strength
concrete, specifically designed for CRC structures. This concrete mixture composition, shown
in Table 2, developed in the scope of the C2 research project [25]. Due to the small size of the
carbon grid, a maximum aggregate size of 2 mm was chosen. The binder concept adopted for
this matrix was based on Portland cement, slag and limestone flour. In terms of material
characterisation, the concrete matrix registered, at the day of testing, a compressive strength
and bending tensile strength equal to 113.3 MPa and 12.5 MPa, respectively. The mean
modulus of elasticity of this concrete was determined on a previous research work [26], where
a mean value of 44 GPa was reported.

Table 2: Concrete mixture composition

Component Binder  Fine silica sand Sand (2 mm) Superplasticizer  Water
Content [kg/m?] 815 340 965 17 190

The planar textile reinforcement consists of a bidirectional warp-knitted grid made of carbon
fibre yarns with a polyacrylate coating. This carbon grid is characterised by a reinforcement
area in the longitudinal and transverse directions of 141 mm?/m and 28 mm?/m, respectively.
Its material properties are defined by a tensile strength of 2200 MPa, a modulus of elasticity of
195 GPa and an ultimate strain equal to 11,3 %eo.
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4 CT RESULTS FOR FEM VERIFICATION

4.1 3D deformation analysis

A popular subvoxel-accurate method for this is digital volume correlation (DVC) [27], which
is an extension from digital image correlation (DIC) — from pixel to voxel data. Like DIC, DVC
also requires a suitable texture in the CT image data. Deformation measurement and crack
detection when using DVC is often performed by computing strains [28].

In this research work, the first step was the computation of a subvoxel-precise 3D
displacement field by means of the method presented in [29]. This was applied to a regular grid
of points with a spacing of 20 voxels where points with insufficient contrast in their
neighbourhood were excluded. Subvolumes with dimensions of 25 x 25 x 25 voxels
surrounding the referred points were then used to calculate displacements.

Figure 3 shows a sequence of displacement vector fields between the reference state
(load step 0) and the deformed states of load steps corresponding to load levels of 2 kN (Figure
3a), 4 kN (Figure 3b) and 6 KN (Figure 3c). It can be seen that the curvature induced in the
beam samples due to bending loading led to higher levels of deformation on their upper half,
with maximum shift (approximately 3 mm) being registered for the left beam (sample A).
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4.2 3D crack width analysis

The crack measurement and analysis were done by applying the method of Liebold and Maas
[30] with another deformation model being used, focused on profile analysis of the deformation
field, for the automatic determination of crack widths. In the referred method, the points of the
displacement field were triangulated in a tetrahedral mesh and each tetrahedron was analysed
for changes between load steps. The model involved splitting the tetrahedron into two parts,
with a relative translation between the parts where two cases were distinguished. This relative
shift, £,;, was used as a deformation vector, and the norm of it, |t,|, served as a scalar
deformation that helped to identify tetrahedra containing a crack by applying a thresholding.
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An illustration of the tetrahedral mesh distributed along the entirety of the tested samples is
shown in Figure 4a. A reduced mesh is depicted in this case, for a more convenient
visualisation. Figure 4b shows the adopted tetrahedral mesh superimposed with a 2D cut at the
region of first crack formation.

N
2

v

(a) )
Figure 4: Computed tetrahedral mesh: (a) 3D perspective (reduced mesh refinement); (b) close-up at region of
crack formation (original mesh refinement)

In contrast to the method of [30], the automatic crack width detection in this research work
was done by profile analysis of the deformation field (|Erel|), due to the high noise in the CT
image data. At user-defined profiles, the crack width measurement was performed as follows:
(i) detection of deformed tetrahedra along the profiles, where the scalar deformation exceeded
a user-defined threshold for |Erel|; and (ii) inclusion of deformed neighbours of the previously
identified tetrahedra, to compute a median vector of the deformation vectors. The norm of the
median vector was used as the crack width. A more detailed description of this process can be
found in [24].

Figure 5 shows the color-coded visualization of crack width results for the different load
steps. It can be seen that no crack was detected at load step 1 (2 kN). First cracks were identified
for the at 4 kN of load application (see Figure 5b) at notch location for both specimens. The
obtained average crack width values for this load step (at carbon grid level) were equal to
0,21 m and 0,22 mm for samples A and B, respectively. At load step corresponding to 6 kN
load application, several cracks were identified in the tension zone of the tested beams (four
and three cracks in samples A and B, respectively). For this final load step, the average crack
width at notch location was expectedly higher, reaching 0,26 mm and 0,31 mm for samples A
and B, respectively. The obtained crack width values were subject to validation through direct
comparison with other measurement techniques, as detailed in [23].
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Figure 5: Internal cross-sections showing crack formation through color-coded visualization: (a) load step 1; (b)
load step 2; (c) load step 3
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4.3 Quality control procedures

The exact position of the reinforcement elements within the concrete matrix is traditionally
determined by inspection and measuring of saw-cut planes or by using non-destructive tools
such as electromagnetic concrete cover meters, which can determine the approximate location
of steel reinforcement bars and a localized rough estimation of the concrete cover thickness.
Through the obtained CT data, however, a truly precise and non-destructive 3D visualization
and localization of reinforcement materials, of metallic or no-metallic nature, can be obtained
for precise quality control measures. The goal here was therefore to check whether the
intended/expected concrete cover thickness was maintained along the Z-axis of the scanned
CRC beams. The concrete cover thickness was measured according to the specifications of
Eurocode 2 [31], that is by calculating the distance between the surface of the reinforcement
and the nearest concrete surface.

The cover thickness along the Z-axis was computed for the outermost longitudinal warp
rovings located in the tension zone of sample B (points 1 and 2 depicted in Figure 6a). Obtained
results are shown in Figure 6b. It can be seen that the carbon reinforcement was clearly not in-
plane and aligned with the expected concrete cover thickness, which should have been constant
along the depth of the sample and equal to 5 mm. The results demonstrate that the carbon grid
is slightly tilted and a continuous difference of approximately 2 mm of concrete cover thickness
can be observed between points 1 and 2. Also, at depth levels between 0 and 100 mm, concrete
cover values higher than 7 mm were registered, which is 40% higher than expected. It is also
noteworthy to mention that the results were able to capture with accuracy the localized cover
thickness decrease due to notch that was deliberately part of the specimen geometry. This can
be observed at depth level equal to circa 180 mm, where a clear dip is shown in the graph.
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Figure 6: Concrete cover thickness for sample B along Z-direction (load step 0): (a) Indication of position 1 and

2 on cross-section and X-Y and X-Z planes; (b) concrete cover thickness along Z-direction

The correct position of the reinforcement elements within a concrete cross-section is of
utmost importance for structural concrete members. This is particularly the case for CRC
members, since geometries are very thin and filigree, which requires low tolerances.
Undesirable shifts of the reinforcement location can lead to important effects on the load-
bearing capacity of the overall structure. In the case of structural design processes conducted
with recourse to finite element modelling, this type of CT results is able to provide relevant
insight on the real position of the reinforcement. The modelling process can, in light of this, be
revisited and lead to an improved numerical model. This improved model, with incorporation
of found quality defects, can be compared to the original/theoretical model to evaluate possible
impacts on structural performance.

5 CONCLUSIONS

This research presents preliminary tests conducted as part of the development process
of the tomography portal Gulliver, an XXL-CT device being built at the University of
Kaiserslautern-Landau. In situ computed tomography tests were in focus, applied to
carbon reinforced concrete samples with cross-section 80 x 160 mm?. The results show
the potential of using this testing method, which provides detailed 4D data of the whole
concrete specimens (3D images over time).

A collection of CT data intended for direct comparison with numerical models in the
meso- to macroscopic scale was generated with recourse to DVC. Results show that
DVC can be used to compute displacement fields, to identify crack formation and to
measure the corresponding crack width.

The accuracy of the generated CT data show also relevant potential as quality control
tools for concrete structures. In this context, inspections of the manufacturing quality
of the scanned CRC samples were carried out by checking if the carbon reinforcement
was installed in the correct position.

This study also showed that the use of high energy during CT scans comes at a cost, as
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it tends to introduce significant noise into the reconstructed images. This results in a
loss of detailed information in the CT images. However, future research to be
conducted in Gulliver with this level of employed energy and will involve much larger
concrete samples, which will expectedly lead to better texture of the CT data.
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