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and Tanja Lochner

Abstract The complex mechanisms leading to degradation of a 3D-printed carbon
short-fibre reinforced high-performance concrete which—due to the orientation of
the carbon fibres—achieves very high tensile and flexural strengths, are investigated.
For this purpose, multiple measurement methods acting on different scales were
combined. At macro level, acoustic emission analysis and coda wave interferom-
etry were used in cyclic, uniaxial tensile tests alongside conventional measurement
methods such as digital image correlation to visualise internal damage. In addition,
conductivity of the carbon fibres enabled conclusions to be drawn about the damage
by measuring electric resistances. At micro and meso scale, the microstructure of
unloaded specimens and development of microcracks were recorded in bending and
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in tension tests utilising computer tomography and microscopic examinations. Based
on measurement data, microstructure-orientated unit cells allowing for the develop-
ment of microcracks were derived and integrated into a computational homogeni-
sation scheme capable of reproducing the material behaviour and relevant failure
mechanisms.

Keywords Carbon short-fibre reinforced concrete + Oriented fibres - Multiscale
fatigue testing and modelling -+ Degradation - Localisation of failure - NDT
methods

1 Introduction

The extrusion of a carbon short-fibre reinforced mortar paste through a small nozzle
leads to the fibres being aligned in the direction of the material flow (i.e. the direction
of movement of the printing nozzle). This fact can be utilised to adjust the fibre orien-
tation with the main tensile trajectories and thus to an anticipated loading scenario. In
previous research, this concept has been proven to be very effective and that cemen-
titious composite specimens can be produced with outstanding tensile and flexural
strength, e.g. [1, 2]. Having also shown that up-scaling—starting from small cemen-
titious samples (micro-scale)—to a carbon short-fibre reinforced concrete (CSFRC)
is possible [3, 4], a very versatile high-performance material is available which will
be investigated experimentally and theoretically with regard to high-cycle fatigue
under different types/levels of loading as well as in terms of damage development,
failure mechanisms and localisation.

1.1 General Research Procedure

One main objective was to gain new in-depth insights into the damage behaviour and
the main failure mechanisms of the CSFRC material under different loading regimes
(static, cyclic, variable) by means of experimental investigations using centric tensile
as well as 3-point bending tests on different scales (micro, meso and macro spec-
imens) and to be able to interpret and compare the scale levels. While the micro
specimens offer advantages for analytics and are easier to access for mathematical
simulations, meso-size samples have particularly proven suitable for AE methods
and correlations with LDV. Large-scale experiments that are closer to real-life appli-
cations, are essential for identifying potential scale effects and also offer advantages
for various measurement techniques such as electrical and fibre-optical methods
or DIC. On the basis of the extensive test and measurement results gained from
the project, suitable mathematical models were derived representing the damage
and failure mechanisms as realistically as possible while remaining computationally
feasible with standard commercial software packages. Modelling and simulation
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initially starts at micro level and with static loads and consequently aims to predict
experimental results derived with macro samples as well as under dynamic fatigue
loading and to calibrate the models accordingly.

While the focus of the experimental investigations was firstly laid on simple
static and monotonic tests (performed on micro 3-point bending and macro tensile
specimens) as well as on identifying, generally assessing and evaluating the
complex damage and failure mechanisms of CSFRC and the establishment of suit-
able measuring technologies, later the focus was laid on scale transition (micro
tensile, macro/meso 3-point bending specimens) and the extension to more complex
fatigue loads, more refined measurements and the combination of different sensor
techniques.

1.2 Material, Testing Specimens

Following previous investigations, carbon short-fibres (CSF) with 7 pm in diameter
and a length of 3 mm were utilised as “reinforcement” of the cementitious mate-
rial after desizing and oxidation of the fibre surface, please refer to e.g. [1, 2, 5].
Hereby, two types of fibres were used, Tenax-J HT C261 carbon fibres (for micro
and most of the meso samples) and Zoltek (Toray) PX35 fibres (macro samples).
Regarding the concrete mix, for the micro samples a suitable concrete paste was
deployed being already investigated for several years to achieve optimum extrud-
ability and fibre dispersion in the 3D-printing process of small-scale samples [1]:
61.0 weight percent (wt.%) Schwenk CEM 152.5 R, 21.0 wt.% EFACO silica fume,
3.0 wt.% superplasticiser BASF ACE 430 and 15.0 wt.% of water (w/o aggregates).
The concrete mix design for the meso/macro specimens was composed of 34.7 wt.%
Holcim Sulfo 52.5 R cement, 21.7 wt.% Sika Silicol P fume, 21.7 wt.% quartz powder
SF 500, 7.7 wt.% quartz sand, 2.5 wt.% superplasticiser ACE 460 and 11.7 wt.% of
water. While the fibre content of the micro samples varied between 0 (unreinforced)
and 1-3 vol.%, all meso/micro specimens had a fibre content of 1 vol.%.

Regarding the geometry of the different specimens, the macro tensile specimens
(tested in uniaxial tension) had a dog-bone shape with dimensions shown in Fig. 1a,
while the smaller micro and meso specimens tested in uniaxial tension had reduced
dimensions (scale factor 10 and 20%). All samples tested in 3-point bending (flexural
tensile strength) were prismatic with square cross-sections and the load being applied
at midspan (symmetry axis). While the macro samples (bending) had a cross-section
of 40 x 40 and 180 mm free span, the corresponding dimensions of the micro samples
were 5 X 5 mm (span 15 mm) and those of the meso samples 15 x 15 mm (span
90 mm). For manufacturing, a special 3D printer was developed at TUM for the
macro samples [6, 7]. Through the printing process, the desired fibre orientation was
achieved both in the dog-bone shaped tension specimens (Fig. 1b, ¢) and the prismatic
flexural samples (fibre orientation parallel to lower edges, i.e. in the direction of the
principal tensile trajectories in the midspan tensile zone) (Fig. 2).
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Fig. 1 Shape/dimensions (mm) of macro specimens tested in centric tension (a), 3D-printed dog-
bone shaped sample (b) and printing process (¢)

Fig. 2 3D printing of meso size flexural beam specimens with CSFRC material

2 Experimental Investigations on CSFRC Specimens

The present section firstly outlines which experimental tests were carried out with
the CSFRC material, refer to Table 1. Please note that only the highly instrumented
principal experiments are included therein, while numerous additional tests aiming
on optimising the testing and measurement setup are not listed. It then addresses
static loading tests, cyclic monotonic tests and fatigue tests with varied stress levels
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Table 1 Overview: static/cyclic experimental investigations on the CSFRC material (number of
highly instrumented tests performed)

Sample size Static load Cyclic loading (monotonous) Cyclic loading (varied load,
sequence effects)

Micro > 60 25 -
Meso 48 10 1
Macro 30 36 26

and the analysis of sequence effects. In each case, it is specified both whether micro or
macro/meso test specimens were used and if uniaxial tensile tests or 3-point bending
tests were performed. Hereby, key findings from the various tests are explained
and discussed directly. In addition, Sect. 3 provides a detailed summary of all the
measurement techniques utilised (including their combination) and the findings that
can be derived from the measuring results with regard to load-bearing behaviour,
damage development, fatigue behaviour and the different failure mechanisms of the
CSFRC material. Finally, Sect. 4 addresses mathematical modelling aspects and the
numerical simulation of the load-bearing behaviour of the material.

2.1 Static Loading Tests, General Behaviour of the Material

To illustrate the general load-bearing and deformation behaviour and the significant
difference to fibre-free samples, Fig. 3 illustrates typical stress—strain curves in both
static tensile tests (Fig. 4) and in 3-point bending tests for different fibre content
using the CSFRC micro test specimens as an example.

Micro beam specimens without reinforcement show purely linear-elastic
behaviour and a flexural strength of a maximum of about 22 MPa (Fig. 3a). Addition
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Fig. 3 Stress—strain curves with different fibre content; a extruded micro beam specimens (3-point
bending test [8]) and b micro tensile test samples
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of 1 volume percent (vol.%) of CSF leads to a sharp increase in flexural strength up
to 60 MPa, if 3 vol.% are included in the mortar a flexural strength of the specimens
of up to 110 MPa can be achieved, also see e.g. [9]. In comparison, tensile micro
samples with 1 vol.% CSF achieve a uniaxial tensile strength of up to 23 MPa, while
with 3 vol.% some 35 MPa of tension can be reached before failure (Fig. 3b).

Specimens reinforced with CSF show a pronounced strain-hardening behaviour.
For tensile micro specimens with 1 vol.% it can be stated that the critical fibre
content is not yet reached. Nevertheless, a distinct strain hardening can be observed
and was therefore investigated in detail (see e.g. Sects. 3.1-3.4), because a higher
fibre content would have made segmentation impossible (see Sect. 3.4, Fig. 23b)
and thus, no reliable basis would have been available for the multiscale modelling
(see Sect. 4). The specific deformation behaviour is linked to the CSF being able to
bridge the cracks. Leaving the linear-elastic regime instantly leads to unstable crack
growth (and thus to failure) in the unreinforced material, crack growth is inhibited in
the fibre-reinforced specimens. As the fibres bridge the cracks, there is only a minor
change in the overall tensile load transfer along the specimens which in turn causes
the formation of multiple microcracks. Materials showing such a behaviour have
been described and discussed in the literature since the early 1990s under the terms
‘Engineered Cementitious Composites’ (ECCs) or ‘Strain Hardening Cementitious
Composites’ (SHCCs), see e.g. [10—13].

In addition to 3-point bending tests, also dog-bone shaped micro specimens were
analysed in static tensile tests. The main reason for this was to ensure the feasibility
of the in-situ tensile testing in the computer tomograph (refer to Sect. 3.4), which
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Fig. 4 Static tensile test setup on micro sized specimens
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gained more insights and also facilitated a multiscale modelling (see Sect. 4). It was
possible to integrate various measurement methods in-situ. Tensile tests on micro
specimens were carried out using a universal testing machine with a 5 kN load cell
produced by Zwick&Roell (Ulm, Germany) whereas the meso size samples were
tested using an Instron (Norwood, USA) ElectroPuls E10000 testing machine.

The experiments were partly monitored by AE detectors (also see Sect. 3.3), 2D
or 3D camera systems for DIC and by means of LDV. Additional measurements
were performed to determine the material properties, while testing methods were
improved. In this context, it has to be stated that the meso size specimens were
specifically designed for investigations concerning the correlation of AE and LDV
(see Sect. 3.3).

2.2 Cyclic Tests (Monotonous)

In the beginning, a variety of uniaxial tensile fatigue tests (monotonic load cycles)
have been carried out with macro specimens, please e.g. refer to [14]. These tests
were systematically accompanied utilising several measuring techniques in order to
gain as much insight as possible to internal damaging mechanisms and the general
fatigue process of the novel material, see e.g. [15]. In the following, test series ‘E6’
is discussed, which was tested at a frequency of 5 Hz, a cyclic load varying between
40 and 80% of the static tensile strength ( f = 13.48 MPa) and with 1 vol.% CSF.
Specimen age was between 29 and 35 days at beginning of testing; the total number
of load cycles (until failure) varied from 0.4 to 5.1 million.

Compared to standard concrete under fatigue loading, which exhibits three clearly
distinguishable phases of damage evolution, i.e. initiation of microcracks (phase 1),
stable crack growth (phase 2) and instable crack development (phase 3), CSFRC
behaves differently—generally and scale-dependent (sample size). Put simply: the
larger the scale, the less distinct the phases can be recognised (especially phase 3).

As can be seen in Fig. 5a (strain gauge measurement), phase 1 is very short and
barely visible in tests E6.1 and E6.6. The subsequent phase 2 accounts for most of
the testing time, with crack growth tending to stagnate or even ‘decrease’, as in test
E6.6. Phase 3 is only visible in test E6.4, while samples in the other tests break more
or less abruptly without any noticeable increased cracking. A closer look at test E6.4
reveals the reason for the high strain rate shortly before failure (see Fig. 6). During
the load cycles, the diagram shows the evolution of strain at the respective points of
maximum load with temperature compensation (index T). In this test, the crack that
led to failure ran across the strain gauge DMS1U.

The strain increases rapidly as the crack reached the respective gauge at about
270,000 cycles, whereas the other strain gauges remain in their slowly increasing
tendency. DMS3U is located very close to the crack, however, only a slight effect
on the strain development can be seen at the end of the fatigue test. This evaluation
shows that the development of microcracks is highly localised and has little effect
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Fig. 5 Strain development during fatigue test (macro tensile samples, series E6): a average
value from four strain gauges with virtually abrupt failure; b average value from three inductive
displacement sensors (LVDT) measuring the strain integrally over the specimen’s length
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Fig. 6 Examination of individual strain gauge measurements for test E6.4 (a), where gauge DMS1U

being located directly above the final failure crack; position of individual strain gauges with 3 mm
measuring length and final crack (b)

on neighbouring areas. If no strain gauge crosses the microcrack leading to failure,
the proximity to fracture cannot be detected.

Figure 15 shows the strain measurement with DIC for the same specimen E6.4.
The gauges are located on the side opposite the speckle pattern or DIC camera, respec-
tively (also see Fig. 15). Two areas with major damage and microcrack widening are
clearly visible. The one further down in the DIC image leads to final failure. On
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closer inspection of this area, multiple parallel microcracks can be clearly identified,
which define a small damage zone but are locally limited in the horizontal direc-
tion. Further DIC evaluations for this test (not shown here) reveal that the critical
failure area formed at the beginning of the fatigue test due to the merging of several
microcracks.

Looking at the results obtained with inductive displacement transducers (LVDT),
measuring integrally over the entire height of the specimen, a more general trend in
strain development can be observed (Fig. 5b). Almost all tests show a flattening curve
in phase 1, with four tests also showing a clear transition to phase 3. The tests E6.5
and E6.6, however, fail and hence show a similar behaviour as the local strain gauge
measurement without indicating phase 3. A considerable factor is the decreasing
strain development in tests E6.1 and E6.2, the cause of which is still unknown.

The crack surface analysis by means of electron microscopy reveals the fact that
final failure of the specimen mainly occurs due to fibre breakage, not due to fibre
pull-out. This finding also fits to the size of the microcracks. Although the final failure
crack is widening significantly compared to other regions of the tested sample, this
crack is smaller than 100 pm and therefore is barely visible by human eyes.

In summary, it can be said that, compared to normal concrete, a basically similar
fatigue behaviour is observed, but that there are significant deviations in phase 3.

In addition to monotonous tests on macro specimens, also a huge number of
dynamic experiments was performed on micro samples subjected to cyclic loading
in 3-point bending tests, particularly in the first phase of the research, see e.g. [8, 9].
In the following, a typical experiment is shown with selected representative results,
which are subsequently discussed.

The positive influence of the fibres again leads to an increased fatigue resistance
under cyclic loads. Figure 7b shows a Woehler S—N-diagram for unreinforced micro
beam specimens and those with 1 vol.% carbon fibres. For better comparability, the
stress values in the diagram are normalised to the flexural strength of the respective
test specimen. Specified numbers correspond to the upper load limit (i.e. 60% of the
flexural strength); the lower load limits can be obtained by subtracting the selected
load amplitude of 40%. The tests were carried out using a DMA testing machine with
aload frequency of 100 Hz. In general, the number of cycles to failure increases by a
factor of approximately 100 when comparing the micro beam specimen without fibres
(which, depending on load level, typically withstands between 10 and 103 cycles
until failure) with the sample containing 1 vol.% CSF (which fail after approximately
10°-107 load cycles).

A more micro-structural view on the fatigue behaviour can be obtained by
observing various parameters that correlate with the damage accumulated in the spec-
imen during the load cycles. It has been shown that observation of viscoelasticity
represented by Storage Modulus (SM; representing the elastic properties, similar to
the Young’s Modulus) and Loss Modulus (LM; representing the viscous properties
and thus pointing to irreversible changes) allows for meaningful predictions. A more
in-depth explanation of the significance of SM and LM during cyclic experiments is
given in [16]. Figure 8 shows the development of these moduli over the duration of
a fatigue test (here: upper load limit 60% of the beam’s flexural strength).
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Fig. 7 Cyclic 3-point micro bending test setup within an DMA Q800, TA Instruments (a), Woehler
diagram comparing the fatigue life of extruded micro beam specimens without fibres to those with
1 vol.% of carbon short-fibres (b). Adapted from [16], with modifications

35000 CE-60 11400
©
o 30000 11200
= o
P 2,
3 g
8 25000 11000 5
= LM 3
2 =
: 3
o |
& 20000 800 9

SM
15000 1600

0.0 0.2 04 06 0.8 1.0
cycle ratio n/N

Fig. 8 Development of SM and LM during fatigue test of a CSFRC micro beam specimen (1 vol.%
CSF, upper load limit 60% (i.e. load type CF-60), lower load limit 20% of flexural strength). Adapted
from [16], with modifications

The moduli show a specific and repeatable pattern during the runtime of the fatigue
test. SM and LM both start to fall rapidly very early, corresponding to a considerable
loss in stiffness due to crack formation. After about 10% of the experiment’s runtime,
both moduli decrease at a steady and slow speed. Some sharp peaking in LM can
be seen, indicating non-reversible inelastic events, which likely show the formation
of further cracks. After some 80% of the runtime, the specimen enters a third phase



Multiscale Investigations of the Degradation Progress in the Localised ... 315

of behaviour, where SM continues to decrease slightly faster while LM starts to
increase again. This behaviour proved to be the indication of the end of the micro
beam’s fatigue life. As the increase in modulus appears quite early, it might prove a
useful indicator during real-world application.

An identical experiment was carried out on another micro beam sample. Hereby,
the test was interrupted at the cycle ratios indicated by dashed lines in Fig. 8 and an
X-ray CT scan was performed to assess the damage caused by the cyclic loading.
The results can be seen in Sect. 3.4 (refer to e.g. Figure 24). The scanned area shows
a length of some 7 mm, taken at the midspan area of the beam thus representing the
location subjected to the highest bending moment. Since several AE sensors were
attached to the surface of the sample, it was also possible to correlate the AE activity
(see Sect. 3.3) with the specimen’s mechanical behaviour.

2.3 Advanced Cyclic Tests (Varied Loading, Sequence
Effects)

Tensile and flexural tests were mainly performed with macro samples (please refer
to Table 1) using four different schemes of cyclic loading in order to investigate
sequence effects by varied loading. These schemes are described in Table 2 and
schematically shown in Fig. 9 for load type 1. Hereby, the background colours for
the individual load levels are also used in Fig. 10. The concrete stresses o, (i.e. upper)
and o7 (lower load/stress level) are related to the tensile strength f.; under flexural or
centric loading; » is the intended number of load cycles at each load level.

The average flexural strength based on the results gained from eight static tests was
Jet = 37.90 MPa. During the flexural fatigue tests, the frequency of cyclic harmonic
load was 25 Hz. The average tensile strength based on results of static uniaxial tensile
tests, was f, = 14.90 MPa [17]. During the axial tensile fatigue tests, the frequency
of the applied cyclic harmonic load was 10 Hz.

Table 2 Cyclic testing schemes applied in tensile and flexural tests were mainly performed with
macro samples (varied loading, sequence effects)

Load type Load level 1 Load level 2 Load level 3
u a n_ 9 a n u a n_
fet fet 100 Jet JSet 106 fet fet 10°
1 0.8 0.2 3 0.6 0.2 2 0.4 0.2 1
2 0.4 0.2 1 0.6 0.2 2 0.8 0.2 3
3 0.8 0.4 3 0.6 0.2 2 0.4 0.1 1
4 0.4 0.1 1 0.6 0.2 2 0.8 0.4 3




316 O. Fischer et al.

A At = load / tensile (or flexural) strength

/
040 4 7
/

< n=3-106 — S~ <& n=2.108 — > < n=1-106 —

A

Fig. 9 Cyclic loading scheme, exemplarily shown for load type 1 (for details see Table 2)
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Fig. 10 Average values of strain: a load type 1, b load type 2, ¢ load type 3 and d load type 4; the
underlying maximum number of cycles N is 6 million

2.3.1 Tensile Fatigue Tests

In the (axial) tensile fatigue tests, strains were measured with four strain gauges, two
of which were attached at the upper and two at the lower edge of the testing area, refer
to Fig. 1a. They were orientated in the direction of the tensile stresses. Four samples
were tested for every load type and the average strain for the individual specimens
was determined from the measuring data of all four strain gauges. The experimental
results are displayed in Fig. 10a—d.

Significant non-matching of results for different specimens can be noticed from
the very beginning of the fatigue test. Results given in Fig. 10a for load type 1 show
that all specimens failed during load level 1 (high initial o, /f.; = 0.8 and high initial
Ao = (0y — 1) /fer = 0.6) before reaching the intended number of 3 million cycles.
This indicates that the specimens were already cracked during static load increase
before they were subjected to the harmonic load. Hence, the tested samples were
in the range of non-linear behaviour during the entire harmonic load (fatigue test).
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Results for load type 3 (high initial o, /fot = 0.8 but lower initial Ac =0.4) compared
to type 1, Fig. 10b show a disagreement of results for different specimens from the
very beginning of the fatigue test, too. Thus, cracks also appeared there during the
static load increase having preceded to harmonic load. In contrast to the specimens
of load type 1, the samples subjected to load type 3 withstood a significantly higher
number of cycles. Three of them survived 6 million cycles, while one sample broke
shortly before reaching 3 million. Figure 10b also shows a slight relaxation of strain,
which may indicate closing cracks.

Results in Fig. 10c (load type 2; maximum Ao = 0.6 in load level 3), and Fig. 10d
(load type 4; maximum Ao = 0.4 in level 3) show a good agreement for different
specimens in the first million cycles (load level 1; both with moderate o /fo; = 0.4)
indicating a global linearity of the specimens. However, a slight deviation of the
results may be identified, though, which may be a consequence of the local micro-
nonlinearity of the specimens. This minor deviation is a little more emphasised with
specimens subjected to load type 4 which indicates a more significant local micro-
nonlinearity compared to specimens subjected to load type 2. After 1 million cycles
and the increase of the upper load level (to o, /f;¢ = 0.6 in both cases), deviation of
the individual results for both load types 2 and 4 is considerably more pronounced
than in the first million cycles, although not as significant as in Fig. 10a, b. This
indicates global non-linearity of the specimens caused by the microcrack pattern.
However, when comparing type 2 and 4, the results are generally similar up to and
including load level 2, which is to be expected due to the basically identical loading
(only exception: in load level 1, lower Ao = 0.2 for type 2 compared to 0.3 for type
4). After 3 million cycles and an increase in the upper load level to o, /f.; = 0.8, no
correlation can be established between the results of the different specimens (due
to fully developed cracks as is also the case with the specimens subjected to load
type 1 and 3) and no individual sample reaches the intended maximum number of
cycles of 6 million with load type 2. But this is also to be expected because Ao for
load type 2 (Ao = 0.6) is significantly higher than for type 4 (Ao = 0.4). Finally, a
comparison of load type 1 and 2 (reversed load sequence compared to type 1) shows
more favourable results when starting with initially lower upper load, i.e. type 2. This
effect is significantly less pronounced when comparing load types 3 and 4 (reversed
sequence compared to type 3), which may also be attributed to the stress amplitude
(Ao = 0.4) with type 3, which is considerably lower compared with type 1 (Ao =
0.60; early fatigue failure in load stage 1). In summary, it can generally be concluded
that the tensile fatigue investigations with varied loading schemes certainly provide
some indications of existing sequence effects, although these cannot be quantified
on the basis of the available experimental data.

2.3.2 Flexural Tensile Fatigue Tests

In flexural tests, strains were captured by one strain gauge positioned on the bottom
surface of the specimens (the surface opposite to the external load) at midspan and
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again orientated in direction of the expected principle tensile stresses. Since speci-
mens in load types 2 and 4 broke before reaching the maximum load level or imme-
diately upon reaching it, only two samples could be tested with the planned number
of cycles. Further, specimens tested with load type 1 and 3 respectively, a signifi-
cant disagreement of the results was achieved, indicating that fully formed cracks
appeared during the static load increase prior to the fatigue testing. Thus, as also
observed in the tensile fatigue tests, the specimens were in the non-linear range
throughout the entire harmonic load. Since there were already fully formed cracks,
the energy introduced by the applied external loading was dissipated on these cracks
without opening microcracks and caused failure at a relatively low number of cycles.
Unlike tensile tests, in flexural fatigue tests, specimens subjected to load type 3 also
broke before reducing the initial upper load level to lower value.

Overall, the flexural fatigue tests showed similar trends to the tensile tests
discussed in Sect. 2.3.1, and there were also slight indications of sequence effects.
However, the general scatter and deviation of results were much greater and it may
be concluded that the carbon short-fibre reinforced concrete (CSFRC) has a more
favourable fatigue behaviour in tension than under flexural tensile loading.

3 Non-destructive Measuring Techniques
and Combinations

This section focuses on special NDT methods and their combinations. These tech-
niques were used in addition to load cells, deformation/strain sensors (e.g. surface-
mounted transducers, strain gauges or fibre-optic quasi-continuous sensors) in order
to derive new findings on the damage behaviour and local/global damage develop-
ment inside the test specimens. These results form an important additional basis for
the mathematical-numerical modelling and simulation, addressed in Sect. 4.

3.1 Digital Image Correlation (DIC)

The camera-based DIC measuring technique is a very versatile method to acquire
detailed information on the deformation and resulting strains on the surface of struc-
tural members. In the present project, DIC was utilised in static and dynamic tests as
well as with all types of specimens, particularly with micro and macro samples. In
the following, some results gained from micro/macro samples and different loading
schemes are exemplarily presented; for more detailed information and a broader
range of measurement results please refer to publications resulting from the present
research project, e.g. [4, 8, 9, 12, 14-16, 18-20].

Regarding micro tensile specimens the ARAMIS 4M DIC system (GOM GmbH)
was used in-situ to continuously record surface deformation/strain of the specimen
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with high resolution. In doing so, two CCD cameras were employed to capture the
strain on the specimen surface, to which a stochastic pattern was applied. This so-
called speckle pattern is customised to the specific requirements and also allows for
3D measurements that can reduce errors caused by uneven surfaces. An initial image
is taken as reference before starting a test, with no force being applied [21, 22].

A sampling rate of 2 Hz was considered appropriate for capturing sufficientimages
during the test, while avoiding overwhelming the measurement system with storable
data. Furthermore, the ARAMIS system was synchronised with the universal testing
machine (Zwick Roell) to initiate recording at an initial force of 20 N, thereby
establishing a direct correlation of DIC and the force and displacement signals. DIC
data was analysed by using GOM Correlate Professional 2020, enabling deformation/
strain evaluation in all directions through the described methodology.

Figure 11a illustrates the force and deformation in the tensile direction relative to
the cumulative number of captured images. As the data was continuously recorded
at 2 Hz, the x-axis can be interpreted as time. The blue lines marked with asterisks in
diagram correspond to the deformation states in Fig. 11b, where Fig. 11c represents
the image of the right CCD camera after final failure.

Initially, it becomes evident that a linear-elastic region is departed around image
number 535. Subsequently, the strain hardening behaviour of the CSFRC specimen
becomes apparent through an increasing number of developing microcracks. These
cracks mostly occur abruptly, as indicated by both an immediate drop in force and a
sudden increase in deformation (also see multiscale modelling, Sect. 4). Hereby, the
material’s capacity for energy absorption increases by a multitude, compared to unre-
inforced references (see e.g. Figure 3). Microcrack formation occurs until the stress
exceeds the strength of the composite material. The resulting macro crack leading
to final failure was usually found in a previously undamaged region, suggesting a
strong fibre-matrix interface.

In addition, DIC measurement was also used both with statically and dynamically
loaded macro tensile (and bending) specimens to confirm and complement the results
obtained from conventional strain gauges. Exemplarily, Fig. 12 shows DIC results
for a dog-bone shaped specimen under cyclic varying tensile forces (loading type 3;
please refer to Sect. 2.3); all DIC measurements were performed using a Stemmer
camera (type Dalsa Genie Nano-M4040).

In Fig. 12a, fully formed cracks can be seen in the specimen before applying the
harmonic load. The state of cracks following 3 million cycles is given in Fig. 12b. By
comparing Fig. 12b with a, both new cracks opening can be noticed, but also relax-
ation of existing cracks, i.e. the new cracks are opened, while the width of existing
cracks is reduced. After reducing the upper load level in accordance with loading
type 3 (maximum cyclic load at the beginning) a further relaxation or even closure
of existing cracks can be noticed, see Fig. 12c¢, d. These DIC results correspond very
well with those obtained from conventional strain gauges.

In addition to uniaxial tensile loading, the results of cyclic 3-point bending tests
on macro samples are presented below. To this end, Fig. 13 exemplarily depicts the
temporal development of strain and cracking for the one bending specimen subjected
to the varying cyclic loading type 4 (refer to Sect. 2.3). A strain state being able to
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cause appearance of microcracks can be seen after some 400,000 cycles (Fig. 13a),
whereas no fully developed crack may be identified at this stage of the loading
regime. Upon increasing the upper load level to 60% of the flexural tensile strength,
see Fig. 13b, ¢, a merging of microcracks into fully formed cracks becomes apparent.
When the upper load level reaches the maximal value (i.e. 80% of the flexural tensile
strength), further widening of existing cracks and opening of new cracks occurs, see
Fig. 13d. After utilising energy dissipation capacity of the cracking pattern devel-
oped (micro and fully formed cracks), the specimen breaks. Obviously, these results
confirm those obtained from the strain gauges.
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a b c d

Fig. 12 DIC images for the load type 3 (refer to Fig. 9): a before start of harmonic load, b after
3 million cycles, ¢ after 5 million cycles, d after 6 million cycles (i.e. immediately before failure)
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Fig. 13 DIC results for load type 4 (also refer to Table 2): a after 400,000 cycles, b after 410,000
cycles, ¢ after 1 million cycles, d just before failure; strain scale, see Fig. 12

3.2 Electrical Measurements

In order to detect damage during load cycles, up to 17 electrodes were attached to
the macro specimens (Fig. 14) to detect changes in voltage at several positions on the
specimen’s surface. The main objective was to investigate whether changes in voltage
(induced e.g. by fibre pull-out or fibre breakage) can be used to detect damage propa-
gation sooner as compared to other measurement methods. In the described uniaxial
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tension test with monotonic load cycles the individual electrodes are arranged on
three edges of the sample with a vertical distance of 25 mm to each other. A voltage
of 10 V (DC current) is supplied via a reference resistor of 10 kQ to the electrode
Uyp. In [19] itis described that this measuring technique has a high resolution and fits
very well to fatigue tests as single load cycles can be detected. Further information
to the setup can be found within the cited paper.
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Fig. 14 Schematic sketch of measurement layout during fatigue test showing the location of the
electrodes and the position of the DIC camera—current driving from Uy to GND; relative voltage
evolution with clearly revealing areas of damage progression (N = 409,063 cycles)
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Fig. 15 DIC strain measurement (a) (sample surface; electrodes Uap-Ugp attached on left side);
the diagram b displays strain between the electrodes, which shows very similar results as in Fig. 14
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As current is applied only to one individual electrode, all voltage measurements
at the other electrodes depend on changes in voltage of this specific electrode. This is
because changes in overall resistance of the specimen lead to a different relationship
between the specimen’s resistance and the constant reference resistor and therefore
the applied voltage divides differently. To cancel out this effect, the change of two
adjoined electrodes is examined. In order to improve further, the change in voltage
between two adjacent electrodes is related to their primary voltage drop in the first
load cycle as shown in the diagram in Fig. 15. This can be described with Eq. (1),
where i denotes the electrode number and » the load cycle.

AUn _ Ui,n - Ui+l,n
AUs—  Uin=o — Uiti,n=0

(D

Comparing this result with digital image correlation (DIC) proves very well the
reliability of the electrical conductivity measurement. The electrodes were attached
to the left side as shown in Fig. 15. The image was taken at a relative load cycle
of 0.99 (i.e. shortly before collapse). In this stage there are many microcracks all
over the specimen’s surface visible in a light blue colour. Two major cracks (though
with a very small crack opening of some 40 |wm) arose during a fatigue test with
a high tensile strain marked in red. The crack in the lower area between electrodes
Us, and Ug, is not totally proceeding to the left edge, while the one in the upper
area (at electrodes Uy, and Usjp,) seems to originate from there. This perception
matches the curve progression in Fig. 14. Evaluation Usp-Ugp, and Uay-Us, behave
simultaneously while the other two detect some change in electrical conductivity.
As the upper crack is very close to the electrodes, the current is forced to find a way
around the crack and the measured voltage difference increases vastly. As the lower
crack barely reaches the electrodes on the specimen’s left edge, the measurement of
sensor Usy-Ugp is hardly affected by the crack formation. Compared to the diagram
given in Fig. 15, the strain evolution matches the resistivity revolution very well.

To improve both testing and localisation, additional investigations are necessary.
Connecting electrodes on all four sides of the specimen or with a fine-meshed sensor
grid distributed over the surface can help to detect fatigue damage more accurately.
Also applying the voltage during fatigue tests to different electrodes for only a
short time while measuring the voltage at all other electrodes in a cyclic/repeating
manner might reveal internal damage. This technique is called electrical resistivity
tomography (ERT) and has already been used in geophysical surveys for decades.

3.3 Acoustic Emission (AE) and Laser Doppler Vibrometry
(LDV)

The AE measuring method is based on elastic wave propagation rediated from
internal cracking and described in the literature, e.g. [23—25]. Since AE can be applied
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under operating conditions without stopping machines and equipment, it is a highly
efficient tool for remote control. Understanding the damage process can be signifi-
cantly improved by signal-based processing techniques that allow the extraction of
the maximum amount of information recorded in the entire AE signal waveforms,
refer to e.g. [26]. AE is beneficial in fatigue testing of high-performance materials,
e.g. [14, 27, 28]. On the one hand, these materials have excellent durability and can
resist destruction for long periods of time, thereby providing enough time to detect
damage and to monitor its dynamics. On the other hand, the damage accumulation
in heterogeneous materials is accompanied by a more active and complicated AE
response, which is influenced by the properties of the composite constituents, their
volume fractions, and spatial distribution [9, 29-31]. Dynamic load tests show that
the fatigue process in fibre-reinforced material generally occurs in several stages,
differing in AE signal characteristics. There, the first elastic deformation is followed
by the so-called strain-hardening stage [32, 33]. It is characterised by the occurrence
and growth of multiple cracks within the matrix, which cannot spread far due to the
presence of fibres. The carbon short-fibres, which are stronger than the matrix, take
on further stress and maintain the material’s resistance in tension (fibres bridge the
cracks) until it exceeds the maximum bonding capacity (anchorage of the fibres on
both sides of the cracks) or the ultimate tensile strength of the fibres (fibre failure).
The cracks’ distribution over quite a large area is a typical damage pattern developing
in high-performance concrete—in contrast to standard concrete, being characterised
by localised damage, e.g. [15]. Many studies accompanied by AE analysis show that
low-energy and -frequency AE events are associated with matrix micro-cracking,
while high-amplitude and -frequency signals are caused by fibre breakage and may
be predictors of fatigue failure, see e.g. [34, 35]. The most promising strategy for
analysing internal damage mechanisms is data clustering, where AE signals are
combined into groups with identical characteristics (frequency, amplitude, duration,
etc.) corresponding to a specific damage mechanism, see e.g. [28, 36-38].

3.3.1 Static Tensile Tests Equipped with AE Sensors

In this study, both AE and DIC were applied jointly to better characterise the damage
progress in CSFRC. In the first phase, the material’s damage behaviour was studied in
tensile tests subjected to monotonous fatigue loading. To ensure stability of the data
acquisition, four small passive piezoelectric AE sensors were glued to the specimen
(with 1 vol.% CSF) and then connected to the acquisition system.

The root-mean-square value of a raw acoustic signal RMSag was used to represent
the intensity of the AE because it is directly proportional to the strength of the
acoustic signal and thus, its energy. Analysis of the AE activity is based on the
interpretation of one of the most relevant parameters of the AE signal, the cumulative
number of acoustic emission events. One-dimensional localisation was performed
using MATLAB®. AE signals were localised in linear geometry based on differences
in signal arrival time between the different sensors. Onset times of AE signals were
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Fig. 16 Characteristics of AE: normalized cumulative number of AE events (in black, dashed
curve), RMSag (in blue), and a mechanical parameter, stress (in black), as a function of time

picked automatically using an autoregressive algorithm as time points where Akaike
Information Criterion (AIC) values were minimal.

Figure 16 shows the representative response of acoustic emission signals,
normalised cumulative number of AE events, RMSag and a mechanical parameter,
stress (in black), plotted as a function of time for a meso tensile specimen with 1 vol.%
of carbon fibres. As the graph indicated, there is no acoustic activity in the first half of
the test regime. After about 6.5 min, first AE events appear, but AE activity remains
low for some time (up to 80% of the test duration), suggesting that the sample reached
the strain-hardening phase. The appearance of low-intensity acoustic signals is asso-
ciated with the formation of microcracks in the concrete matrix, which stabilise the
specimen material and allow to resist load more effectively.

Active acoustic emission mainly accompanies the last 20% of the loading time.
During this period, most of the acoustic events occurred, causing a dramatic increase
in AE energy with the highest peaks shortly before specimen failure (after 90% of
the test time). Thus, the response of the specimen to loading is characterised by the
appearance of acoustic phenomena in the second half of the test. A sharp increase
in AE intensity at the last stage, manifested by high RMS,g amplitudes, indicates
further rapid formation of microcracks and an accelerated crack growth.

Figure 17 shows the sample after failure and distribution of localised AE events.
The cause of the failure was a perpendicular fracture. For this specimen, sources
of AE events are concentrated within some 3 mm, with the maximum number of
events generated close to the primary fracture. The spatial distribution of the AE
events approximately corresponds to the width of the damage zone. The scatter plot,
see Fig. 17a, shows the temporal localisation of the acoustic emission events. It is
noticeable that the first events occur after 6.5 min and correspond to the position of
the main fracture. As the test time progresses, the number of events increases at the
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Fig. 17 Scatter plot a illustrates temporal distribution of AE events; image b displays crack pattern
visible by overlaying the picture of the specimen with the recorded DIC data; histogram ¢ showing
the spatial distribution of the AE events along the specimen

location of the primary fracture and within a radius of some 5 mm right of it, where
additional cracks begin to form. When reaching the final time (approximately after
10.2 min), the main fracture leads to the failure of the whole sample.

3.3.2 Static Flexural Test with AE and Laser Doppler Vibrometer

During this 3-point bending test, the same measurement setup for the AE recording
was used (see Fig. 18), as mentioned above in Sect. 3.3.1. The detailed analysis of
the AE parameters for the flexural static test can be found [15].

In order to detect high-frequency signals resulting from the main characteristic
damage mechanisms of the fibre-reinforced cementitious material (in particular fibre
pull-out and/or fibre breakage), it was decided to supplement AE measurements
with LDV, which makes it possible to obtain data in frequency rages of more than
1 MHz. Hereby, a LDV system from POLYTEC with OFV-505 single-point measuring
head and OFV-5000 controller, was employed. Further, a DD-300 (30 kHz—-24 MHz
frequency range) with measurement range of approximately £+ 50 nm/V and an
additional output in the auxiliary field was used as a displacement decoder.

Figure 19 shows a graph of the cumulative sum of AE events combined with a
stress—time curve, where it is possible to distinguish two different stages that differ in
AE activity and mechanical response of the specimen. At the first stage (0—1.5 min),
the linear shape of the stress curve and the absence of acoustic events indicate that
the material retains the ability to deform elastically under an applied load. In the
second stage, upon appearance of the first AE signals, moderate activity was recorded
until approximately 3.5 min. Then, the AE activity begins to increase and reaches a
maximum shortly before destruction of the specimen. The signal selected for wavelet
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Fig. 18 Experimental setup for static 3-point test with AE and LDV (a, b); ¢ loaded specimen with
four sensors glued onto it; d specimen with dimensions and AE sensor arrangement (sketch)

analysis was recorded at a point of time of about 20% before the specimen’s failure.
At this time, the curve of the cumulative sum of AE events becomes steeper, reflecting
the rapid progression of damage with potential fibre involvement.

In order to determine the underlying damage mechanisms, the signal’s frequency
components were analysed using the analytic Morlet wavelet transform, which
decomposes the signal into a series of small waves localised in time. This offers
advantages over other time—frequency analysis methods, such as the Fourier trans-
form, which implies that the frequencies are maintained throughout the entire signal.
The same signal recorded in the last quarter of the measurement time was selected
for analysis (see Fig. 19). A wavelet transform was performed on the AE and LDV
signals, see Fig. 20a, b. The results of an analytic Morlet wavelet transform of these
signals are shown in Fig. 20c, d. Thus, it is possible to identify the contribution of
the frequencies 100, 280 and 800 kHz in the frequency spectrum. Hereby, the AE
signal showed lower frequencies (280 and 100 kHz), while the vibrometer recorded
the signal with higher frequency of 800 kHz. Signals of different frequencies can
be attributed to different destructive and damaging processes, which occur simulta-
neously and suggest a complex failure mechanism involving damage to both matrix
and fibre phases. The lower frequencies of 100 kHz can be associated with matrix
cracking, while the higher frequencies can be attributed to pull-out of fibres and fibre
breakage. More information on this topic can be found e.g. in [8].

The present investigations confirm that laser Doppler vibrometry can be used in
addition to acoustic emission to draw conclusions on complex fracture mechanisms.
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3.3.3 Dynamic Flexural Test Equipped with AE Sensors

Since most engineering structures experience loads varying over time, an experiment
with dynamic loading makes it possible to identify the characteristics of the fatigue
behaviour of a material under conditions close to real ones.

AE measurements were carried out using four small-sized passive piezoelectric
sensors AE VS700-D (150-800 kHz), placed at the edges of a micro bending beam
specimen and coupled with hot glue. The tested sample (with 1 vol.% of fibres) had
dimensions of 50 x 12 x 1.5 mm. Measurements were carried out with a DMA
machine with a lower force of 4.3 N, an upper force of 13.2 N, and a frequency of
10 Hz. The data acquisition system “Elsys” recorded AE signals at a sampling rate of
20 MHz and converted them to digital form. The experimental setup with the DMA
can also be seen in Fig. 7 (left), the arrangement of the AE sensors is in analogy to
Fig. 18d. The cumulative sum of AE events/activity was investigated through time
domain analysis of the AE signal characteristics. Further, the emission intensity was
analysed by estimating the root mean square value of the original RMSag signal
which is proportional to the strength and the energy of the AE signal.

Figure 21 shows the characteristics of the AE signal, the RMSag, the normalised
cumulative sum of AE events and a mechanical parameter, the strain ratio, plotted
against the cycle ratio. Based on the AE analysis, four periods of different AE activity
which correlate with the specimen’s mechanical behaviour can be observed. In the
initial period of the test, i.e. 0—0.07 of the total number of cycles, the acoustic emission
activity is low. Only sporadic events with low energy levels are recorded during this
time. In the second period (0.07-0.3 of the cycles), the number of AE events increases
sharply. The slope of the cumulative curve of AE events becomes almost vertical,
suggesting that the AE event rate accelerates rapidly. This coincides with a noticeable
increase in the AE energy. The intensity of the AE signal began to fluctuate more, and
the first signals with higher energy appeared. During the further loading cycles (0.3—
0.8 of cycles), the acoustic activity decreases and remains very low for a long time,
as being indicated by the nearly horizontal cumulative curve. During this period, the
strain ratio did not noticeably increase, constantly remaining within 0.95-0.96 of
its maximum values. At approximately 0.78 of the load time, high-energy signals
appear on the RMSag graph. This clearly correlates with the onset of a rapid increase
in strain. During the last 20% of the loading time, AE signals again become more
frequent and intense, with the highest energy signal occurring at the moment of
specimen destruction.

Thus, after the peak of acoustic emission in the early cycles, there is a relatively
quiet period with minimal AE activity, which continues throughout most time of the
test. The increase in the number of AE events and the appearance of high AE energy
peaks in the last 20% of the test time can be considered a sign of impending material
failure. Hence, analysis of the characteristics of the AE signal makes it possible to
distinguish the stages of damage accumulation in the material, namely the formation
of microcracks in early loading cycles, a further state of equilibrium, indicating the
ability of the material to resist deformation, and, ultimately, in the final part of the
test, accelerated damage with further crack formation and their (unstable) growth.



330 O. Fischer et al.

1 — 1.2 — 0.02
Strain ratio ‘@
-------- Sum of AE events f/ g 0.018
RMS AE 1 e
S o 0.016
= 095+ — 08 © 0.014 —
B ( E 10012 =
: j062 - oo <
§ | S 0008 &
| o
B 09 04 5 0006
b~ ]
[0}
\‘ | | 102§ G0
i) Ml'lﬂ'&“‘h"ffm.'. TN RN "w"w"’5'J‘Jk‘iluf.m‘%fh‘l | £ 1°0%
0.85 R = S0 0
0 0.2 0.4 0.6 0.8 1

Cycle ratio [-]

Fig. 21 AE signal characteristics, RMSAg (in blue), cumulative sum of AE events (black dashed
curve) and strain curve (in black) for micro beam specimen, plotted against the cycle ratio

3.4 X-Ray Computed Tomography (CT)

All X-ray images were taken with a Phoenix nanotom 180 m scanner (GE Sensing &
Inspection Technologies GmbH). To correlate the mechanical behaviour with the
fibre alignment present within the CSFRC samples, the distribution of the alignment
angles was investigated using X-ray CT [32]. Figure 22a shows the distribution of
in-plane angles with standard deviation shaded in red. Figure 22b presents a scan
excerpt, showing the segmented fibres with the distribution being highlighted in blue.
For the purpose of this publication, fibres being aligned with the principle tensile
stresses are designated as having an alignment angle of 0°.
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26 -20 15 10 5 0 5 10 15 20 25
Measured In-Plane Angle [°]

Fig. 22 Fibre alignment in a sample measured with X-ray CT: a distribution of in-plane fibre angles
(red area: standard deviation); b tomographic scan (segmented fibre material in blue)
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Fig. 23 Segmented cracking patterns of an extruded micro beam specimen during fatigue loading.
Numbered intervals correspond to points annotated in Fig. 8. (1) Crack pattern after 0.2% of run-
time of the fatigue experiment; (2) cracking after 24% of runtime, and (3) crack pattern after failure.
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Fig. 24 a In-situ CT loading setup (micro tensile samples); b X-ray CT scan of specimen with 90°
and 0° in different greyscales, right ones showing sample chamber; ¢ AE hits during tensile test
with peaks (formation of microcracks); d reconstruction of 3D image where plane e is extracted
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As can be seen from Fig. 22a, the in-plane alignment scatters around the desired
angle of 0°. Further, the standard deviation shows, that 68% of the fibres are aligned
within & 5° of the direction of the expected tensile force. Previous research suggests,
that as long as the alignment reinforcement does not deviate by more than 10° from the
direction of the acting stresses, a very strong composite material can be created [14].
The resulting potency of the aligned reinforcement can be seen in Fig. 3a, showing
stress—strain diagrams of micro flexural beams reinforced with up to 3 vol. % of fibres,
in comparison with an unreinforced specimen for reference.

The cracking patterns visualised in Fig. 24 (corresponding measurement data
gained from segmenting the cracks can also be seen in Table 3) support the conclusion
drawn from the assessment of SM and LM in Fig. 8. The scan corresponds to a
runtime of 0.2% or just a few hundred load cycles. Cross-referencing with Fig. 8
reveals that this is during the first loading period where the micro beam exhibits a
drastic decrease in both moduli and a lot of the initial damage seems to occur. At this
point, the test beam shows five segmentable cracks with a relatively wide spacing
of 933 wm in average. Point (2) was taken during the steady-state period at a cycle
ratio of 24.4%, after the initial damage has formed. The crack number triples to 15
and consequently, crack spacing becomes a lot tighter (550 wm). As expected, the
formation of new cracks is mostly confined to the earlier stages of fatigue. After
failure (and thus at a cycle ratio of 100%) at point (3), a number of 23 segmentable
cracks can be identified, as well as a large critical crack causing final failure. Crack
spacing also only decreased relatively little to around 400 pm.

As the former experiments describe ex-situ X-ray investigations, it was also
possible to do in-situ tests. An X-ray CT in-situ tensile test was carried out using
a load stage that was developed in-house by the MRM Institute at UNA and inte-
grated in the nanotom [39]. The experimental setup is illustrated in Fig. 24a. The
loading device was attached to a turntable positioned in the CT, such that the spec-
imen inside a carbon fibre reinforced polymer tube was directly in front of the X-ray
source. Figure 24b shows sample holders, where the right pictures have a higher
greyscale to show the experimental setup within the sample chamber. The dimen-
sions of the chamber also allowed for attaching an AE sensor to the sample, enabling
continuous monitoring. An HD2WD sensor (Mistras) was connected to the sample
surface with Korasilon paste aided by 3D-printed sample holders, and connected to
a differential preamplifier (Mistras) [40]. Before onset of loading, a reference CT
scan was performed. After starting the experiment, the force increase was interrupted
after many AE hits were recorded and another CT scan was taken. The very last AE

Table 3 No. of cracks and crack spacing extracted from CT scan given in Fig. 23

Cycle ratio (%) Mean crack distance (jvm) No. of segmented cracks
0.2 933 (£ 359) 5
244 549 (£ 193) 15
100.0 401 (£ 161) 23
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peak in Fig. 24c is the final failure. Further, Fig. 24e shows the plane taken from the
3D image (marked in yellow in Fig. 24d), which was the last scan before failure.
The average crack spacing is about 497 pm while average opening is some 7 pm
but can vary from 10 to 2 wm, although latter value is close to the resolution limit,
but the important difference is that the force was not reduced during the scan, which
gives us strong evidence that the carbon fibres bridge microcracks and absorb stress
although the matrix is already widely cracked. For more details, please refer to [18].

4 Multiscale Modelling, Simulation

The CSFRC material involves different length scales, most importantly fibres with
7 wm diameter preferably oriented in direction of the principle tensile trajectories,
the fibre length of about 3 mm and the sample size of several cm. The aim is to
characterise the failure behaviour of the composite material exposed to increasing
tension numerically based on the experimental observations, performed with different
specimens and on different scales (micro, meso, macro). By modelling and simu-
lation, it is possible to derive a better understanding of the local load-bearing and
failure mechanisms on the microscale and how these mechanisms are related to the
macroscopic material properties and stages of damage. Due to the novelty of the
material, the damage mechanisms involved in failure of the bulk material have not
yet been determined sufficiently in detail. Accordingly, it is of fundamental interest
to explore further which of the mechanisms typically occurring in fibre composites,
such as debonding and anchorage failure (i.e. fibre pull-out), fibre breakage or matrix
failure, are relevant for the overall behaviour of the material. Thus, different possible
damage scenarios are derived and validated from the experimental results aiming to
develop a general failure model. The experimental data, particularly from CT and
DIC analyses of tension tests (see Sect. 3.4), deepen the understanding of relevant
damage mechanisms on the microscale in the material and provide the information
for developing the failure model. Here, the different involved length scales require the
application of mathematical multiscale methods since direct simulation of the whole
specimen including the resolution of the microstructure is not feasible. Therefore, a
structure-oriented numerical multiscale model of the material is developed.

In contrast to typical FE? methods (see e. g. [41] or, for a recent overview, [42]),
adapted methods based on periodic homogenisation on the continuum scale in
conjunction with discretisation by finite elements are used to simulate the behaviour
of a specimen in the experiment, where the local material law in each macroscopic
point is determined by solving so-called cell problems on representative volume
elements (RVE) on the fibre scale (see Fig. 25).

This derived local effective macroscopic material law is used for the simulation
at the macro scale, i.e. of the entire specimen. Following this general idea, it is not
only possible to simulate the undamaged material (see Sect. 4.2) but also to include
different failure stages in the specimen according to the damage behaviour observed
in the experiments by allowing damage to evolve in the RVEs (compare Sects. 4.2,
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I

Macro-scale: Specimen in Experiment
(to be simulated)

Macroscopic  cell problems on RVE % Micro-scale:
Material Law ~ Representative
" Volume Element
(RVE)

Fig. 25 Adapted homogenisation method

4.3 and Fig. 28). An essential criterion for the numerical model is its simplicity and
efficiency with a sufficiently accurate representation of the relevant mechanisms.
Following this guiding principle, the implementation is conducted in the sense of an
experimental virtual lab, not requiring too much computational capacity and being
based on the standard engineering software COMSOL Multiphysics® [43] as a basis
to enable a potentially broad use. The investigations are limited to material with
1 vol.% of carbon fibres. Hereby, the small fibre diameter leads to a relatively high
number of fibres, causing various problems in mesh generation the more fibres the
material contains. Further, the occurring mechanisms are structurally the same but
the individual effects of damage overlap with higher fibre content.

4.1 Homogenisation Method

The concept of homogenisation treats numerical issues involving composite mate-
rials where the macroscopic scale is far larger than the characteristic length of
the microstructure. Resolving the whole specimen including the microstructure for
simulation is numerically not feasible. Therefore, analytical techniques are used to
derive an effective continuum model describing an artificial (homogenous) material
with approximately the same macroscopic properties as the original problem by a
rigorous limit procedure. As a result, the linear elasticity equation for the unknown
displacement u is obtained as

—-V.o=f, (with: o =A""e(u); e(u) = %(V” + (V“)T)) @)

with the stress tensor ¢ and A" representing the local effective material tensor
of the artificial homogenous material while e(u) is the linearized strain tensor and
f is the force density (with respect to volume). The macroscopic relationship of
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the stress and the strain tensors described via the homogenised tensor A”™ can be
computed by mean values of quantities determined by so called cell-problems in
local representative volume elements Y (see RVE in Fig. 26 and the RVE description
in Sect. 4.3.1) as follows

hom __ hom
AM" = (aij,d

3)

)lﬁi,j,k,l§3

with

1
ag () = T / Ax,y)eij(en — ey (W) (x, ) dy,
Y

where x denotes the macroscopic spatial variable in the specimen and y is the micro-
scopic spatial variable in the RVE Y. The corrector functions wh k.1 e{l,2,3}are
unique solutions of the cell problem

-V, (A(x, ')(ey(wkl)(x, D) — €k1)) =0, “4)

subject to periodic boundary conditions and having zero mean value, where A
describes the material properties of the different phases in the RVE. For more details,
please refer to e.g. [44, 45].

Fig. 26 Principle of
homogenisation with local
macroscopic undamaged
RVE
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4.2 Undamaged Material

A crucial aspect of models based on mathematical homogenisation approaches is
the determination of RVEs which are representative for the entire material, here
consisting of concrete and 1 vol.% of oriented carbon fibres. Further, the efficiency
of the numerical model depends on the choice of the mesh, which is just fine enough to
resolve all relevant mechanisms. Careful specification of an appropriate RVE and the
optimum mesh size is therefore the starting point not only for simulation of undam-
aged material but also for further modelling of the damage mechanisms. Based on
preliminary studies, aggregates on fibre scale and pores on fibre as well as specimen
scale are neglected, meaning that the RVEs only consist of the concrete matrix and
the fibres. In addition, it is assumed that the bonding between fibre and concrete
matrix is perfect. The case where weaker bonding is assumed and modelled via slip-
displacement conditions is investigated in [46]. The derived homogenised problem
shows only marginal impact of the weaker bond on the macroscopic behaviour in
the case of undamaged concrete. In [15], the authors studied the sufficient size of the
RVE, which is as small as possible and still representative for the material. The fact
that the fibres are small in diameter (7 um) but long (about 3 mm) leads to long RVEs
of small cross-section. With these results and from the statistical data concerning
angular orientation of the fibres, a final RVE of the size 317 x 317 x 3000 wm with
oriented carbon fibres was constructed (see also Fig. 27 for the RVE of the undamaged
material). Further detailed convergence studies on the size of the mesh elements were
conducted. In the simulations presented below, the mesh consists of 195,105 tetra-
hedral mesh elements resulting in 834,717 degrees of freedom (quadratic Lagrange
elements). By using this RVE, the macroscopic material law for the undamaged
material is derived according to Sect. 4.1, which is relevant for the first phase of the
tensile tests (see Sect. 3.3.1). Based on these results and the RVE for the undamaged
material, further adaptations are made for considering damage mechanisms relevant
in stage II of the degradation process.

ﬂ |

| ;@L transition zone

weak substitute material ------. =

Fig. 27 Damage model via weak substitute material and transition zone
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Fig. 28 Different stages of RVE damage with 1, 3, 5 and 7 cracks (left to right)

4.3 Modelling of Damage Behaviour and Relevant
Mechanisms

The main goal is to understand the principles leading to fatigue and failure of the
material and to implement a model which reproduces the relevant mechanisms. The
experimental results serve as input for the numerical model. The comparison of the
stress—strain diagram (see Fig. 11a) and DIC images evaluated at the corresponding
points in time (e.g. Figure 11b) show a direct correspondence of sudden damage
in the material and the drops in measured stress. Furthermore, it is seen from these
experimental results of samples with fibre content of 1 vol.% that, between these
events, the material behaviour can be considered as piecewise linear. Similarly, in
experiments with samples with higher fibre content, only higher crack density is
observed until final failure, where each cracking event is still associated with a drop
of stress, leading to a smoother appearance of the measured stress—strain diagram.
The DIC results further show regions with different strain, which is associated with
different amounts of material damage, i.e. crack density. Comparing the DIC and the
CT images (see Figs. 11 and 24), it can be seen that, during the tensile tests with the
small specimen, complete crack propagation through the matrix of the component
takes place without inducing further crack opening in fibre direction or complete
failure of the component which allows for further damage in form of cracks at other
positions. Also, the fact that, as stated in [40], the initial crack does not necessarily
develop as fatal crack leads to the conclusion that the oriented fibres firstly bridge
the progressing cracks in the concrete matrix. This substantiates the hypothesis that
following onset of cracking little to no fibre-related damage, e.g. fibre pull-out or
breakage, occurs in the cracked area until final failure and the fibres bridge the
material. It is deduced that the material-typical strain-hardening-like behaviour [15],
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which is typically observed in samples with a significant volume content of oriented
fibres, results from superposition of multiple events causing stress drops.

4.3.1 Modelling

From these results/observations, the following assumptions are extracted: the rele-
vant ‘failure’ mechanism on microscale level is the sudden cracking of the concrete
matrix without fibre-related damage. Crack propagation on RVE scale is instanta-
neous during the considered time scales. Thus, on macro scale, locally only either
un-damaged RVEs or RVEs with cracks in the matrix perpendicular to the fibre orien-
tation through the whole RVE are considered. The number of cracks per RVE varies
in the experiments according to the length of the respective RVE, from 1 to 7 cracks.

The macroscopic damage and successive development of damaged zones in the
specimen can thus be modelled locally by associated RVEs. In more detail, cracks
of small opening in the cement phase are modelled by weak substitute material with
Young’s modulus of order 10~ less than the cement paste (also compare exper-
imental observations shown in Fig. 24). This procedure is of no practical conse-
quence but preserves the mathematical foundation of the applied homogenisation
method. Hereby, a designated transition zone, where the fibres and the matrix are
disconnected, ensures correct material behaviour in the vicinity of the cracks (see
e.g. Figure 27). The local macroscopic amount of damage is modelled depending on
a criterion based on local von Mises stresses via different stages of RVE damage,
characterised by zero to seven cracks of the cement matrix within the RVE (see
Fig. 28).

The proof of principle is restricted to simulating a failure in the relevant part of
the test specimen in a displacement-controlled tensile test as shown in Fig. 29.

mm T T T T T
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140} 106 2
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120} 102 5|,
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% 98 § 3
926 s
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92 S 1
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1 1 1 1 1
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Fig. 29 Relevant part of the specimen for simulation (i.e. where cracks occur). The local number
of cracks is depicted by the colour of the domain (here: O cracks everywhere at time 15 s)



Multiscale Investigations of the Degradation Progress in the Localised ... 339

a b ¢ d e f g

500 |

450+ /
00} gl

350
300
250+
200

150

reaction force, z-component [N]

100

50 time [s]

0 10 20 30 40 50 60

Fig. 30 Reaction force versus time. The red lines indicate, where the number of cracks in the
relevant part of the sample are plotted in Figs. 29 (no crack) and 31b-g

4.3.2 Results

In the simulation of path-controlled tensile tests, the specimen is fixed at the lower
part and the displacement is prescribed at the upper part following the experimental
setup of the static tensile test. This results in the reaction force—time diagram depicted
in Fig. 30. The graph shows at first a linear-elastic behaviour followed by several
drops at different time steps, each connected by a linear material response.

Figure 31 shows the number of cracks in the relevant part of the sample (refer
to Fig. 29) at different simulation times as indicated in Fig. 30. The combination of
both figures implies that the drops happen as soon as the spread of the damaged zone
associated with a certain no. of cracks extends across the entire specimen. Further,
it can be seen that successive damage reduces the gradient of the curve, which
corresponds to the strain-hardening like material response seen in the experiments.

5 General Conclusion, Outlook

Through extensive static and dynamic/cyclic (fatigue) testing series both on bending
and tensile specimens of different scales, a wide range of valuable and new findings
on the complex load-bearing, damage and failure behaviour of carbon short-fibre
reinforced concrete (CSFRC) were gained. Strain-hardening of the material (and
the transition to a non-linear stress—strain relationship) is achieved by the carbon
fibres and their extremely good bond properties, leading to tiny microcracks and a
very narrow crack spacing—providing a significant increase both in static/dynamic
performance and flexural and tensile strength, respectively. Further, compared to
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conventional steel fibres, the carbon fibres are already significantly activated in the
un-cracked cross-section (i.e. before crack initiation at some 0.3-0.4%o).

Extensive NDT measurements (e.g. DIC, AE, electric sensors, X-ray CT, LDV,
CWI, fibre-optics), including combined interpretations, significantly contributed to a
deeper understanding of damage and fracture mechanisms. While DIC was primarily
utilised to provide a sound overall survey of the (near-surface) damage and crack
development, AE and electric measurements were particularly helpful to discriminate
individual source types and to localise events, respectively—with different advan-
tages/disadvantages dependent of the sample size and experimental setup. Further,
ex-situ CT images were used to gain additional valuable information on the type of
failure (fibre breakage or pull-out). Other techniques such as Coda Wave Interfer-
ometry (CWI) can help to indicate the progress of deterioration but has drawbacks
in localisation and classification of defects. Lessons learned comprise information
on best sensor positions, coupling, selection of sensors, and, in particular, frequency
transfer functions of sensors.

The principle mechanical behaviour and structural damage as well as the damage
development in cross-sectional areas under tension could be confirmed for all sample
sizes/types and loading regimes (tension, flexure) with only minor differences. With
regard to the specific type of failure, the static tests showed that the final specimen
failure was initiated by progressive fibre breakage combined with fibre pull-out (i.e.
bond/anchorage failure, especially of fibres with shorter bond length on one crack
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edge). In the cyclic fatigue tests, both damage evolution phase 2 (stable crack devel-
opment) and phase 3 (unstable crack growth) could be observed across all loading
types and scales, where the individual phases tended to be more pronounced and
better identifiable with decreasing scale, particularly the generally very short phase
3. Thereby, the individual NDT measurements and their combinations suggest that
phase 2 is mainly characterised by gradual fibre pull-out, while the final failure initi-
ation in phase 3 seems to be primarily associated with fibre breakage. Within the
additional fatigue tests with non-monotonous cyclic (varying) loading schemes on
macro samples the results indicate tendencies towards sequence effects. Furthermore,
it can be concluded that the specimens exhibit a more favourable fatigue behaviour
under axial tension than with harmonic bending loading.

With regard to the mathematical multiscale modelling the results show that the
developed model is capable of reproducing both the material behaviour and the
relevant failure mechanisms. RVEs were derived from pw-CT and convergence tests
determined the required RVE sizes and discretisation parameters, which turned out
to give a numerically efficient computational model of the mechanical behaviour of
the material. In combination with the experimental results, the model was then used
to characterise the failure mechanisms. In particular, it was shown that the correlation
between drops in reaction force and successive damage observed in the experiments
can be reproduced by locally differently damaged RVEs related to different macro-
scopic crack densities associated with cracks in the concrete matrix and weakening of
the surrounding fibre-matrix interface. Failure of the entire sample is finally caused
by subsequent failure of the carbon fibres and/or fibre anchorage. Further refine-
ment of the model like inclusion of pores or other macroscopic inhomogeneities or
different sizes of the transition zones can be made straightforwardly if this level of
detail is required. The cyclic tests generally show similar damage mechanisms as in
the static domain. Therefore, by incorporating a specific fatigue parameter (taking
into account the load/damage history) into the localised damage model developed,
it is also possible to describe the failure process under cyclic loading in principle.
However, an in-depth alignment beyond the investigations possible within the scope
of the project with specific experimental fatigue data can contribute to develop further
and calibrate generally the numerical model accordingly.
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