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1. Introduction

Cementitious materials reinforced with chopped fibers can show
different kinds of mechanical properties, depending on the interaction of
the reinforcing fiber with the surrounding cementitious matrix. Often,
fibers are found to merely increase the postfailure toughness of the
material without impacting flexural or tensile strength by a large
margin. These kinds of composites often employ macrofibers (diameter
on the mm scale) with subcritical fiber lengths or weak interfacial bonds
between the fiber and matrix, meaning that tensile loads cannot fully
transition into the fiber before the matrix fails. Thus, the fibers mainly
contribute to the mechanical behavior by being pulled out, leaving much
of their tensile strength unused. Such systems are typically given the
name ‘fiber-reinforced concrete’ (FRC) [1].

If fiber-matrix interactions are fine-tuned on a micromechanical
level, a special type of composite can be created that allows fibers to
bridge cracks in the matrix [2,3]. Once the composite is loaded past its
linear-elastic deformation capacity, a multitude of small and stable
cracks will appear in the specimen. This multiple cracking is caused by
the briding action of the fibers which allows for transferring the load
further along the specimen. The process of crack initiation and briding
will repeat until the specimen is saturated with stable cracks. For the
purpose of this manuscript, these small and stable cracks will be referred
to as microcracks. This process causes strain-hardening behavior and
significant pseudoductility in the material. The specimen will be able to
handle a further increasing load, albeit at decreased stiffness. This
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process continues until one of the microcracks is loaded past its point of
critical stress intensity, after which failure will occur [4]. Fig. 1 shows
typical stress-strain diagrams of such a composite in contrast to the
behavior of an unreinforced matrix.

Composites showing this kind of behavior have been dubbed ‘engi-
neered cementitious composites’ (ECCs) or, more recently, ‘strain-
hardening cementitious composites’ (SHCCs) [5,6]. The main type of
fibers used in such systems are polymer microfibers (diameter approx-
imately 10 um), usually made from high-density polyethylene (HDPE) or
polyvinyl alcohol (PVA). Specimens reinforced in such a way show
improved tensile properties and a deformation capacity of several
percent. In addition to the increase in tensile and flexural strength, the
small crack width is correlated with several other advantages. Research
indicates that such composites can possess self-healing properties [7-9]
as well as better overall durability, as the diffusion of aggressive sub-
stances is reduced by a small crack width [10].

Recent research has shown that such strain-hardening systems can
also be produced by reinforcement with carbon fibers [11,12]. Using an
extrusion process, a composite with controlled fiber alignment can be
created. As they flow through the tight extrusion nozzle, the fibers will
align themselves in the direction of the flow [13]. Thus, for the case of a
moving extrusion system, fiber alignment will follow the direction in
which the nozzle is moving. This process is shown in Fig. 2 for the case of
manual extrusion through the nozzle of a syringe. By using strong and
stiff carbon fibers, specimens with a flexural strength of more than 100
MPa and a strain-at-break value of 1.2% can be produced. The extrusion


mailto:dirk.volkmer@physik.uni-augsburg.de

technique has been successfully translated into an automated freeform
3D-printing process, making the composite an enticing material for
lightweight, thin-walled elements [14]. Similar processes have also been
realized using fiber-reinforced polymer resin [15] and calcium alumi-
nate cement [16]. The automated manufacturing process potentially
allows for matching fiber alignment with predicted loading scenarios
[17]. Electrically conductive carbon fibers also offer the possibility to
monitor the structural health of the composite or use it as a heating
element [18,19].

While the behavior of these materials under static loading regimens
is relatively well researched and understood, the number of publications
describing cyclical load and failure by fatigue lags strongly behind,
leaving the driving mechanisms less known [6,20,21]. Cementitious
materials with carbon fiber reinforcement are increasingly regarded as a
suitable material for thin-walled lightweight structural members
[22,23]. As such lightweight structures are inherently more susceptible
to oscillatory loads in contrast to more traditional masonry work, the
question of how they are impacted by fatigue becomes increasingly
important.

Common parameters used for the analysis of fatigue damage are the
development of strain, Young’s modulus and amount of dissipated en-
ergy during the test. The development of these parameters during cyclic
loading typically shows 3 phases. Typical examples of how the respec-
tive parameters change during cyclic loading are shown in Fig. 3. For
cementitious materials, phases 1 and 3 are often cited to each take up
between 10% and 20% of the duration of the test [24]. Both phases are
characterized by sudden changes in the respective parameters, whereas
phase 2 is characterized by only a small and constant rate of change. This
results in S-shaped curves for the development of strain and Young’s
modulus and U-shaped curves in the case of the energy dissipation rate
[25-29]. Similar to fracture mechanics under static load, Paris and
Erdogan correlated these phases to crack initiation (phase 1), stable
crack growth (phase 2) and unstable crack growth with rapid failure
(phase 3) [30]. While this general behavior is overwhelmingly likely to
also apply to fiber-reinforced materials, these models use a linear-elastic
material response with a single crack at failure as their framework. In
the case of fiber-reinforced composites, further influences of effects such
as multiple cracking and fiber-matrix interactions will have to be

considered.

While fiber reinforcement is generally viewed as being beneficial to
fatigue resistance, some contradicting trends can be found in the liter-
ature [31,32]. As the final performance of a composite depends on a
multitude of factors, such as the mixture design of the cementitious
material, type of fiber, fiber-matrix interaction, and flaws such as pores
and fiber alignment, scattering must be expected. To gather as much
information on possible influences not immediately visible to the naked
eye, we aim to take a microstructure-based approach in this publication.
In addition to purely observing common macroscopic fatigue damage
indicators such as cycles to failure and strain development, fiber align-
ment and development of microcracks during cyclical loading are
inspected using X-ray 3D computed tomography (X-ray CT) in miniature
prisms put under a 3-point flexural load. To achieve satisfactory image
resolution (approximately 1 um — 2 pym to capture microcracks and fi-
bers), the specimen geometry has to remain small. Such small specimens
will show failure under very low force, making standard load cells used
in universal testing machines potentially unreliable. Instead, we aim to
introduce a dynamic mechanical analyzer (DMA) as a viable method of
fatigue testing. Such machines are widely used for the analysis of the
temperature-dependent properties of thermoplastic materials. As these
types of machines do not focus on destructive testing, they are specif-
ically built for usage at low oscillating forces (typically below 100 N). A
further goal is to link the analysis of viscoelastic parameters that a DMA
can provide to the fatigue process occurring in our fiber-reinforced
composites as well as suggest connections to the more traditionally
used parameters in fatigue testing, such as those shown in Fig. 3.

2. Materials and methods
2.1. Sample preparation

Samples were produced according to a mixture design introduced in
previous publications of our group [11,12]. All raw materials and their
proportions in the mixture design are given in Table 1.

The CEM I 52.5 R was supplied by Schwenk Zement KG (Ulm, Ger-
many) and sourced from the cement plant located in Karlsstadt. Chop-
ped carbon fibers were bought from Teijin Ltd. (Tokyo, Japan) under the

Fig. 1. Behavior of unreinforced cementitious materials (black) and SHCC materials (red) under flexural load. While unreinforced cementitious materials fail in a
brittle fashion once a single critical crack has been introduced, reinforced composites will show stable multiple cracking before final failure. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



brand name ‘Tenax-J HT C261’. The fibers conformed to the following
specifications: length: 3 mm, diameter: 7 um, Young’s modulus: 238
GPa, tensile strength: 4000 MPa. Fibers were desized and given an
oxidative surface treatment in a furnace at 425 °C for 2 h to increase
wettability and dispersion in the aqueous cement paste (see also
Ref. [11]). Barium sulfate (Acros Organics, Geel, Belgium) is added for
the purpose of raising the X-ray absorption of the matrix and thus allows
for better contrast between the lower density fibers and other inclusions
[33].

Cement, barium sulfate and silica fume (brand name ‘EFACO’, pro-
duced by Egyptian Ferro-Alloys Company, Cairo, Egypt) were manually
premixed in the dry state after being given into the mixing container.
Directly after adding water and superplasticizer (brand name ‘Master-
Glenium ACE 430’, Master Builders Solutions Deutschland GmbH,
Trostberg, Germany), the paste was mixed using a Heidolph Hei-
TORQUE Precision 400 overhead laboratory mixer (Heidolph In-
struments GmbH & Co. KG, Schwabach, Germany) at 400 RPM for 90 s.
Undispersed remains were cleaned from the container walls with a
stirring tool and put back into the paste. Final homogenization was
performed at 2000 RPM for 90 s. After the paste was properly homog-
enized, the carbon fibers were integrated at 70 RPM for 30 s.

The paste was filled into a 10 ml disposable syringe (B. Braun Mel-
sungen AG, Melsungen, Germany, diameter of the nozzle: 2 mm) and
extruded into rectangular molds measuring 3 mm x 13 mm x 60 mm.
The specimens were left to harden in sealed desiccators for 28 days at
room temperature under the following conditions:

e Day 1: Storage over water at 100% relative humidity

e Day 2 - Day 7: Underwater storage

e Day 8 — Day 28: Storage over oversaturated sodium bromide solution
at 59% relative humidity

At Day 8, the surface of rectangular specimens was deburred and
ground planed using a mounted Makita GD800C die grinder (Makita
Corp., Anjo, Japan) with a diamond grinding point. After this, they were

cut down into their final shape, resembling miniature prisms measuring
2mm x 2mm x 60 mm using a Buehler IsoMet low-speed saw (Buehler
Ltd., Lake Bluff, IL, USA) with a diamond sectioning blade and stored
until testing.

2.2. Mechanical testing

All mechanical tests were performed using a TA Instruments Q800
DMA (TA Instruments Inc., New Castle, DE, USA) with a sample holder
for a 3-point-bending setup installed. The sample holder uses a fixed
loading span of 50 mm. A photograph of the full 3-point-bending setup
with a miniature prism can be seen in Fig. 4. Before measurement, the
machine was calibrated to recognize the sample holder’s weight and
compliance and to calculate the results accordingly.

2.3. Determination of static flexural strength

Measurement of the static flexural strength f; 5 was carried out using
DMA’s ‘stress/strain controlled force’ mode. Samples were loaded using
a controlled force measurement at a rate of 1 N/min until failure.
Flexural stress oy is calculated according to:

3Fl

= 2t M

The corresponding flexural strain e; for the measured stress is
calculated from midspan deflection D according to:

& = 6D — (2)

where F is the force measured by the DMA, [ is the load span of the
setup (fixed at 50 mm), w is the width and h is the thickness of the
specimen. All strain values given in this manuscript are given in percent.

The flexural strength f; 5 is derived from the highest force measured
during mechanical testing. As the basis for dynamic measurements, the
mean value of f. 7 is calculated from a set of 5 specimens.

Fig. 2. (a) Manual extrusion of the cementitious composite as a means of controlling fiber alignment. (b) Three-dimensional coordinate system used to describe fiber
alignment in plane (f-angle) and out of plane (p-angle). (¢) Orientation of samples within this coordinate system during flexural testing.



Fig. 3. Idealized development of relevant damage indicators during fatigue testing. (a) Development of strain. (b) Development of Young’s modulus. (c¢) Devel-
opment of energy dissipation rate. The distinct phases of fatigue development are highlighted in the diagrams. Phase 1 is shaded green, phase 2 is shaded blue and
phase 3 is shaded red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
Mixture design used for the preparation of reinforced and unreinforced
specimens.

Dose by Density Dose by Mixture
weight [g/ volume design
[wt.-%] cm?] [vol.-%] [kg/m®]
CEMI52.5R 58.2 3.10 41.2 1276.4
Silica fume ,EFACO* 20.0 2.25 19.5 438.6
Barium sulfate 4.6 4.50 2.2 100.9
Deionized water 14.3 1.00 31.4 313.6
MasterGlenium ACE 2.9 1.11 5.7 63.6
430
Addition of carbon fibers for a volume content of 1%:
Tenax-J HT C261 0.803 1.76 1.0 17.6

Fig. 4. 3-point-bending setup installed in the DMA Q800 with a miniature
prism. A 2 Euro coin is shown for scale (diameter: 26 mm).

2.4. Dynamic fatigue measurements

Fatigue tests were performed at 10 Hz using DMA’s ‘Multi-Frequency-
Stress’ mode. The different loading regimens derived from the ultimate
flexural strength (as described in Section 2.3) can be seen in Table 2. For
the lowest stress limits (NR-40 and CF-40), a force of 0.1 N was always
maintained to ensure that the specimen did not move during testing.

In addition to more common methods of damage description, such as
the development of strain during the fatigue test, a DMA also offers the
possibility to assess the elastic and inelastic properties of a material by
way of determining the time lag between the applied stress and resulting
strain. When applying a cyclical load on a sample, the lag between the
applied stress and resulting strain is characteristic of its elasticity and
quantified by the phase angle 5. A purely elastic material will show
oscillation of stress and strain fully in phase (characterized by § = 0°, all
energy is directly and reversibly transferred into the displacement), a
purely viscous material will exhibit oscillation out of phase corre-
sponding to § = 90° with all energy put into the material being irre-
versibly dissipated. Real materials often show behavior between these
two extremes and are thus referred to as viscoelastic [34,35]. A diagram
of this behavior is shown in Fig. 5.

Once the phase angle § is known, the material’s complex modulus E*
can be calculated. E* takes the form of a complex number, which can be
separated into its real part E* (or storage modulus) and its imaginary part
E’’ (or loss modulus). E’ is a reflection of how elastic a material behaves,
while E’ reflects the amount of viscous (‘inelastic’) behavior within the
material. E", E’ and E’’ can be derived when considering different de-
scriptions of oscillating strain ¢ and oscillating stress 6. Equations (3) to
(13) show the relevant calculations based on the values highlighted in
Fig. 5 [35].

The time-dependent value of an oscillating strain ¢ with the (angular)
frequency w can be described as a cosine-function of its strain amplitude
€o-

& = gycoswt 3

The corresponding oscillating stress ¢ can be expressed in the same
fashion as a combination of the material’s Storage Modulus E’ and its

Table 2

Upper and lower load levels used for the fatigue tests. Limits are given as ab-
solute values (‘absolute stress level’) as well as in relation to the material’s
flexural strength (‘relative stress level’). Samples named ‘NR’ represent speci-
mens without fiber reinforcement, and samples named ‘CF’ represent specimens
reinforced with 1 vol-% carbon fibers.

Lower load limit Upper load limit

Absolute stress
level [MPa]

Relative stress
level [%]

Absolute stress
level [MPa]

Relative stress
level [%]

NR- 0 0.0 40 6.4
40

NR- 20 3.2 60 9.4
60

NR- 40 6.4 80 12.5
80

CF- 0 0.0 40 25.6
40

CF- 20 12.8 60 38.4
60

CF- 40 25.6 80 51.2
80




Fig. 5. Model diagram of stress (black) and strain (red) in a viscoelastic material during a measurement with oscillating load. Measuring the time lag between the
two signals allows for calculation of the viscoelastic material properties. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
Loss Modulus E*’:
6 = g(E'sin(wt) + E cos(wt)) @)

A very similar description of the oscillating stress can be formulated
from its stress amplitude oy. As there is a lag between stress and strain in
viscoelastic materials, the phase shift 6 has to be incorporated into this
equation:

0 = opsin(wt + 8) = 6ocos(8)sin(wt) + opsin(8)cos(wr) 5)

§ can be obtained from the time lag At between stress and strain and
the (ordinary) frequency 9 the cyclical loading experiment is running at:

& = 279At (6)

When equating both descriptions of the oscillating stress, one can see
that:

E = (U—O)cosé @
£

E” = (X)sins (8
&

IZ_ = tand (C))

Using complex notation these descriptions can also be made using
complex strain ¢" and complex stress ¢”:

e' = epexpiwt (10)

6" = ooexpi(wt + 6) (€8]

The complex modulus E” is given as the relation between complex
stress and complex strain. This results in a complex number where the
real part defines the Storage Modulus E’ and the imaginary part de-
scribes the Loss Modulus E’’:

E :%:E’+iE" (12)

E and E’’ therefore form a vector in the complex plane describing the
magnitude of E*, which also corresponds to the relation between stress

amplitude o, and strain amplitude &,:

E|=VE? +E? =2 a3)
0

Most commonly, this approach is used to determine the temperature-
dependent behavior of thermoplastic materials, especially as a mea-
surement of glass transition points in polymers. However, the method
can also be used under isothermal conditions, where a time-resolved
evaluation of E’ and E allows for the identification of processes
where elastic or inelastic behavior is especially pronounced. In partic-
ular, the noticeable increase and peak of E’’ point to occurrences of
nonreversible inelastic events such as cracking. The information ob-
tained from this is closely related to the well-established methods of
observing Young’s modulus (concerning the elastic properties contained
within the storage modulus) [27,36] and to the analysis of energy
dissipation as calculated by the area of the hysteresis loops (concerning
the inelastic properties contained within the loss modulus) [26,37].

2.5. Analysis of fiber alignment and crack growth using X-ray CT

2.5.1. Image acquisition and volume reconstruction

X-ray CT was employed to track microscopic in-volume parameters
such as fiber alignment and microcrack development at various stages of
cyclic loading experiments without the need for destructive preparation
of thin sections. The tomographic measurements were carried out using
a Phoenix Nanotom M nano-CT system (GE Inspection Technologies LP,
Lewistown, PA, USA). Scans were taken using a beam current of 100 pA
and an acceleration voltage of 100 kV. One scan was composed of 2000
single images using an exposure time of 2000 ms. As multiple cracking
leads to a large fracture process zone, the miniature prism was scanned 4
times at overlapping positions along its length. The voxel size for every
scan was 1 pm. After image acquisition, the raw data were reconstructed
using the software ‘Phoenix datos|x’. Image geometry was calibrated
using the program’s ‘agc’ (‘automatic geometry calibration’) function.
During reconstruction, a ring-artifact reducing filter and a Gaussian
filter were applied. The reconstructed scan was saved into raw format
and imported into the metrology software ORS Dragonfly Pro 2020.1
(Object Research Systems (ORS) Inc., Montreal, Canada). The voxel size
of the scan was scaled down during import by a factor of 2 to lower



computational demand. Within ORS Dragonfly, the overlapping regions
were combined using the program’s image stitching function to produce
a single image, capturing a length of approximately 10 mm around the
miniature prism center point where the flexural load was introduced.

2.5.2. Segmentation procedure

Carbon fibers are notoriously difficult to segment from a cementi-
tious matrix in a tomographic scan. Due to their small diameter and
similar grayscale value, the use of synchrotron CT is often seen as
necessary to achieve satisfactory imaging results [38]. Other works
focus on leveraging digital image processing techniques to improve
contrast and refine segmentations based on fiber geometry [39,40]. The
results presented in this publication are segmented using similar prin-
ciples. The main challenge in segmenting carbon fibers from a cemen-
titious matrix lies in the fact that their respective grayscale values will
overlap. As a consequence, the fibers will not be represented by a
separated peak in the grayscale value histogram, making segmentation
purely based on thresholding infeasible. Instead, the material is passed
through a ‘local histogram equalization’ (LHE) filter. The LHE filter will
emphasize local deviations in grayscale value, leaving fibers or cracks as
nearly monochromatic black objects within a brighter matrix. This
filtering operation allows for threshold-based segmentation with

reasonable accuracy. While a significant number of artifacts will still be
picked up, they will be mostly isolated from the fibers to be segmented
and only composed of a few voxels. Removal of these artifacts is possible
by performing a connectivity analysis of the segmented voxels. By
combining connected voxels into discrete objects, the accuracy of the
segmentation can be improved by excluding objects deviating from the
known fiber geometry. Specifically, spherical objects with an aspect
ratio approaching 1 and objects with extremely low volume were
removed from the segmentation.

3. Results
3.1. Fiber alignment

As the alignment of the reinforcing fibers and the mechanical per-
formance of the composite are intrinsically linked [12], further inter-
pretation of mechanical properties has to be coupled with a
quantification of fibers aligned in accordance with the acting tensile
forces during testing. Fig. 6a shows the respective distributions of in-
plane alignment angles (6-angles), and Fig. 6b shows the out-of-plane
alignment angles (¢-angles) based on data acquired using X-ray CT.
The shaded area around the mode value indicates a single-sigma

Fig. 6. () Distribution of measured in-plane (¢) angles of the segmented fibers (left). Excerpt from the tomographic scan visualizing the fibers and their in-plane
alignment (right). (b) Distribution of measured out-of-plane (¢) angles of the segmented fibers (left). Excerpt from the tomographic scan visualizing the fibers and

their out-of-plane alignment (right).



standard deviation (representing approximately 68% of values present
in the dataset) and encompasses the most well-aligned fibers in the
respective measurement. Fibers are considered ideally aligned for flex-
ural load when their in-plane alignment is 0° and their out-of-plane
alignment is 90°.

As Fig. 6 shows, the extrusion technique is effective in forcing the
fibers to align within a narrow preferential angle. Both in-plane and out-
of-plane alignment show a mode value of their alignment angle around
the desired values of 0° or 90°, respectively. Out-of-plane alignment
appears to scatter only slightly, with the standard deviation in Fig. 6b
encompassing approximately + 7°, while a slightly higher deviation can
be seen in the in-plane angle at approximately + 12°. Both of these
values fall well in line with other publications on this material [11,12].

3.2. Mechanical testing

3.2.1. Determination of static flexural strength

A set of 5 specimens with 1 vol-% fibers as well as without fiber
reinforcement was tested to determine their respective flexural strength.
The mean of the results acts as the basis for determining the load limits
in the dynamic measurements. The results of the static measurements
can be seen in Fig. 7.

The effects of the aligned fiber reinforcement are immediately visible
in the mechanical response of the material. Unreinforced specimens
show a mean flexural strength of 15.7 (£+3.3) MPa. The deformation
behavior is purely linear elastic until final failure at a deformation be-
tween 0.04% and 0.06% flexural strain. Specimens reinforced with 1
vol-% carbon fibers show a greatly improved flexural strength of 64.0
(+8.5) MPa. The specimens are capable of bearing further load even
after their linear elastic limits have been reached, as cracks in the
cementitious matrix no longer lead to immediate failure. Rather, they
are bridged by the fibers, which propagate the load further along the
length of the specimen. This process leads to the formation of a multi-
tude of microcracks and is also responsible for the increase in capacity
for flexural strain to values of up to 1%. More extensive research on the
material’s behavior under static loading can be found in Ref. [11,12].

3.2.2. Fatigue life and strain development

The most basic analysis of a material’s performance under cyclic
loading is assessing the number of load cycles the material can withstand
at a given level of stress. Plotting these two parameters results in what is
known as a Woehler diagram or stress-life (S-N) diagram. Fig. 8 shows
the contrast in lifetime between specimens with 1 vol-% carbon fibers
and specimens without reinforcement. For reasons of comparability, the
stress level in the diagram is normalized to each material’s flexural
strength (see also Table 2). The curves in Fig. 8 represent a linear
regression through the individual fatigue experiments (represented by

the dots). The grey ribbon around the regression line indicates the 95%
confidence interval of the regression.

The reinforced specimens show a vastly improved lifetime under
cyclic loading. The unreinforced specimens can withstand between
several thousand cycles at an upper stress level of 80% of their flexural
strength (12.5 MPa, loading regimen NR-80 in Table 2) and several
hundred thousand cycles at an upper stress level of 40% flexural
strength (6.4 MPa, loading regimen NR-40 in Table 2). The carbon fiber-
reinforced specimens show a lifetime just short of a million load cycles at
an upper stress level of 80% flexural strength (51.2 MPa, loading
regimen CF-80 in Table 2) and between 5 and 9 million load cycles at
40% flexural strength (25.6 MPa, loading regimen CF-80 in Table 2).

This vast increase in service life is especially remarkable, when
considering that the reinforced specimens actually carry a significantly
higher load. As the load S-N curve is normalized, the absolute load on
the reinforced specimens is approximately 4 times higher than on the
unreinforced specimens. It is also notable that for the case of the fiber-
reinforced specimens, all loading scenarios have their upper load level
in the strain-hardening region of the stress-strain diagram (cf. Fig. 7),
meaning that this level of performance is achieved with microcracks
present from the beginning of the test.

While the accuracy of the S-N curves needs some more refinement
when looking at possible applications of the material for engineering
purposes, the vast difference in service life between reinforced and un-
reinforced specimens allows for a number of conclusions: As the two

Fig. 8. S-N diagrams showing fatigue behavior for unreinforced specimens
(black) and specimens reinforced with 1 vol-% carbon fibers (red). The gray
area around the regression lines indicates a confidence interval of 95%. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 7. Stress-strain diagrams of the static mechanical test to determine the flexural strength of the miniature prisms. (a) Unreinforced specimens. (b) Specimens

reinforced with 1 vol-% carbon fibers.



regression lines follow vastly different paths, it is highly probable that
the introduction and development of fatigue damage is mechanistically
different between unreinforced and reinforced specimens. This is
confirmed when comparing the development of strain (measured at the
respective upper stress limit) for reinforced and unreinforced specimens
during a fatigue test. Fig. 9 shows the contrast between the deformation
behavior of two respective miniature prisms at a maximum relative
stress level of 60% (see load regimens NR-60 and CF-60 in Table 2). As
the absolute numbers for both strain and cycles until failure are vastly
different for both specimens, strain has been normalized to the strain-at-
break and the cycle number to cycles until failure for the sake of
comparability. The resulting graph shows how much of the material
capacity for deformation has been used up at each stage of fatigue.

Fig. 9 confirms that the reinforced prism shows a rapid increase in
early deformation, reaching approximately 65% of its strain capacity
after 20% of its lifetime, after which the strain development starts
leveling off slowly. After the reinforced specimen reaches just above
90% strain capacity, the specimen starts failing rapidly within a few
cycles. Unreinforced specimens show considerably less early deforma-
tion (approximately 20% of strain capacity at 20% of its lifetime), with a
steadier strain increase in phase 2 of the fatigue process. Ultimate failure
occurs quickly and suddenly for both the reinforced and unreinforced
specimens.

It is likely that this is driven by the different mechanisms of fracture
governing the failure of the reinforced and unreinforced specimens.
While the unreinforced miniature prisms fail due to brittle fracture once
a single critical crack has been introduced, the reinforced prisms can
accumulate several stable microcracks before failing. Hence, the low
deformation of the unreinforced prisms in phase 1 can be read as a single
crack being introduced that is steadily growing (phase 2, starting at a
cycle ratio of approximately 0.15) until the crack reaches a critical
length that leads to instant failure (phase 3). In contrast, the reinforced
specimens will saturate themselves with multiple microcracks early,
leading to prolonged phase 1 with massive deformation. Once a cycle
ratio of approximately 0.25 is reached, crack growth is likely hindered
by fiber bridging, leading to a very stable and uneventful phase 2 until
fatigue damage progresses to the point where one of the cracks grows
above the critical length and the specimen fails (phase 3).

3.2.3. Viscoelastic parameters as damage indicators
As the fiber-reinforced specimens show unusual behavior under
cyclical loading, we aim to extract additional information from their

Fig. 9. Strain ratio (strain ¢ normalized to strain-at-break er) and cycle ratio
(load cycle N normalized to cycles until failure Ng) for unreinforced specimens
(black) and specimens with 1 vol-% carbon fibers (red) loaded according to
regimens NR-60 and CF-60 (see Table 2). Strain was measured at the upper
stress limit of the respective loading regimen CF-60 or NR-60. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

viscoelastic behavior to better understand the mechanisms governing
their specific failure modes. To this end, the storage and loss moduli
were measured during cyclical loading, and their development can be
seen in Fig. 10.

Looking purely at the elastic properties represented by the storage
modulus, the 3-phase structure of the fatigue process is hard to predict.
This is due to similar reasons as discussed in the strain development seen
in Fig. 9. While the storage modulus generally follows the expected S-
curve and the transition from phase 1 to phase 2 can be discerned well,
the transition from phase 2 to phase 3 occurs in a seemingly very short
timeframe, with failure occurring just after a few load cycles.

However, an analysis of the loss modulus allows for a significantly
greater predictability of the progressing damage within the material.
Phase 1 is visible as a steep decline in the loss modulus that slowly levels
out, as large amounts of energy are dissipated in the beginning when the
first cracks are formed. Phase 2 manifests itself as the loss modulus
remaining at an approximately constant level. In phase 3, the loss
modulus will start rising again. In addition, discontinuous spiking of the
loss modulus can often be observed, which is especially visible in
Fig. 10a and Fig. 10b. Looking at both the storage modulus and loss
modulus, phase 3 is marked by a decline in the storage modulus, while
the loss modulus starts increasing.

While the final rise in the loss modulus before ultimate failure falls
within a shorter window, with a higher load level, even at a stress level
of 80%, the first indications of entering phase 3 can be seen approxi-
mately 200,000 cycles before failure. In the case of a 40% stress level,
phase 3 can be seen starting 1.5 million load cycles before final failure.
Both cases leave potentially enough time for preemptive measures, as
failure can be predicted early.

3.3. Observation of crack growth during fatigue testing

In addition to the continuous loading performed in the experiments
in Section 3.2, a fiber-reinforced specimen was loaded discontinuously
(according to loading regimen CF-60, see Table 2) for a set number of
cycles, removed from the DMA. The midpoint of the specimen was then
scanned for structural damage using X-ray CT and reinserted into the
flexural setup. This process was repeated until the specimen failed, after
which it was scanned once more to assess the postfailure damage.
Microcracks segmented from the CT data after each respective step are
shown in Fig. 11.

Visible fatigue damage mostly manifests itself by an increasing
number of cracks, most of which appear early during the specimen’s
lifetime. The cracking patterns visible in Fig. 11 suggest that once a
microcrack has developed in the material, the crack length and width
remain relatively constant; further load cycles lead to the formation of
more microcracks instead. This is in accordance with the models pro-
posed for the mechanical behavior of SHCCs, where such behavior has
often times been seen for static loads [2,41-43]. After approximately
100,000 load cycles (24% of the specimen’s fatigue life), crack forma-
tion appears to be mostly complete (see the difference between Fig. 11c
and Fig. 11d). Interestingly, this marks a similar value to the point at
which strain development in Fig. 9 starts leveling off, suggesting that the
macroscopic deformation is caused by microcracking, as discussed in
Section 3.2.2. Once the specimen is saturated with microcracks, the
deformation of the specimen will slow considerably.

All microcracks visible in Fig. 11 pass straight through the miniature
beam and appear to be isolated from each other. Damage mechanisms
such as crack deflection (inclined or kinked crack growth due to
debonding at the fiber-matrix interface) or formation of a crack network
could not be observed, as they either play no role in early fatigue or are
below the resolution of the tomograph. Table 3 shows the crack distance
as well as the number of cracks for each scan taken. The crack distance is
calculated from the point-to-point distance of each crack’s center of
mass.

In contrast to the cracks being mostly isolated during testing, the



Fig. 10. Typical development of storage modulus (black) and loss modulus (red) when testing samples with the parameters (a) CF-40 (failure after 5,640,169 cycles),
(b) CF-60 (failure after 1,966,480 cycles) and (c) CF-80 (failure after 945,444 cycles), as described in Table 2. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

macrocrack that leads to ultimate failure shows obvious signs of crack
deflection (Fig. 11d). Its path meanders through the specimen, and it
appears to have formed from at least two neighboring cracks growing
into each other. Cross-referencing these findings with the development
of the loss modulus seen in Fig. 10 allows the conclusion that early
dissipation of energy during testing is correlated to the formation of an
increasing number of microcracks. As the specimen is saturated with
stable microcracks, less energy is dissipated, and fatigue enters the
steady state of phase 2. Toward the end of the specimen’s lifetime, an
increase in energy dissipation can be observed. Cross-referencing this
with the crack development seen in Fig. 11 suggests a correlation of this
energy dissipation with the unification of multiple small cracks into one
fatal crack. Other irreversible events that are below the resolution limit
of the X-ray CT, such as fiber slippage or failure at the interface, should
also be considered as possible contributions to the dissipated energy
visible once the specimen enters phase 3 of fatigue. Effects on this level
have recently been observed by Ranjbarian and Mechtcherine, who
found permanent damage of the fibers (especially effects such as abra-
sion and defibrillation) when testing for the bridging behavior of poly-
meric single fibers under cyclical alternating tensile-compressive load as
fibers in the crack would start buckling [44-46]. Irreversible damage, as
observed in these studies, would also be expected to appear as energy
dissipation and thus be correlated to an increasing loss modulus, as seen
in late-stage fatigue. The fact that the final failure occurred at a crack
that developed relatively late into testing is also remarkable. Such ef-
fects have often been observed and discussed in static loading of SHCC
specimens and seem to carry over into the field of cyclic loading as well
[47]. The inclined path of the final crack also suggests that it is possibly a
result of mixed-mode or shear load occurring towards the very end of the

fatigue experiments. As the fiber reinforcement is tailored towards
resisting tensile loads, these loading types are likely to lead to sudden
critical crack growth and failure of the specimen.

4. Conclusion

By using an extrusion-based process, additive manufacturing of
cementitious composites with aligned carbon fibers is possible. In
addition to a vastly improved static flexural strength and strain
hardening-induced toughness, composites with aligned carbon fibers
show a significantly longer service life under cyclic loading than speci-
mens made from unreinforced matrix materials, as the number of cycles
to failure increases from tens of thousands to several million at the same
relative stress level. In contrast to regular cementitious materials, which
show instant brittle failure, the composites are characterized by the
formation of multiple stable microcracks before final failure. When
testing above the composites beyond their linear-elastic capabilities,
phase 1 fatigue is prolonged when compared to unreinforced specimens.
The development of damage during phase 1 is characterized by early
saturation with microcracks that go hand in hand with massive defor-
mation of the specimen. Once this early damage has been introduced,
strain development in phase 2 appears stable and uneventful until phase
3 sets suddenly, causing ultimate failure of the specimen with little prior
warning. Looking at multiple indicators allows for more predictability
when interpreting fatigue behavior. In particular, analysis of the visco-
elastic behavior of the material allows for early recognition of phase 3,
as the material will show a steady increase in loss modulus (and thus
dissipation of energy) starting some hundred thousand cycles before
failure. This behavior is confirmed by X-ray CT scans, showing early



Fig. 11. Development of cracks in a specimen loaded according to regimen CF-60 (see Table 2) after (a) 773 load cycles (0.2% of the sample’s lifetime), (b) 9,535
load cycles (2.3% of the sample’s lifetime), (¢) 99,289 load cycles (24.4% of the sample’s lifetime) and (d) complete failure (406,710 load cycles). The figure shows
the crack development within the are directly located under the loading pin and thus the immediate fracture process zone.

Table 3
Number of cracks and cracked distance (crack distance resolved with an accu-
racy of 10 um) measured in the segmentation of the miniature prism visible in
Fig. 11.

Load cycles Mean crack distance [pm] Number of segmented cracks

773 930 (+360) 5
9,535 840 (+290)

99,289 550 (£190) 15
406,710 400 (+160) 23

introduction of numerous separated microcracks, which appear to unify
into a macrocrack before ultimate failure.

As the material shows promising levels of performance under
monotonic cyclic loading, further investigations into fatigue under
changing stress levels and amplitudes seem prudent given that the
starting conditions of a fatigue experiment will play an important role in
how many microcracks are introduced into the specimen and how
damage will accumulate on them during its service life. Determination
of fatigue behavior under different types of loads, especially testing the
behavior under pure centric tensile loading and alternating tensile and
compressive loading, promises interesting results. Furthermore, more
research on the impact of damage occurring on the single-fiber scale
(pull-out, fiber breakage, etc.) would lead to a better understanding of
the behavior shown in phase 3 of fatigue.
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