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ARTICLE INFO ABSTRACT

Keywords: A fine-grained UHPC, both undamaged and damaged by fatigue loading, was comparatively examined by various
Fatigue microstructural analytical methods, to evaluate the different techniques with respect to their applicability and
HPC relevance for the investigation of fatigue damage processes. The fatigue tests were stopped at the transition from
;Ii-lclzgstructure phase II to phase III of the s-shaped strain development. The cyclic compression loading was performed with a

frequency of fi = 1 Hz, and a stress level between Spin, = 0.05 and Spax = 0.75 (fom = 170.2 MPa). The fatigue
process under these loading conditions is dominated by alterations and damages on the nano-scale, that can be
observed by transmission electron microscopy. The resulting coarsening of the pore structure was also visible
with dynamic vapor sorption. Nanoindentation indicates, that changes of the HD-C-S-H-phase occur. IR spec-
troscopy also indicates changes of the C-S-H phase and thermal analysis changes of the water content. Dynamic
mechanical analysis (DMA) gave insight into the complex Young’s modulus and Poisson’s ratio changes. The
acoustic emission technique gives information on the different processes during the single phases of fatigue and
reveal a very different damage behaviour of dry and moist materials. Some microcracks are visible with light
microscopy. It appears, that the number of cracks after fatigue is higher than before. With X-ray computed to-
mography, X-ray powder diffraction, the drying behaviour, the free water uptake, the water uptake under
vacuum and by mercury intrusion porosimetry no significant differences between specimens with and without
fatigue loading could be observed in this examination.

Testing Methods

1. Introduction

The usage of concretes with ever-higher strengths allows for the
construction of more filigree and slender structures with reduced self-
weight. Furthermore, resource-saving structures are also characterised
by a higher slenderness. For these structures, the fatigue resistance is
relevant, and even more so for structures inevitably subjected to cyclic
loads, e.g. bridges or wind energy turbines. However, despite the long
history of concrete fatigue research very little knowledge is available
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concerning the damage processes in the concretés microstructure when
exposed to fatigue loading. This lack of knowledge is one of the main
reasons why the design regulations in currently valid standards or
guidelines (e.g. [1,2]) are very conservative, especially for high-strength
and ultra-high strength concretes.

Therefore, the overall aim of the priority programme (SPP) 2020
“Cyclic Deterioration of High-Performance Concrete in an Experimental-
Virtual-Lab” funded by the German Research Foundation was to un-
derstand, describe, model and predict the material degradation of high-
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performance concretes due to fatigue loading. The fatigue behaviour of
high-performance concretes is investigated within differently focused
projects [3]. It already became clear that the damage propagation in the
concrete microstructure due to compressive fatigue loading starts and
develops on a very small scale. This is concurrently one of the main
challenges in research: For the observation and investigation of these
damage processes, the investigation techniques available must be
combined and used at the limits of their applicability in order to gain
new knowledge. Thus, coordinated research was conducted within the
SPP 2020 for the purpose of comparison and evaluation of different
techniques of microstructural analyses with respect to their applicability
and relevance for the investigation of the damage processes in the
concrete’s microstructure. This paper summarises the main results of
this conjoint research activity.

2. Examined Ultra-High strength concrete (UHPC)

The investigations were conducted on the reference ultra-high
strength concrete used in the priority programme 2020 (named
“RU1™) [4,5]. It was developed based on the fine-grained mixture M3Q
previously used in the priority programme 1182 [6] and has no steel
fibers inside. The composition of the RU1 concrete is given in Table 1.

The cement used is a rapidly hardening Portland cement with high
sulfate resistance and low effective alkali content. Its chemical compo-
sition can be found in Table 2.

Silica fume completes the binder in an amount of approximately 17
%. The physical properties and grain size of the components can be
found in Table 3.

The strength classification of the UHPC was performed based on
compressive test results obtained by the participants of the SPP 2020
[4]. The cubic specimens used had lengths of either 100 mm or 150 mm.
The UHPC was classified as C130/140 (femcupe = 163.9 N/mm?,
measured at 6 cubes with a length of 100 mm). Beyond this classification
performed at a concrete age of 28 days, experimental results in [4]
showed that for cylindrical specimens (d/h = 60/180 mm) used in the
fatigue investigations and cured for more than 90 days, the concrete
achieved an average compressive strength of more than 170 MPa.

3. Fatigue investigations and preparation of specimens

The objective of the investigations presented in this paper is to study
the damage induced into the concrete’s microstructure due to
compressive fatigue loading. For this purpose, comparative micro-
structural investigations were conducted on damaged and undamaged
samples of the reference UHPC (named “RU1”) within the SPP 2020.
This chapter describes the processes used to obtain the samples for the
microstructural investigations.

The compressive fatigue investigations in one batch were conducted
on cylinders with d/h = 60/180 mm. All specimens were cast in PVC
formworks with a casting height of approx. 230 mm. The concrete was

Table 1
Composition of the reference UHPC (“RU1").
Component Unit Quantity
CEM I 52.5 R-SR3 (na) (Holcim Sulfo, Lagerdorf, Germany) [kg/ 795
m?]
Silica fume (Sika® Silicoll P) [kg/ 169
m3]
Quartz powder (Quarzwerke MILLSIL® W12, Frechen, [kg/ 198
Germany) m?]
Quartz sand (0/0.5 mm) (Quarzwerke H33, Haltern, [kg/ 971
Germany) m’]
Superplasticiser (BASF MasterGlenium® ACE 394, Germany) [kg/ 24
rn3]
Water [kg/ 188
m?]

W/Ceq Tatio [-] 0.19
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Table 2
Chemical properties of cement CEM I 52.5 R-SR3 (na).

Materials Chemical Composition [%]
Si0, AlL,O; Fe,03 Ca0 MgO SO;
CEM152.5 21.41 3.97 4.79 65.41 0.85 2.98
R-SR3 (na)
Table 3
Physical properties and grain size distribution of cement and aggregates.
Materials Density Fineness dio dso doo
[kg/ [em?/g] [um]
dm?]
CEM152.5 3.18 3,969 1.60 11.25 33.18
R-SR3 (na)
Quartz powder 2.66 - 2.09 12.71 37.18
Materials Density Mass of sieving fraction of total sample [%]
[kg/ 0.063 0.125 0.25 0.5
dm?®] [mm] [mm] [mm] [mm]
Quartz sand (0/ 2.65 0 1 44 100
0.5 mm)

filled into the formwork in two layers and each layer was mechanically
compacted using a vibrating table. In order to store the concrete under
water, the formworks were filled with water immediately after casting.
After 48 h of curing, the formworks were removed and the specimens
were prepared by sawing a few centimetres of the top and bottom to
achieve the final height of 180 mm. Additionally, the surfaces were
ground plane-parallel and polished to achieve a uniform stress distri-
bution. Afterwards, the specimens were stored under water at a tem-
perature of 20 °C until reaching the concrete age of 64 days. The
specimens were then transferred into a humidity box (20 °C / 95 % min.
RH) and stayed there until testing. Therefore, the specimens in this in-
vestigations had a high moisture content. The numbering of the speci-
mens includes the number of the formwork and the number of the
specimen.

The fatigue reference compressive strength as reference for the
calculation of the fatigue stresses was determined in force-controlled
tests with a stress velocity of 0.5 MPa/s using five cylindrical speci-
mens with a concrete age of 74 days. The reference specimens were of
the same batch, had the same dimensions and storage conditions as
those used in the fatigue tests. The mean compressive strength and the
standard deviation of the results are shown in Table 4.Table 5

Two types of fatigue tests were performed: tests up to fatigue failure
and tests which were stopped at the transition from phase II to phase III
of the s-shaped strain development. For both types of tests, the cyclic
loading had a sinusoidal wave form with a frequency of f; = 1 Hz, a
minimum stress level of Spin = 0.05 and a maximum stress level of Spax
= 0.75. S is the applied fatigue load over compressive strength. The
stress level for this investigation of methods was similar to some other
experiments in the priority programme to keep comparability. It results
in a high number of cycles until failure and a restricted duration of the
tests, to get the number of damaged specimens, necessary for the
following investigations. A variation of the stress level was not the aim
of the project, but the test of analytical methods. A servo-hydraulic
testing machine with a 500 KN actuator was used. In addition to the
axial force and the displacement of the actuator, the axial deformations

Table 4
Reference compressive strength.
Test Qty  Concrete age fem SD
[d] [MPa] [MPa]
Reference compressive 5 74 170.2 3.0
strength
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Table 5
UHPC, results of the C-S-H analysis (6 determinations per value).

Before fatigue loading After fatigue loading

wt.-% Si in Ql in C-S-H 2.0+0.2 2.0+0.1
wt.-% Si in Q2 in C-S-H 3.1+0.3 3.3+0.2
Sum of two lines above 5.1+0.3 53+ 0.2
Mean chain length C-S-H 5.0+ 0.5 5.2+ 0.4

of the specimens were measured continuously using three laser distance
sensors positioned on the circumference of the specimen at 0°, 120° and
240° (test set-up is shown in [4]). Furthermore, the temperature of the
specimen’s surface was measured for the purpose of monitoring. All
specimens were tested in a dry environment. The fatigue tests up to
failure were conducted on specimens with a concrete age between 74
and 77 days, while the fatigue tests up to phase III were performed on
specimens with a concrete age between 80 and 94 days.

First, five specimens were tested until fatigue failure to obtain the s-
shaped strain development curves [4]. Based on these curves, a pro-
gramme was adjusted for the UHPC to automatically stop the test at the
transition from phase II to phase III once a threshold value in the
gradient of strain increase is exceeded. A total of 14 specimens were
fatigue loaded up to the transition between phase II and phase III and,
thus, fatigue pre-damaged. With each pre-damaged specimen, a “twin”
specimen was treated in exactly the same way (e.g. also placed in the
testing machine) but not loaded in order to expose it to exactly the same
environmental conditions as the damaged one. After the fatigue tests,
the fatigue-damaged and the undamaged twin specimens were stored in
sealed plastic bags and stored at a temperature of 20 °C until the prep-
aration of samples for the microstructural investigations. The results of
the fatigue tests are shown in Fig. 1.

In Fig. 1, the single and mean values of the numbers of cycles to
failure or, rather, the numbers of cycles up to the test stop are shown. It
can be seen that the scatter of the single results is quite large, especially
for the tests up to the transition between phase II and phase III. The
mean number of cycles to failure was log Ny = 3.765 with a standard
deviation of 0.304 log N;. The pre-damaged specimens had a mean
number of cycles of log N = 4.064 and a standard deviation of 0.470
log N. The type of the fatigue regime in this test is therefore high cycle
fatigue. For the stopped fatigue tests, the strain developments and the
pre-damaged specimens themselves were checked in order to examine
whether no specimen had stopped too early or late. The circumferential
surfaces of seven pre-damaged specimens are shown in Fig. 2 exem-
plarily for illustration purpose.

From Fig. 2 it is obvious that macro damage had already occurred
with spalling of large portions of the shell surface up to the test stop in
each case.

In the last step, the samples for the microstructural investigations
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were cut from pre-damaged and the undamaged twin specimens and
afterwards sent to the research partners. Most of the research partners
required disc-shaped samples of the material obtained from the central
part of the cylindrical specimens with height of 5, 10, 20, 35 or 75 mm.
In addition, vertical slices were required also from the central part of the
cylinders with a thickness of 10 mm. Examples of the cutting pattern are
shown in Fig. 3.

The specimens were wet cut with a conventional stone saw. After
cutting, the samples were sealed in plastic bags and sent to the research
partners in shockproof boxes for the microstructural investigations. The
concrete age of the samples at shipping day was 98 days.

4. Methods and results

A series of methods was used to characterize the UHPC and the ef-
fects of the compressive fatigue loading. Principles, references, advan-
tages, restrictions and important results are reported in the following.
Fig. 4 shows the methods and their spatial resolution.

4.1. Light microscopy

The chapter is focused on polarized light microscopy, which is a very
powerful technique to analyze the structure and phase composition of
specimens with a resolution down to some micrometers. Often speci-
mens are examined in transmission of thin sections with a thickness of
about 30 um, although reflected light, powder and suspensions can be
used as well. Phases are identified by their crystal shape, color, the
change of color by rotating the thin section, the refractive index, the
splitting behaviour and typical reactions. With crossed polars the bire-
frigence and the behaviour by rotating (extinction) can be used as well.
Changes in porosity are observable by the change of color-intensity, if a
colored resin is used to prepare thin sections. The so called conoscopic
technique gives additional information on the crystal structure of the
grain in the focus, but is restricted to crystals larger than 60 pm. Details
are beyond the scope of this paper and readers are refered to [7,8] for
the analytical technique and [9] for the application in civil engineering.

The UHPC before and after compressive fatigue loading was exam-
ined as thin sections. Fig. 5 shows a low magnification overwiew on the
not loaded (pristine) UHPC. Only the large grains of the aggregate are
resolved. Most of the grains are quartz, with some minor amounts of
other minerals resp. rock types. It is visible in the picture made with
crossed polars that most of the grains are single crystals and only a few
grains are polymineralic. Some of the quartz grains show undulose
extinction, indicating an oriented stress during the history of the ma-
terial. The size and shape of the grains can be determined.

With high magnification, quartz powder and parts of the binder are
resolved (see Fig. 6). Most of the grains in the binder with sharp
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Fig. 1. Numbers of cycles to failure or, rather, up to test stop of the UHPC specimens.
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boundaries are unreacted C3S, CoS and C4AF. Portlandite is visible by the
light color with crossed polars. Calcium-Silicate-Hydrate (C-S-H) is un-
specific and can not be resolved with light microscopy. Typical clusters
of CyS and agglomerates of silica fume are visible in very low quantities
(see Fig. 7). The primary particles of silica fume are beyond the reso-
lution of a light microscope.

Although this is not provable, it seems, that the number of cracks in
the UHPC specimens after fatigue loading is higher than before. The
visible cracks are some micrometers long and less than one micrometer
wide (see Fig. 8). They can be best seen with crossed polars by the
scattering effect, because the field with crossed polars is quite dark.
There is a danger of confusion with portlandite and the Becke line, a

bright line at grain boundaries. An increase in quantity of cracks due to
fatigue loading was also found for the high-strength (reference) concrete
(HPC) within the priority programme, see [10,11] for further details. In
HPC, the typical crack width is larger. In [12], an increase of cracks by
fatigue of HPC is also observed, especially near the aggregate grains. In
addition, light microscopy can also be used for the investigation of many
other aspects, for example inclined fiber pullout, see [13].

4.2. Electron microscopy (SEM, TEM)

Electron microscopy has proven to be a powerful tool for the inves-
tigation of cementitious building materials. Over the course of the past
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Fig. 7. Thin section, pristine UHPC, picture width 0.16 mm, without crossed polars, left C,S cluster, right silica fume agglomerate (in squares).

decades, scanning electron microscopy has been employed for the transmission electron microscopy (TEM) [18], respectively, have been
analysis of cracks [14], porosity [15] and composition of cement paste commonly applied.

[16]. To characterize specific hydration products in the cement paste Regardless of the excellent spatial resolution and chemical analysis
matrix on a micrometer or nanometer scale, scanning (SEM) [17] and capabilities that electron microscopy provides, a few drawbacks should
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Fig. 8. Thin section, UHPC after fatigue loading, picture width 0.16 mm. Left without crossed polars, arrows to possible cracks, but uncertain because of possible
confusion with the Becke line. Right different region with crossed polars, the crack (arrow) is well visible.

be taken into account. Unless environmental SEM is employed [19],
investigations take place in high vacuum, causing considerable
shrinkage in cementitious materials [20]. The necessity for ultrathin
samples in TEM requires specialized experimental setups or sophisti-
cated preparation techniques such as focused ion beam (FIB).

Here, automated large-area SEM with backscattered electron imag-
ing (BSE) on finely ground UHPC surfaces were used for preliminary
compositional analyses and to find suitable sites for the FIB sample
preparation. Quartz aggregate, cement paste and unhydrated clinker
grains can be easily distinguished based on their respective dark, me-
dium and bright atomic number contrasts (see Fig. 9).

For TEM, ultrathin FIB-prepared lamellae crossing the interface of
aggregate and cement paste were extracted. Using high-angle annular
dark-field (HAADF) imaging with atomic number contrast, microstruc-
tural changes in the cement paste matrix with increasing fatigue damage
were observed.

In pristine samples, C-S-H phases with a finely fibrous morphology
are found, as it is known from literature. From the early onset of fatigue
damage, the morphology appears denser, with objects of dark material
contrast forming in the cement paste matrix. These precipitates exhibit
an elongated shape with a length of around 200 nm and a width of
around 20 to 50 nm; they do not grow in size as fatigue damage

progresses, but become more numerous (see Fig. 10). In the samples
described in this paper, a small number of precipitates can already be
observed in the pristine material.

The darker material contrast of the precipitates indicates a material
of lower density and/or a lower average atomic number with respect to
the surrounding C-S-H phases. Additionally, many precipitates grow,
shrink or disappear entirely upon energy intake due to electron beam
irradiation during TEM experiments. EDS (energy dispersive X-ray
spectroscopy) elemental mapping shows higher concentrations of
aluminum and sulfur in regions of cement paste containing a large
number of precipitates or nanocracks.

The chemical composition and the tendency to transform upon en-
ergy intake indicate the presence of ettringite, a calcium aluminum
sulfate hydroxide mineral. Due to its high content of physically bound
water, it has a low density of 1.77 g/cm® and can exert high pressure on
surrounding materials upon crystallization. A delayed formation of
ettringite inside hardened cementitious materials can be detrimental to
the long-term stability of building components. A change of number or
size of ettringite crystals can exert pressure and, thus, mechanical stress
on the surrounding material, i.e. the C-S-H phases and therefore can be a
source of nanocracks. Characterizing ettringite formation on a sub-
micrometer scale would have proven difficult or impossible using

Fig. 9. Large-area (sample surface ca. 1 cm?) and detailed BSE-SEM images of pristine UHPC. Quartz aggregate, cement paste and unhydrated cement clinker appear

dark, medium and light grey, respectively.



M. Engelhardt et al.

International Journal of Fatigue 199 (2025) 109038

Fig. 10. HAADF-TEM micrographs of microstructural changes in UHPC cement paste. Left two images: pristine material; right two images: after fatigue loading.

Scale marker is 200 nm for all images.

methods other than electron microscopy.

4.3. Infrared spectroscopy (IR)

Infrared spectroscopy is based on the stimulation of molecular vi-
brations and rotations in the specimen. The absorption is very charac-
teristic, but only movements, resulting in a change of the dipole moment
yield an IR absorption. Gases, liquids and solids (crystalline and amor-
phous) can be analyzed. For detailed information on IR spectroscopy see
[21]. IR transparent materials can be analyzed in transmission.

The investigation was performed with a Perkin Elmer Spectrum Two
instrument by attenuated total reflection (ATR)-IR spectroscopy ([22]).
The powder was pressed on a single reflection diamond ATR. The
interaction of the generated evanescent wave with the specimen results
in the ATR-IR-spectrum. This spectrum is not equal to a conventional IR
spectrum, but convertible. Fig. 11 shows the spectra of the UHPC after
the conversion into a conventional IR spectrum. The peaks at the low
end of the spectra are mainly generated by unhydrated cement phases.
The double peak around 800 cm™! results from quartz. The following
broad peak is an overlay of many peaks described further below. All
differences between the samples before and after fatigue loading outside
this group can be explained by small variations of the binder-quartz-
ratio and are not a consequence of the fatigue loading. The peak
around 1420 cm ! is generated by carbonation, the peaks at 1640 and
3400 cm ™! by water, the sharp peak at 3640 cm ™! by portlandite and the
double peak at 2120 cm™! by potassium ferricyanide, used as internal
standard.

Fig. 12 shows one of the peak fits in the region of the broad peak

0.06

around 1000 cm ™!, mainly generated by the silicate species. The peak fit
was done with the software ,,Peakfit“. It is impossible to separate the
signals without a detailed knowledge of the individual species present in
the sample and their peaks. An automatic fit is impossible. The Q' signal
from C-S-H is at 840 cm™!, the Q-signals at 957 and 1006 cm™!. The
other peaks resulted from unhydrated cement (875, 914), quartz (775,
798, 1055, 1088, 1165), sulfate (1117) and unreacted silica fume. The
signals of quartz cannot be distinguished from unhydrated silica fume.
The C-S-H phase was quantitatively determined by the method
described in [23], using the Q1 and Q2 signals from the C-S-H chains. The
results of the investigation are shown in table 5. Although not statistical
significant it seems that fatigue loading results both in an increase of the
total amount of C-S-H by further hydration, as well as in an increase of
the mean chain length of the C-S-H. This can be an effect of temperature
increase during fatigue loading. As to be expected, no other systematic
difference is shown between samples before and after fatigue loading.

4.4. Raman spectroscopy

Raman spectroscopy is a non-destructive analysis method that pro-
vides information about the vibrational and rotational states of mole-
cules or groups of atoms, similar to IR spectroscopy (see Chapter 4.3). In
contrast to IR spectroscopy, Raman spectroscopy records the periodic
changes in polarizability caused by molecular vibrations and not those
of the dipole moments.

The findings of the interaction between irradiated light and matter
provide information about the bonding states of the material being
analysed. A monochromatic light (laser) is generally used as the

0.05
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o o
o o
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= Pk11-2 undamaged
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= Pk11-4 after fatigue load
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2400 2800 3200 3600 4000

Wave number [cm]

Fig. 11. UHPC, ATR-IR spectra after ATR conversion, peaks see text.
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11177\A
004

Fig. 12. UHPC without fatigue loading, peak fit in the region around 1000 cm™

excitation source. While most of the laser light passes through the
sample, a small proportion of the absorbed energy with the frequency of
the laser light is scattered elastically in all directions (Rayleigh scat-
tering) and an even smaller proportion is scattered inelastically by the
sample (Raman scattering or Raman effect).

For the investigations of the fatigue-damaged and undamaged
reference UHPC samples, confocal Raman microscopy (CRM) was used
to couple spectral information with image based phase position. For
further information about confocal Raman microscopy and Raman
spectroscopy, in general the reader is referred to [24].

The disc-type sample slices (two undamaged reference samples and
two fatigue-damaged samples) with the dimensions d/h = 60/35 mm
were further prepared after wet sawing (see chapter 3). For CRM in-
vestigations, the surface roughness should be as smooth as possibly to
reduce topographic influences on the spectroscopic results. Therefore, a
polishing procedure with different SiC abrasive papers was performed.
The polished discs were stored at 33 % relative humidity and under Ny
atmosphere until testing. Large area scans of 1500 x 1500 pm (100 lines
x 100 points) — so-called ‘Raman Mapping’ — were performed on a
confocal Raman microscope (Alpha 300RA from Witec, Germany) using
a laser with 532 nm wavelength for excitation. The spectra were
recorded using a 20x magnification objective (0.5 N.A.), a continuous
laser beam, a grating of 600 g/mm, an integration time of 3 s and 3
accumulations per spectrum.

Fig. 13 represents a combination of a microscope image (4 mm x 4
mm) with an overlayed Raman mapping (1500 um x 1500 pm) and
corresponding spectra. Clearly visible in the spectra some of the starting
materials can be rediscovered. The sharp and strong symmetric
stretching modes of Si-O-Si at 464 cm™! along with medium intensity

Intensity [a.u.]

1 peaks see text.

lattice vibration modes around 205 cm ™! and a number of weak bands
(Fig. 13 — red spectrum) derives from quartz sand and crystalline quartz
powder (SiO3) addition of the concrete mix.

The left microscope image in Fig. 13 shows that the investigated
UHPC has a high packing density and that a large proportion of the
particles visible on mm-scale can be assigned to quartz sand (red par-
ticles). The clinker phases of the added cement are still visible as strong
and sharp bands around 852 cm™! and broader bands around 977 cm™!
which are assigned to the symmetric stretching and asymmetric
stretching mode of Si-O in C5S respectively (Fig. 13 — blue spectrum).
An asymmetric broadened peak with a high Full Width at Half Maximum
(FWHM) around 719 cm ™! represents remnants of C4AF.

Bands in the 770-796 cm ™! region can be attributed to silicon car-
bide originated mainly from the SiC-abrasive paper in the course of
sample preparation and to a small extent from the silica fume addition of
the concrete mix.

In addition to the starting materials, the hydration products which
are formed during hydration of the cement can further be identified in
the Raman spectra. From the overlayed Raman mapping in Fig. 13,
particles (green), which are significantly smaller than the quartz sand
particles — on the illustrated mm-scale — are clearly visible. Despite
having a lower proportion in the matrix, they are regularly distributed
and can be clearly recognised as an independent phase. Based on the
corresponding spectra, these phases can be identified as portlandite by
the lattice vibration (Ca-O) around 357 cm™! and OH-stretching vibra-
tion of the hydroxyl group (Ca-OH) around 3616 cm . Intermixed with
the spectrum (green) of portlandite, another hydration product can be
identified by a weak broad shoulder around 660-680 cm ™! and can be
attributed to bending vibrations of Si-O-Si from the formed calcium
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Fig. 13. Raman mapping and correlated spectra of a fatigue-loaded UHPC sample. Microscopic image with Raman mapping overlay (left) and attributed

spectra (right).
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silicate hydrate (C-S-H) [25]. A slight gradient in the Raman mapping
image is due to topographic inhomogeneity due to sample preparation.

Ettringite and monosulfate as hydration products from gypsum are
contained in all samples and can be identified by symmetric stretching
vibration of SO%’ around 990 cm ! (not shown here). Moreover a Raman
shift around 1086 cm~! (not shown here) can be attributed to the
symmetrical stretching of CO3™ of calcium carbonate (mostly calcite)
and is present in all samples. The broad bands around 1583-1587 cm ™!
are stretching vibrations of carbon, which derives most likely from the
tools of the milling procedure of the raw materials.

Comparative analyses of the undamaged reference samples and the
fatigue-damaged samples of the UHPC did not reveal any clear differ-
ences that would indicate a change in the structure due to fatigue
loading. Nevertheless, Raman microscopy is a helpful, non-destructive
analytical method for phase identification and imaging phase
localisation.

4.5. X-ray powder diffraction (XRD)

Crystalline structures exhibit distinct diffraction patterns when
exposed to X-ray radiation. By analyzing these powder diffraction pat-
terns, valuable information about the material’s crystal structure,
including lattice constants, lattice types, crystallite sizes, phase identi-
fication, and microstructural properties, can be obtained. In contrast,
amorphous materials lack well-defined diffraction peaks and instead
display a continuous background signal without discernible diffraction
maxima. This characteristic background signal provides insights into the
structural parameters and changes of existing amorphous phases [26].
The diffraction of X-rays adheres to Bragg’s law [27], which states that
diffraction occurs only when the angle of incidence matches the angle of
reflection, satisfying the diffraction condition

ni = 2d-sin(0) 1)
In this equation, 4 represents the wavelength of the X-rays, d signifies the
spacing between lattice planes, n is a constant and 6 denotes the
diffraction angle.

The measurements were conducted using a Philips XPert Pro unit
with Bragg-Brentano geometry. A Cu-tube was utilized, operating at 40
kV and 30 mA. A progressive divergence and receiving slit with a 20 mm
irradiated length were utilized. The sample was ground without drying
and prepared with a back-loading system. The measurement range of 3-
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70° 29 was scanned with a step size of 0,02° and a measuring time of 1 s
per step.

The analysis of the generated powder data was performed through
qualitative phase identification. This approach entails comparing the
experimental powder diffraction pattern with reference databases con-
taining characteristic diffraction patterns of numerous well-known
materials. By aligning the measured diffraction peaks with those in
the reference databases, phases present in the analyzed powder can be
identified.

Other evaluation methods include quantitative phase analysis using
the Rietveld method or least-squares fit analysis. These techniques
involve mathematical calculations to determine the percentage of indi-
vidual phases in the mixture. Additionally, lattice parameters can be
determined by indexing the diffraction peaks, and crystallite sizes can be
estimated based on the shapes of the diffraction profiles. Furthermore,
texture analysis can be conducted by examining the distribution of in-
tensities of the diffraction peaks as a function of the diffraction angle.
Further literature on X-ray (powder-)diffraction can be found, for
example, in [28-30]. The application to problems of civil engineering is
described in [31].

Crystalline phases identified in UHPC powder include quartz, C3S
(alite), CoS (belite, larnite), C4AF (brownmillerite), portlandite and
ettringite (see Fig. 14). The broadened peak observed at around 29° 20 is
ascribed to X-ray amorphous C-S-H phases [32,33] and unreacted silica
fume [34], respectively. However, due to peak overlap, it is not possible
to conclusively determine whether calcite has formed as a result of
carbonation. The intensity, peak positions and peak shapes of specimens
before and after fatigue loading were meticulously compared. The only
discernible differences were attributed to slight variations in the content
of unreacted C3S, CS and C4AF. All diffractograms exhibited a high
degree of similarity to the one depicted in Fig. 14.

4.6. Thermogravimetric analysis (TGA)

This chapter focuses on the possibilities of distinguishing between
undamaged and fatigue damaged UHPC specimen using thermogravi-
metric analysis (TGA). According to [35], hydrated cementitious ma-
terials should not be ground before analysis, as it may lead to the
destruction of hydrate phases. Therefore, our focus is laid on the results
obtained from measuring monolithic (moli) samples. In this study, the
general drying preparation method of [36] was attempted to apply and

013-0272 CsS

030-0226 Brownmillerite
024-0027 Calcite
041-1451 Ettringite
033-0302 Larnite
044-1481 Portlandite
046-1045 Quartz

OQUrmow>

Q

Q
Q
Q

Q Q

Q

.

30

oo UWWWJ% TV,
' ' s e

40 70

Position [°20 (CuKa)]

Fig. 14. UHPC after fatigue loading, X-ray diffraction analysis, Cu-radiation. 013-0272 is C3S with realistic trace element content.
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combined with special TGA measurement methods and long-time iso-
therms. The latter approach, as well as measurements on powder sam-
ples (pow) can be found in the Online Resource 1.

TGA is a technique used to measure the change in mass of a sample as
it is subjected to controlled heating. This method allows to study a wide
range of materials and their properties, such as thermal stability, ki-
netics, composition, and decomposition. The resolution of TGA signals
primarily depends on the heating rate and the sample weight. When the
heating rate or sample weight is too high, it can be challenging to
distinguish between different weight changes (w-change) occurring at
close decomposition temperatures. To address this issue, one option is
the use of high-resolution (H-R) TGA, a technique developed by TA In-
struments™ [37,38]. In high-resolution TGA, depending on the change
in weight, the TGA furnace either maintains a constant temperature or
reduces it until no further weight change is observed. Afterward, the
furnace resumes heating again.

TGA measurements were performed using a Q5500 from TA In-
struments™. To ensure a clear separation of different decomposition
temperatures of different materials, the sensitivity value and the reso-
lution number must be set. These two unitless parameters of the H-R
method must be adjusted according to the measurement task. The res-
olution number (—4) represents a specific %/minute weight change,
while the sensitivity value (3) is used to minimize temperature over-
shoot and heater control fluctuation.

Differences between the undamaged and fatigue-damaged samples
are hypothesized to result from a potential equilibrium shift or alter-
ation of cementitious UHPC phases. These discrepancies are expected to
be reflected in the crystal water content, which may be bound to varying
degrees and can be separated using TGA. To remove surface-bounded
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water, two strategies were followed — isopropanol/diethyl ether treat-
ment (treat) [36] and continuous nitrogen gas flow (latter approach see
Online Resource 1: I-T; besides measurements on not-treated (n-treat)
specimens).

The discs-shaped specimens within this interlaboratory test were
stored in a desiccator with supersaturated sodium bromide solution at
the bottom, creating a controlled relative humidity of 58 + 2 %. As the
specimens were sent in wet packaged condition (see chapter 3), the
relative humidity declined inside of the desiccator for three weeks until
the equilibrium of 58 + 2 % was reached. Subsequently, thin bars were
sawed out of the specimens using a “Buehler IsoMet” low speed saw
(Buehler Ltd., Lake Bluff, IL, USA) equipped with a diamond saw blade
at very slow speed to minimize further energy input. These thin bars
were then further processed by crushing them within a mortar, resulting
in the creation of smaller monoliths with a weight of approximately 25 —
32 mg. For the dried samples, both the fatigue damaged samples
(9.6_fat_moli_H-R_treat) and the undamaged samples (9.1_n-fat_ moli_H-
R_treat) were pre-treated with 8 ml anhydrous isopropanol (15 min in
100 ml isopropanol (99,97 % VWR™, dried with 20 g calcium sulfate
hemihydrate within 100 ml isopropanol) (Acros Organics™)) to remove
surface-bounded water. In a second step the excess of isopropanol was
removed by washing with 8 ml dry diethyl ether for 5 min, whereby the
diethyl ether treated samples were dried in a drying furnace for 10 min
at 40 °C [36]. The non-treated (see Online Resource 1) and dried
monolithic samples were measured three times using the H-R method to
demonstrate reproducibility.

In general, four different mass losses were observed, the primary step
at 50——300 °C can be attributed to the evaporation of water content.
The second step observed at 425 °C corresponds to the decomposition of
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calcium hydroxide. At higher temperatures the decomposition of car-
bonates dominates. According to literature, the decomposition of
weakly bonded crystal water in hydrated cement paste finishes in the
vicinity of 250 °C [36,39,40]. Consequently, the analysis focused on
temperatures up to 300 °C to capture the mass changes and their de-
rivatives accurately using “Trios” software from “TA-Instruments”.

Fig. 15 a) shows a comparison of the fatigue damaged and undam-
aged samples. A direct comparison of the derivations of the mass loss
(Fig. 15 b)) in the range from 30 to 300 °C reveals a significant broad-
ening of the Full-Width at Half Maximum (FWHM) at 200 °C. Fig. 15 c)
shows a bar graph of each sample, with the averages in mass loss (yel-
low) and the FWHM of its derivation (green) of the fatigue damaged and
undamaged samples. The average FWHM of fatigue damaged samples is
about 11.6 % broader than that of the undamaged samples. Fatigued
samples also show an average higher mass change of 5.9 %.

The results obtained from the H-R method allow to distinguish be-
tween fatigue damaged and undamaged samples. The weight loss and
the FWHM of the fatigue damaged samples are significantly higher
compared to the undamaged samples. One plausible explanation for this
observation is a formation or alteration of the C-S-H phases. On the other
hand, the samples were stored in water for further 56 days after me-
chanical testing and the presence of fatigue cracks could be responsible
for further hydration of non-hydrated clinker phase, since the UHPC
specimens were made with a low water/cement ratio.

Despite employing the high-resolution (H-R) method, peak separa-
tion for monolithic samples proved to be challenging. A pre-drying of the
samples showed a better reproducibility and is therefore highly rec-
ommended. Additionally, an alternative drying approach in a Ny gas
flow over 48 h, also showed no peak separation (see Online Resource 1:
I-T). One possible reason for this issue is certainly a temperature
gradient within the samples which led to an undesirable broadening of
possible different mass losses, and, thus prevents a peak separation.

Only grinded samples of the undamaged UHPC showed an additional
peak at 60 and 80 °C (see Online Resource 1: 9.1 _n-fat pow_H-R_n-treat
and 9.6_fat_ pow_H-R n-treat) when analyzed using the H-R method.
However, this kind of preparation is not recommended because hydrate
phases could be destroyed according to literature [35].

Finally, the recommendation for future investigations is, to use TGA
methods directly after fatigue loading to determine, whether or not the
observed changes are results of the storage in water or the fatigue
loading.

4.7. X-ray computed tomography (XCT)

X-ray computed tomography is an imaging method for non-
destructive material testing and three-dimensional visualisation of the
internal structure of an object. A conical X-ray beam radiate through a
central positioned test object and the intensity of the attenuated X-ray
photons are measured by an X-ray detector, which results in a stack of
projection images with different grey values. These grey values correlate
with the atomic number of the investigated material whereby darker
grey values in the projection images represent a higher transmission or
lower atomic number than the brighter grey values. In addition to the
grey values, the material composition of the test object determine to a
not inconsiderable extent the resolution of the projection images. Other
factors are the geometry of the test object and device-specific mea-
surement parameters. For further information about theoretical XCT
basics, the reader is referred to [41-43] for the associated analysis of the
tomographic datasets like reconstruction or further image stack
processing.

The fatigue-damaged UHPC samples as well as the undamaged
reference samples were investigated with XCT to identify and visualize
potential microstructural changes from the loading process. From each
of the cylindrical sample slices (three unloaded samples and three
fatigue-loaded sample) with the dimensions d/h = 60/35 mm (see
chapter 3), three cylindrical subsamples with the dimensions d/h = 10/

11

International Journal of Fatigue 199 (2025) 109038

20 mm were prepared in the form of drill cores. The undamaged as well
as the fatigue-damaged UHPC samples were investigated with a labo-
ratory submicron X-ray computer tomograph (Zeiss Xradia Versa 410)
equipped with a sealed 150 kV microfocus X-ray source (continuous
operation mode and tungsten reflection target). All tomographic scans
were carried out with an acceleration voltage between 80 and 100 kV
and tube currents between 100 and 125 pA resulting all in a focal spot
size of 7 um. A quartz glass filter (LEO5, Zeiss, Pleasanton, California)
was used to optimize the polychromatic wavelengths for an optimal
contrast. First of all each sample were measured with a large field low-
resolution overview scan to determine regions of interest (ROIs), where
microstructural details appear. Higher resolution tomographies for the
same field of view (FOV) over the entire sample height could addition-
ally achieved by a vertical stitch procedure, in detail by collecting and
stitching of three reconstructed volumes in the vertical direction. Once
ROIs are identified, they were further investigated by high-resolution
interior tomography scans to get insight into microstructural details of
the UHPC samples.

Based on the geometrical magnification — which results from the
ratio of the focus detector distance to the focus object distance (FDD/
FOD) — and the additional optical magnification different levels of detail
of the cement or concrete microstructure can be analysed. For the
overview and detail scans of the UHPC samples the different used
geometrical as well as optical magnification resulted in a pixel resolu-
tion of the images in the range 0.96 px to 10.85 px (see Fig. 16 and
Table 6). A pixel binning of 2 x 2, an exposure time of 3/12/70 s per step
and a total of 3201 projections over a 360° rotation resulted in large data
sets (comp. Table 6), which were subsequently reconstructed. The 3D-
tomographic reconstruction of all scans was done by a filtered back
projection method and the Feldkamp-Davis-Kress reconstruction algo-
rithm [43] using the software XMReconstructor (Zeiss). Within the
reconstruction, the beam hardening was corrected and the image quality
was optimised using a Gaussian filter. The reconstructed tomograms
were further processed using Avizo 9.4 (Thermo Fisher Scientific, VSG)
to visualize the orthogonal slices as can be seen in Fig. 16.

The basic structures of the UHPC samples are clearly visible in the
low-resolution overview images. Four components are directly visible in
the tomography images based on their different densities (atomic
number): black, predominantly spherical areas indicate the medium and
large capillary pores and some air pores, image areas in dark grey
represent the aggregates (here quartz sand), the smallest white particles
can be assigned to particles with high densities such as iron oxides/ti-
tanium oxides or clinker minerals like C3S, C2S, C4AF. The remaining
light grey area shows the cement paste matrix with finely distributed
hydrate phases, which cannot be resolved with submicron XCT (Fig. 16).

Using an image-processing programme, the individual sectional
images and the reconstructed volume were examined more closely. This
allows individual localities with elongated defects to be discovered,
which could indicate fatigue-induced damage. However, these defects
were found to a comparable extent and frequency in the undamaged and
fatigue-damaged samples examined. Higher magnifications and higher
resolution scans show the position and shape of these defects in greater
detail, but were not sufficient for a clear differentiation or allocation of
damaged and undamaged areas of the samples, even in the detailed
images of these individual examinations.

As a non-destructive imaging method, XCT is generally very well
suited to analyzing the (fatigue) damage occurring in concrete; however,
the detection of such damage zones at micrometer level in comparably
large specimens still poses a major challenge.

4.8. Dynamic mechanical analysis (DMA)

A Dynamic Mechanical Analysis (DMA) setup is presented, which
enable the characterization of evolving effective mechanical properties
through forced compressive oscillations. The DMA setup allows the
direct measurement of harmonic longitudinal and transversal strains
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(a) UHPC reference sample ) UHPC sample after fatigue load

pixel size:1.87 pm

pixel size: 0.96 pm

Fig. 16. Large field low-resolution overview scan, vertically stitched (left), zoomed-in (top right) and high-resolution interior tomography scan (bottom right) of (a)
an UHPC reference sample before loading (b) an UHPC sample after fatigue loading. Red rectangles mark areas with microstructural features.

Table 6
Experimental parameters for XCT measurements.

overview scan detail scan detail scan

voltage [kV] 80 100 80
tube current [pA] 125 100 125
focal spot size [um] 7 7 7

focus-detector-distance [mm] 230 58 49
focus-object-distance [mm] 36 18 14
optical magnification 0.4 10.0 20.0
exposure/acquisition time [s] 3 12 70
projections 3201 3201 3201
binning 2 2 2
filter LO5 LO5 LO5
stitch segments 3 — —
pixel size [um] 10,85 1,87 0,96

through strain gauges on the sample, as well as harmonic axial forces.
From the sinusoidal strain and force transients, effective properties like
the complex Young’s modulus and the complex Poisson’s ratio can be
computed. For compressive harmonic excitations, a high-voltage
piezoelectric actuator is used, which could be statically pre-stressed
and which allows for applied frequencies up to 1 kHz.

The schematic diagram of the DMA setup is depicted in Fig. 17. The
investigated samples have a cylindrical shape (length/diameter = 2.5,
with diameter = 30 mm). The DMA setup is subjected to a static preload
within a mechanical universal testing machine (Schenk-Trebel RM 50).
A frequency generator (Physik Instrumente P-517) generates low
amplitude sinusoidal voltage signals (-5 — +5 V) which are amplified
through a high-voltage linear amplifier (Physik Instrumente E-482).
With a maximum amplification factor of x = 100, the continuous si-
nusoidal signal is transmitted to the high-voltage piezoelectric actuator
(Physik Instrumente P-235.2 s). Using the piezoelectric effect, the
actuator converts the high-voltage signal into harmonic forced oscilla-
tions with amplitudes of up to 40 pm. A piezoelectric force sensor (HBM
CFW/50KN) with high-frequency sensitivity measures the resulting
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axial force. Additionally, a (redundant) calibrated aluminum cylinder
with axial strain gauge is applied to measure the axial force.

For local strain measurements, the cylindrical UHPC sample was
equipped with two strain gauges (HBM K-CXY1 T-Rosette). To monitor
the temperature in the vicinity of the sample, a PT-1000 temperature
sensor was employed. The applied low-frequency signal, the axial force
measured in the piezoelectric load cell and in the aluminum standard,
the axial and transversal strains, and the temperature of the piezoelec-
tric actuator were recorded using a 24 bit high-speed transient recorder
(HBM-HBK GEN2tB and GN1640B). The data transients are post-
processed within sliding windows and transformed to frequency
domain using a fast Fourier transformation (Matlab, The MathWorks,
Inc.). Finally, effective complex mechanical properties (E(w) and v(w))
are calculated from the raw signals. A detailed discussion of the forced
oscillation setup and alternative DMA setups can be found in [44-46].

From the post-processed data, for each excitation frequency (0.1 Hz
< f < 1000 Hz) the complex Young’s modulus E(») = E (w) +iE'(») and
complex Poisson’s ratio v(w) = v'(w) +iv"(w) (i is the complex unit) is
obtained. The ratio of the loss modulus E’(w) and the storage modulus
E(w) describes the loss factor tangy = E'/E which characterizes the
intrinsic attenuation of the sample. Note that ¢g(®) is the phase shift
between axial stress and axial strain in case of Young’s modulus (E(w)).
Regarding complex Poisson’s ratio (v(w)), the phase angle ¢, (@) is
calculated from the phase shift between the lateral and longitudinal
strains, e.g. [44,45]. In Fig. 18, it can be observed that for UHPC the loss
factors (phase shift) are small and only slightly dispersive with the fre-
quency increases. At around f = 300 Hz, a resonance effect of the setup
could be observed. Such resonance effects are inherent in those exper-
imental investigations and could not be avoided. The results of
frequency-dependent complex Young’s modulus are reported for UHPC
in two states, undamaged and fatigue damaged. The properties of the
material in the undamaged state are higher than those in the fatigue
damaged state. Furthermore, the complex Young’s modulus increases
with increasing frequency for both states. Conversely, as the frequency
increases, the Poisson’s ratio tends to remain constant for all states, and
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Fig. 17. Schematic sketch of the forced oscillation setup / DMA setup.

its range of variation is very small. Each sample has been tested three
times. The dotted lines indicate replicated results. There is an open ac-
cess version of the described and discussed measurement results shown
in Fig. 18 availabe in the Data Repository of the University of Stuttgart
(DaRUS) [47].

4.9. Gas sorption

Dynamic vapour sorption (DVS) is a gravimetric technique that
measures the quantity, and how quickly water vapor is adsorbed and/or
absorbed by a material, such as a cement paste matrix of a concrete. DVS
system works by flowing precisely controlled concentrations of water
vapours in dry air over a sample at a known flow rate and temperature.
The sample itself rests on a digital microbalance which detects the
adsorption or desorption of water vapor through the increase or
decrease in mass of the material as the relative humidity varies.
Compared to traditional methods, DVS provides a relatively quick way
of obtaining the water vapor sorption and desorption isotherm for
porous material (few days versus weeks to months). Using DVS instru-
ment the sample can weigh between 1 mg and 4 g depending on the
weighing mechanism of the ultra-sensitive recording microbalance. In
principle changes in sample mass lower than 1 part in 10 million can be
measured. To minimize equilibrium time, very small sample sizes
(typically 10 mg) are used. The operation of the DVS takes place with a
fully automated DVS control software package. This allows to analyse
vapor sorption processes under dynamic conditions, where the sample is
placed on an ultra-accurate mass balance in a controlled environment.
The relative humidity (RH) of the sample chamber is increased
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gradually, for example, in 10 % RH steps from 0 % RH to 95 % RH. As the
sample absorbs the solvent (water vapor), its mass increases, which is
measured by the balance. After the maximum humidity has been
reached, the process can be reversed to see how the mass changes with
decreasing humidity. The resulting graph will yield information on the
absorption and desorption characteristics of the sample as shown in
Figs. 19-22.

The investigations described below were carried out with a DVS
system from POROTEC. The used software package is DVS Win Version
2.18. Two samples damaged by fatigue loading (PK2_1 and PK8_1) and
two undamaged samples (PK2_2 and PK8_4) were analysed. From each
sample, a small quantity of material was taken from two different lo-
cations (disc 9 and 10). Therefore, in total 8 samples were investigated.
All samples are from one batch, whereby the test specimens PK2 were
concreted before the test specimens PK8.

The following diagrams show the changes in mass of the samples as a
function of relative humidity. In Figs. 19 and 20, the fatigue damaged
sample PK2_1 is compared to the undamaged sample PK2_2 with disc 9
(Fig. 19) and disc 10 (Fig. 20). In Figs. 21 and 22, the fatigue damaged
sample PK8_1 is compared with the undamaged sample 8_4.

With the exception of Fig. 22, the results show a trend that the
analyzed material of the fatigue damaged samples (solid, red) has a
lower moisture absorption than the undamaged material (black,
dashed). At 80 % RH, all analysed samples showed a significant increase.
This increase is due to the effect of capillary condensation. It is known
that the confinement in porous media introduces significant effects to
many physical properties of fluids entrapped inside the pores including
the phase equilibria [48]. Due to the strong interaction between a solid
wall of pores and vapor in the confined space, phase transitions such as
capillary condensation occur at temperatures and pressures different
from those outside the pores [49]. For example, the vapor pressure of
water vapor generally decreases in the confining pores. This means, the
vapor phase of the fluid condenses at a lower pressure at a fixed tem-
perature than it does in the bulk phase outside the porous medium.
According to the Kelvin equation, capillary condensation in the
cementitious materials can start at a relative humidity of more then 50
% RH in pores. For an estimation of the order of magnitude of the
confinement at which capillary condensation occurs, in [50] it is
considered, that in case of water vapor at room temperature with a
surface tension of ¥}, = 72mJ/m? and, pl =5.5 x 10* mol/m?, and an
assumed contact angle of ¢ = 30° in ambient conditions with a relative
humidity of Py/Psy = 40 % RH, one has a Kelvin radius associated to the
undersaturation of rx ~ 0.6 nm and a distance of the parallel solid sur-
faces of the nanopores with D, ~ 1 nm. It is obvious that the scale is in
the range of the Kelvin equation, and increases quickly with humidity.
So, it reaches 4 nm at 80 % RH and 18 nm at 95 % RH. Therefore,
capillary condensates are ubiquitous in ambient conditions. Only
adsorption takes place below this value. [51,52].

Therefore, a lower amount of adsorbed moisture at higher relative
humidities observed at the damaged samples due to fatigue loading as
shown in Figs. 19-21 illustrates that the volume of nanopores has
decreased compared to the specimens which were not subjected to fa-
tigue loading. It is known from [53] that fatigue stresses lead to larger
pores in the cement stone which equally indicates a reduction of the
inner surface area.

It is assumed that the nanopores in the cement gel, which occur
mainly in the C-S-H phases, coalesce into larger “collective pores” as a
result of the fatigue loading. The C-S-H phases must be therefore real-
igned at a closer distance from each other. The result should be a denser
material structure around these collecting pores.

This effect can also be explained in more detail by interpreting the
TEM-results in Chapter 4.2. Fatigue damage causes the morphology to
become denser and dark material contrasts to form in the cement paste
matrix, which indicates a very low density in that area. The adjacent
material is compacted in the process and seems to be brighter. This re-
sults in a decreasing volume of nanopores as shown with the sorption
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Fig. 19. Changes in mass as a function of relative humidity for the fatigue
damaged sample PK2_1 and undamaged sample PK2_2 (disc 9).

isotherms in Figs. 19-21. The DVS can therefore be used to detect
fatigue-related changes in the cement paste on a nanopore size scale of
up to 18 nm.

Due to the small number of sample results, additional data should be
collected to confirm the assumptions made.

14

|[—— damaged by fatigue PK2_1_disc_10
- - - undamaged PK2_2_disc_10

(]
1

Mass watter conten [%]

T
100

Relative humidity [%]

Fig. 20. Changes in mass as a function of relative humidity for the fatigue
damaged sample PK2_1 and undamaged sample PK2_2 (disc 10).

4.10. Measurements of porosity and pore structure

The UHPC before and after fatigue loading was investigated by
mercury intrusion porosimetry (MIP), by measuring the free water up-
take (DIN EN 14617-1 [54]), and the water uptake under vacuum (DIN
EN 772-4 [55]). The samples for the water uptake were dried at 70 °C
before. Disc-shaped samples of 1 cm thickness were used. It was
necessary to dry the specimens for 99 days, because of their high
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Fig. 21. Changes in mass as a function of relative humidity for the fatigue
damaged sample PK8_1 and undamaged sample PK8_4 (disc 9).
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Fig. 22. Changes in mass as a function of relative humidity for the fatigue
damaged sample PK8_1 and undamaged sample PK8_4 (disc 10).

impermeability. The undamaged specimens showed a weight loss of
5.36 + 0.13 % (4 specimens), the fatigue damaged specimens a weight
loss of 5.27 + 0.12 % after 99 days (5 specimens). No significant dif-
ference between specimens before and after fatigue loading was
observed. The free water uptake and the water uptake under vacuum
experiments showed a water uptake with decreasing rate until about 57
days for all samples. At this time the free water uptake amounts to 2.55
+ 0.22 w.-% before fatigue loading and 2.53 + 0.08 w.-% after fatigue
loading, and the water uptake under vacuum amounts to 2.69 + 0.24 w.-
% before fatigue loading and 2.72 + 0.23 w.-% after fatigue loading. As
to be expected there is a small difference between the free water uptake
and the water uptake under vacuum, but no significant difference be-
tween specimens before and after fatigue loading. After that a slow
further increase in weight is observed without significant differences
between the samples with and without fatigue. The weight loss by
drying was not reached after 500 days of water uptake. Fig. 23 shows
typical curves.

The principle of MIP is to increase the mercury pressure around the
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specimen and to measure the intruded volume as a function of pressure.
The higher the pressure the smaler the pores filled. With the washburne
equation the mercury pressure is converted into a pore radius. In spite of
the known disadvantages of the method (unknown contact angle,
assumed here to 140° (DIN ISO 15901 [56]) and assumptions on the
pore shape, ink-bottle effect) the method is a powerful tool to get in-
formation about the pore structure. For further information on the
method see [31].

For the MIP measurements a ,,Pascal 440 by ,,Thermo Fisher Sci-
entific instrument“ was used. The specimens were dryed at 40 °C in
vacuum. Measurements were performed using a step mode. Table 7
shows the results. Fig. 24 shows the cumulative pore volume of the
UHPC. A significant difference between the samples before and after
fatigue loading was not observed. Another investigation in a second
laboratory gave the same result. In addition it should be mentioned that
in the case of a normal strength concrete Tomann [57] observed an in-
crease of the total pore surface due to fatigue loading until failure,
especially in case of a high water content in the specimen. It should be
mentioned, that in addition the UHPC contains a coarse porosity, that
can not be measured by MIP.

4.11. Micro-/nanoindentation

A key question to be solved in this research was, how a fatigue
loading will influence the mechanical properties of concrete and espe-
cially of its constituent hardened cement paste on a microstructural
level. Here, it is especially interesting to study, at which scale level fa-
tigue damage can actually be observed. Herefore, nano- as well as
microindentation testing was carried out. Both techniques consist of
probing the samples surface with a diamond indenter tip, by applying a
force perpendicular to the samples surface, thus indenting the mineral
phases present at the indentation spot. With regard to the question,
which scale levels are influenced by fatigue, it must be noted that
nanoindentation probes a volume of approx. 1 um® whereas in micro-
indentation, a much larger volume of up to 0.1 to 0.2 mm? is probed.

From the load-deformation (i.e. the load-indentation) curve (see
Fig. 25a), information on the stiffness (indentation modulus M) and
hardness H can be determined [58]. As hardened cement paste and
concrete are highly heterogeneous at the mentioned scale levels, sta-
tistical indentation was carried out, yielding information on the me-
chanical heterogeneity of the samples on a microstructural level (see e.g.
[59]). Similar experiments have e.g. been carried out to study the effect
of low w/c ratio [60], the partial substitution of cement by calcined
clays [61] and the processes occurring during concrete creep [62,63].

The microstructure of hardened cement paste is primarily respon-
sible for the mechanical properties of the concrete. It develops during
hydration resulting mainly in the formation of Calcium-Silicate-
Hydrates (C-S-H) and Calcium Hydroxides (CH). The effect of a fatigue
loading onto the mechanical properties of these phases currently is un-
known and was therefore of key interest in this study. By coupling
nanoindentation results with mechanical models, such as presented in
[62], information on a scale level as low as < 10 nm can be drawn (see
e. g. [63]).

In this study, cylindrical specimen slices with a height of 10 mm and
a diameter of 60 mm were extracted from the large concrete samples
and again cut into 4 segments. After cutting, each slice was stored in a
climate chamber under a nitrogen atmosphere with a relative humidity
of 33 % to prevent carbonation effects. Directly before testing, the sur-
faces of the samples were grinded and polished using SiC papers in order
to achieve an even surface to get repeatable results [64].

The microindentation measurements were carried out using a micro
combi tester machine (Anton Paar MCT®) with a 4-sided Vickers tip. For
each sample, a total of 225 indentations were conducted withina 15x 15
grid (spacing 400 pm) dispersed across the sample surface. The in-
dentations were applied force-controlled using a trapezoidal load his-
tory with a maximum deformation of 25 ym and a 10-second holding
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Table 7
UHPC, results of MIP.

Undamaged Fatigue damaged
sample sample
Number of specimens 4 4
Total pore volume [mmS/g] 12.5 + 2.0 12.2 + 3.0
Total pore surface [m?/g] 2.8+0.7 23+04
Average pore diameter [nm] 185+ 25 22.0+74
Medium pore diameter [nm] 426 + 411 679 + 598
Modal pore diameter [nm] 5.18 + 0.52 4.90 + 0.01
Porosity [vol.-%] 2.86 + 0.44 2.75 + 0.64
Bulk density [g/cm®] 2.28 + 0.04 2.27 + 0.06
Bulk density (measured by weighting 223+01(Mm= 234+01Mm=4
under water) [g/cm®] 5)

phase at maximum load. The loading and unloading rate were kept
constant at 10 N/min. The nanoindentation measurements were con-
ducted using a Anton Paar NHT® nanoindentation tester machine with a
3-sided Berkovich tip. A total of 625 indentations was applied to each
sample within a 25 x 25 grid, spaced at 15 um. The tests were performed
force-controlled at a maximum load of Fy,x = 5 mN and at a loading and
unloading rate of 0.03 N/min, see Fig. 25(a).

Two material properties are analysed in this study as indicators of
fatigue damage: the indentation hardness H, which correlates with the
strength of the material, and the indentation modulus M, which is
related to the modulus of elasticity of the material (details on data
evaluation etc. see [63]). The mechanical properties determined by
nanoindentation are analysed using a Gaussian Mixture Model approach
coupled to a micromechanical model [62]. The results reveal the pres-
ence of five clusters representing five different phases in the investigated
concrete. For further analysis and discussion, the paper will focus on the
two types of C-S-H phases (low density (LD) with low packing density
and high density (HD) with high packing density; [65]), as these are
mainly responsible for the mechanical properties. Fig. 25 (b) and (c)
illustrate the distribution of the indentation modulus M determined by
nanoindentation on one representative fatigued specimen.

No significant impact of fatigue damage on the results determined by
microindentation could be observed (not shown). In contrast, with
nanoindentation some differences were observable. The influence of the
fatigue damage on the mechanical properties of LD- and HD-C-S-H
phases are illustrated in Fig. 26. It can be seen that the mean value of
indentation hardness as well as of the indentation modulus of all three
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samples are decreased slightly due to fatigue loading. Interestingly, a
strong decrease of the mechanical properties of high-density C-S-H
phases due fatigue loading is visible. However, the influence of fatigue
damage on both mechanical properties of HD-C-S-H phases are still in
scattering range.

Overall, the results indicate that fatigue loading leads to a deterio-
ration of the micromechanical properties of cement paste. This influence
is particularly visible in the results obtained with nanoindentation
measurements, suggesting that fatigue damage occurs within a scale
range significantly below one micrometer. Moreover, there are in-
dications that fatigue damage takes place in the densest structures (HD-
C-S-H), leading to a decrease in stiffness and hardness. As LD-C-S-H
phases have a representative size below approx. 20 nm and HD-C-S-H
is understood to be even smaller in size (see [65]), there is substantial
indication that it is this scale level which is affected by fatigue. In
summary, indentation (especially nanoindentation) seems to be a suit-
able method for characterizing fatigue damage in the microstructure of
concrete and identifying the mechanisms responsible for the damage.
However, there are several challenges especially concerning the
considerable scatter of the results. Here, extended research by the au-
thors on pure hardened cement paste shows a significantly reduced
noise, confirming the above results.

4.12. Acoustic emission techniques

Following [66] acoustic emission techniques (AET) are different
from other non-destructive testing methods (NDT) because it is usually
applied during loading. A structure or structural part can be tested under
real load conditions (or similar to these) and AET is able to detect a
failure due to fatigue inside this structure at a very early stage, long
before it completely fails. AET detects the elastic waves radiated by a
growing fracture. It usually identifies defects while they develop during
the test — the defect quasi “produces” the test signal. These characteristic
features of the AE method result in advantages as well as disadvantages.

An advantage of AE techniques is that damage processes in materials
being tested can be observed during the entire load history, without any
disturbance to the specimen. AE studies require that under favorable
conditions only a few sensors are able to monitor the AE activity of a
structure, provided there are sufficiently strong signals to cross a
threshold called trigger level. The sensors can be fixed to the surface of
the specimen for the duration of the test and do not have to be moved to
scan the whole structure point by point. Access to both sides of an object,
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specimen. (c) Probability density and deconvolution of indentation modulus M in five phases (LD-C-S-H, HD-C-S-H, a mix phase of LD-C-S-H intertwined with CH

and quartz and clinker).

which is necessary for all through-transmission methods, is not required
in AET.

A disadvantage of the AET method is that a particular signal is not
perfectly reproducible due to the nature of the signal source, e.g. the
sudden and sometimes random formation of a crack. Although speci-
mens of the same shape and same material properties should cause
similar AE activities under load, this is not always the case. Materials
with scattered inhomogeneities (like fibers in concrete) of a particular
dimension, will not give similar AE results if the wavelength of the
signals is of a similar size as the heterogeneities. This is one of the rea-
sons why it is useful to compare the results of acoustic emission tests
with other testing methods, for example using a visual inspection of the
surface (digital image correlation techniques), ultrasound methods, X-
Ray, or RADAR.

Another point addresses the energy released by acoustic emissions.
Signals — in particular those used as precursors of failure — are usually
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several magnitudes smaller compared to signals used in ultrasonic
techniques. This requires much more sensitive sensors as well as reliable
amplifiers and pre-amplifiers. Problems related to this are the influence
of ambient noise, the attenuation of signals, and the probably resulting
low signal-to-noise ratio. It requires sophisticated data processing
techniques to detect acoustic emissions, to localize them, and to apply
other advanced techniques or inversions. A reliable analysis of acoustic
emission signals and the interpretation of the data in material testing are
very often only possible in cases where the signals have been localized
successfully. Signal localization is the basis of most analysis techniques
used in AE based on signal recordings. The sources of acoustic emissions
can have widely varying characteristics due to significant differences in
the source signals. These differences get more pronounced using non-
resonant transducers and after separating signals from noise, which
can arise from artificial or natural sources with origins inside or outside
the tested object.
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Fig. 26. Indentation hardness H and modulus M of LD and HD-C-S-H phases of reference samples (not damaged) and damaged samples extracted from larger

concrete slices determined by statistical nanoindentation.

AET can be divided into two main groups: parameter-based (clas-
sical) and signal-based (quantitative) AE techniques [67]. If AE events
are recorded with one or more sensors, such that a set of parameters are

extracted from the signal and later stored but the signal itself is not
stored, the procedure is usually referred to as a parameter-based (or

amplitude

signal onset

i

classical) AE technique. Some typical AE parameters extracted by con-
ventional AE equipment are the maximum peak-to-peak amplitude, the
arrival time (defined as the first crossing of a given amplitude
threshold), the rise time (defined as the duration between the arrival
time and the time where the maximum amplitude is recorded) and the

max. amplitude (peak to peak)
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Fig. 27. Definition of parameters of an AE signal [66].
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duration (defined by the last crossing of a given amplitude threshold)
[68]. A typical signal measured (but not stored) in AE analysis using the
classical approach is given in Fig. 27.

If a signal-based approach is used, the waveforms recorded by the
sensors (preferably sensors with a broadband frequency response) need
to be analyzed. A suite of analysis procedures exists to evaluate fracture
parameters [66]. The first step in the analysis is usually the 3D locali-
zation of the sources of AE signals. More advanced analyses may then be
applied, for instance, source mechanism calculations. For localization
techniques see [69]. More sophisticated AE techniques are related to
waveform inversions or inversions onto the moment tensor. This could
give insight into the fracture size, orientation, and fracture mode (so-
called Mode I, II, or III). A comprehensive representation of the state of
the art in AET can be found in Grosse et al. [66] and the included ref-
erences of the individual chapters. Applications of AET in regard to short
and long-fiber reinforced concrete can be found in the literature [70,71]
as well as reports about practical applications in the field [72].

The acoustic emissions are also indicator for the evaluation of
damage activity of concretes within fatigue tests. Here, one parameter is
the number of AE-hits which depends e.g. on the concrete composition
and the maximum stress level of fatigue loading. The cumulated
numbers of AE-hits are generally lower for concretes and mortars at
higher stress levels and, thus, lower numbers of cycles to failure
compared to lower stress levels. However, the gradient of cumulated AE-
hits, meaning the increase in AE-hits per load cycle, is steeper for higher
stress levels [73].

In [72] stepwise developments of cumulated AE-hits have been
found for high-strength concretes and mortars of different compositions
tested at a maximum stress level of S;;,q, = 0.70. However, these stepwise
developments could not be observed at a higher stress level of S;q =
0.85 [73]. Those stepwise developments were not straight visible in the
macroscopic indicators strain and stiffness development. Therefore, it
was hypothesized that parts of the damage process are occurring on such
very small scales (maybe sub-microscale) in the sections with a strong
AE-hits increase that they are not (yet) visible in the macroscopic strain
development. Furthermore, within the rather horizontal parts, equilib-
rium states of these parts of the damage process might be reached within
the microstructure [73].

In Fig. 28, single curves of the cumulated AE-hits are shown with
respect to the relative numbers of cycles to failure N/N¢ for the three
UHPC-specimens tested at a maximum stress level of Sy = 0.75 until
fatigue failure. It is visible that the developments of cumulated AE-hits
also contain steps within their slopes similar to the findings in [73].
Furthermore, the number of AE-hits increases significantly at the end of
the fatigue tests.

However, meanwhile it became clear that the simple counting of AE-
hits has only a very limited significance with regard to the damage
processes in the microstructure of concrete. In addition, the character-
istics of the AE-hits have to be considered in the analyses to gain insights
into damage processes. The clustering technique using Gaussian mixture
modelling is a promising analysing method which was firstly applied to
the AE-hits caused by compressive fatigue loading in plain concrete
[13]. Hereby, the AE-hits were assigned to two different clusters which
are possibly related to two different damage mechanisms based on the
parameters AF (average frequency) and RA (rise time/amplitude). In
experiments with high-performance concrete the clusters can be related
to the phases of fatigue, so that the change from phase II to phase III can
be determined with AET. In addition, AET also shows in this case, that in
dry specimens hits are generated mainly at maximum stress level, in
moist specimens mainly at minimum stress level. This permits an insight
in details of the damage process.

5. Conclusions and useful (combinations of) methods to
examine the fatigue damage in concrete

The compressive fatigue of ultra-high strength concrete results first
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in alterations of the binder on the nano-scale, distributed across the
concrete (densification of the C-S-H, alteration of ettringite). Some of
these alterations change into damages on the nanoscale (nanocracks)
with further fatigue loading. These alterations and damages can only be
observed directly with Transmission Electron Microscopy (TEM). TEM
examinations of concrete require the Focus Ion Beam (FIB) technique to
prepare suitable specimens (TEM lamellae). An additional significant
advantage of TEM is the possibility of chemical element analysis with a
spatial resolution in the nanometer range.

These alterations and damages on the nanoscale also result in a
coarsening of the pore structure that are indirectly observable in the
results of gas sorption techniques, for example Dynamic Vapour Sorp-
tion (DVS). In addition some changes in the C-S-H-structure seem to be
observable with special techniques of Infrared Spectroscopy (IR), but not
with Raman Spectroscopy up to now. With Thermogravimetric Analysis
(TGA) a significant change of water content due to the fatigue loading is
measurable as well. This can be a side-effect of a temperature-increase
and further hydration during the fatigue loading. Although, with TEM,
changes of ettringite were identified as one of the alterations on the
nanoscale, no significant changes of the X-ray powder diffraction signals
due to the fatigue experiments on UHPC could be observed.

In macroscopic experiments, fatigue loading results in measurable
changes of the mechanical properties. With Dynamic Mechanical Anal-
ysis (DMA) experiments on a smaller scale, the complex Young’s
modulus and the complex Poisson’s ratio can be computed. With
microindentation no significant changes by fatigue loading could be
observed. But with nanoindentation the fatigue damage result in
reduced indentation hardness and indentation modulus of the HD-C-S-
H-phase while the LD-C-S-H-phase seems unaffected.

Within the priority programme SPP 2020 “Cyclic Deterioration of
High-Performance Concrete in an Experimental-Virtual-Lab” the
Acoustic Emission Technique (AET) was helpful to get information on
the damage process during ongoing fatigue loading. The clustering of
signals by their characteristics shows different type of signals in the
different phases of fatigue. AET also shows a very different damage
behaviour of dry and moist materials. Often AET appears to be more
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sensitive to the fatigue progress than macroscopic damage indicators.

With preceeding fatigue loading, damages on the nanoscale will
transform to cracks, first on the microscale and later, on the macroscale.
The higher the strength of the concrete, the later such cracks will occur.
In the case of the UHPC examined here, no significant difference be-
tween specimens with (beginning of phase III) and without fatigue
loading could be observed with X-ray computed tomography (XCT). Of
course, the different components of concrete, including fibres and pores
are observable with XCT. However, the XCT-technique does not perform
as well as expected with respect to damage in the concrete microstruc-
ture at the beginning of the priority programme SPP 2020.

Microcracks are also visible with light microscopy. The number of
cracks in the UHPC specimens after fatigue loading appears to be higher
than before. This is proven for HPC. In addition, polarized light micro-
scopy is an excellent technique for phase and microstructure analyses on
the micrometer scale. A vacuum treatment of the specimens is not
necessary. Therefore, no shrinkage cracks occur in contrast to classical
scanning electron microscopy (SEM). In TEM examinations, shrinkage
cracks are not a problem because a TEM lamella is very small and will
usually be extracted between shrinkage cracks.

Investigations of the drying behaviour, the free water uptake, the
water uptake under vacuum and by mercury intrusion porosimetry
(MIP) showed no significant difference between the UHPC before and
after fatigue loading. However, this will be the case with lower-strength
materials and with specimens very close to breakage.
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