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Abstract The results of compressive fatigue inves-
tigations on four high-strength concretes and their
corresponding mortars are presented. The influences
of coarse aggregates generally, the substitution of
basalt coarse aggregate by granite, the addition of
silica fume and the variation of the water to cement (w/
¢) ratio are investigated systematically. The numbers
of cycles to failure, the developments of strain,
stiffness, dissipated energy and acoustic emission hits
are focused on in the analyses. The results clearly
show that coarse aggregates can influence the fatigue
behaviour of concretes in a negative way at higher
stress levels and in a positive way at lower stress levels
compared to mortars. The granite coarse aggregate
decreases the adverse effect at higher stress levels due
to its lower modulus of elasticity compared to that of
the basalt aggregate. Silica fume improves the fatigue
behaviour of concrete and mortar strongly. The
increase of the w/c ratio and, thus, the increase in
porosity reduces the fatigue resistance of concrete and
mortar significantly, due to the weakening of the
mortar matrix and of the interfacial transition zone.
The results demonstrate the interaction of the coarse
aggregates and the mortar matrix with their specific
properties, which leads to a certain fatigue behaviour.
The acoustic emission gives additional valuable
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strain-independent information of the damage pro-
cesses occurring, possibly also on micro- and
nanoscales.

Keywords High-strength concrete - Fatigue
damage - Strain - Stiffness - Dissipated energy -
Acoustic emission

Nomenclature

Meaning of symbols

d [mm] Diameter of specimen

2Ep [kJ/m3] Total sum of dissipated energy,
N/N; = 0.0-1.0

av E%>708 Average dissipated energy in phase II

[kJ/m?] between N/N; = 0.2-0.8

grad EX?708  Gradient of dissipated energy

[kJ/m?] development in phase II between
N/N; = 0.2-0.8

E.., [MPa] Mean value of modulus of elasticity
of concretes and mortars

Eq [MPa] Stiffness in case of fatigue loading

Percentile reduction of stiffness
between N/N; = 0.0-1.0

AEgAO—l.O [%]

grad E3*7%  Gradient of stiffness development

[MPa] between N/N¢ = 0.2-0.8

“m [MPa] Mean value of 28-day compressive
y p

strength
Mean value of 28-day compressive

strength, 100 mm cube
nilem

fcm,cube [MPa]
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Semref [MPa]  Fatigue reference compressive
strength

fi [Hz] Test frequency

h [mm] Height of specimen

N [-] Number of cycles applied

Nt [-] Number of cycles to failure

N/N; [-] Related number of cycles applied

2ny [-] Total number of AE-hits,
N/N; = 0.0-1.0

grad ngu%n*]g)g Gradient of cumulated AE-hits

=] development in phase II between
N/N; = 0.2-0.8

Smax =] Maximum compressive stress level,
Smax = Omaxfemref

Smin [=1 Minimum compressive stress level,

Smin = O-min/fcm,ref

Meaning of Greek letters
Emax [%00] Strain at maximum peak stress
Emin [Y00] Strain at minimum peak stress

A&00-1.0 Total growth of maximum strain,

[%00] N/N; = 0.0-1.0

Ael0-1.0 Total growth of minimum strain,

[%0] N/N¢ = 0.0-1.0

grad 2208 Gradient of max. strain development in
-] phase II between N/Ny = 0.2-0.8

grad ¢22-08  Gradient of min. strain development in

.| phase II between N/Ny = 0.2-0.8

Omax [MPa]  Maximum peak stress (at maximum
stress level)
Omin [MPa] Minimum peak stress (at minimum

stress level

1 Introduction

Concrete compositions with ever-higher compressive
strengths enable the realisation of more filigree
concrete structures. These structures are exposed to
fatigue-relevant loads to a higher extent because of
their lower ratio of deadweight to non-static loads.
Moreover, special structures, such as wind energy
turbines or machine foundations, are generally
exposed to fatigue loading with huge numbers of load
cycles. The development of concrete types with ever-
higher compressive strengths and the expanded con-
struction of wind energy turbines have led to increased
research activities in the field of fatigue resistance of
concrete in the last few decades. After focusing mainly

on the numbers of cycles to failure, the focus has been
more on the damage process in concrete in the last
years (e.g. [1-3]), using damage indicators such as
strain, stiffness or dissipated energy.

It is well-known that high-strength concrete has a
denser binder matrix with increased compressive
strength and improved interfacial transition zones
(ITZ) compared to normal-strength concrete. This also
leads to an increased modulus of elasticity. However,
the influence of the improved microstructure on the
compressive fatigue resistance has not yet been
clarified. Contradictory results are documented in
literature. Some investigators found that high-strength
concrete has a lower fatigue resistance compared to
normal-strength concrete (e.g. [4]). No or negligible
influence was found in other investigations (e.g.
[5-9]). However, consensus exists concerning differ-
ences in the well-known s-shaped strain development
with three phases. High-strength concrete shows a
longer second phase of the strain development com-
pared to normal-strength concrete [1, 4, 9—11].

Only a few investigations were focused on the
influence of the concrete composition and the porosity
of the mortar matrix on the compressive fatigue
behaviour. Mehmel and Kern [12] investigated the
compressive fatigue behaviour of normal-strength
concrete and of cement stone. They found that the
interaction between the “solid phase” (coarse aggre-
gates) and the “viscose phase” (cement stone) is
essential for the fatigue behaviour of concrete.
Furthermore, the change of the increasing branch of
the hysteresis loop from a convex to a concave shape is
characteristic for concrete and could not be detected
for the cement stone. This change of shape of the
hysteresis loop for concretes can be traced back to
stiffening in the range of higher stresses and loosening
in the range of lower stresses, which was confirmed by
[2]. Shah and Chandra observed that the interaction
between aggregates and cement stone is essential for
the fatigue failure mode of concrete [13]. Furthermore,
they found that specimens of cement stone did not
show volume dilatation at the end of the fatigue
process and, thus, differ strongly from concrete. They
postulated two stages of crack growth, which depend
on the maximum stress level applied. Stage I crack
growth, without volume dilatation, occurs in concrete
specimens, which did not fail, and in specimens of
cement stone. Stage II crack growth, with accompa-
nied volume dilatation, occurs in concrete before
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failure occurs. Mun et al. stated that the fatigue
behaviour of concrete is influenced by the type of
binder and by the compressive strength [14].

Regarding the influence of the type of coarse
aggregate, Breitenbiicher et al. [15] and Ibuk [16]
found for a normal-strength concrete that the sensi-
tivity towards compressive fatigue damage increases
with increasing differences in the modulus of elasticity
between coarse aggregate and hardened cement paste.
However, no differences in the numbers of cycles to
failure and the strain gradient in phase II could be
found in [5] for a high-strength concrete with lime-
stone or gravel as coarse aggregates.

Mehmel and Kern [12] and Lusche [17] understood
the stiffer coarse aggregates as a disruption of the
cement matrix in their model suggestion. They lead to
an inhomogeneous stress distribution with areas of
internal peak stresses, which are higher than the
external subjected stresses. These areas are located in
the cement matrix next to the coarse aggregates. The
ratio of stiffness between the coarse aggregates and
cement matrix as well as the size and volume of the
aggregates influence the magnitude of the internal
peak stresses. Mehmel and Kern assumed that these
areas of internal peak stresses, caused by the hetero-
geneity of concrete, lead to damage and deterioration
within the cement matrix in addition to the damage in
the ITZ [12]. The results of Thiele [2] confirm a strong
inhomogeneous three-dimensional stress distribution
with a diffuse, spread compressive damaging effect in
the cement matrix, and a localised, vertically orien-
tated tensile damage. It is assumed that the compres-
sive fatigue behaviour is strongly influenced by these
compressive damage effects [2]. Results documented
in [18] confirm the findings of [2, 12].

Vicente et al. [19] reported for a high-strength
concrete containing air-entraining agent that higher
porosity leads to a worse compressive fatigue resis-
tance at the same stress level applied. Furthermore,
they found that especially the bigger pores have a
negative effect because of the creation of stress
concentrations in the mortar matrix. Of course, these
findings can only be hints because of the different
characteristics of synthetically induced air pores
compared to natural existing pores in the concrete
microstructure. Zhang et al. found no influence of
different water to cement (w/c) ratios on the bending
fatigue resistance for a normal-strength concrete [20].
Weng et al. investigated normal-strength mortars with

different w/c ratios regarding the acoustic emission
activity due to monotonically increasing compressive
loads [21]. The number of the acoustic emission hits
(AE-hits) linearly decreases with an increasing w/c
ratio. Weng et al. attributed this effect to the increased
porosity, which may facilitate the growth of cracks
and results in an earlier failure of the specimens.

It is well-known that silica fume reduces the
porosity and the number and size of cracks in the
ITZ and mortar matrix of the pristine concrete due to
the filler effect, crystallising effects and the pozzolanic
effect. Thus, it improves the strength of the ITZ and
mortar matrix (e.g. [22-24]). Concerning the influence
of silica fume on the compressive fatigue behaviour,
no investigations could be found in literature. How-
ever, improved bending fatigue resistance was found
in [22] for a high-strength concrete and in [25] for a
high-strength self-compacting concrete with silica
fume.

Indications are available that fatigue damage might
be traced back to the formation and development of
cracks in the mortar matrix and in the ITZ [13-15, 26].
Due to the diffuse compressive fatigue damage, which
occurs on a very small scale, and due to the limited
resolution in combination with limited sizes of inves-
tigable regions of interests, cracks are generally hardly
reliably detectable with imaging techniques and
mostly only in phase III of the strain development
(e.g. [2, 13]). Even computer tomography often only
enables the detection of relatively wide cracks shortly
before failure due to the high density of the concrete
and the necessary specimen diameters for fatigue
testing (see e.g. [25, 27, 28]). However, Schaan et al.
[29] found needle- or lath-shaped regions of lower
density in the binder matrix of an ultra-high-strength
concrete using transmission electron microscopy
(TEM) and focused ion beam (FIB). This damage on
the nanoscale increased in number within the com-
pressive fatigue process.

Overall, the measuring and analysing of (macro-
scopic) damage indicators is of great importance for
the fatigue research of concrete, due to the existing
limitations of the imaging techniques. In addition to
strain, stiffness and dissipated energy development,
the acoustic emission is a continuously measurable
damage indicator, which allows for additional and
strain-independent information about the damage
process in concrete’s microstructure [18, 30-33].
Overall, very little knowledge exists today about the
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influence of the concrete composition or, rather, the
properties of concrete microstructure on the compres-
sive fatigue behaviour.

In this paper, the results of compressive fatigue
tests on four different, systematically modified con-
crete compositions and their corresponding mortars
are presented. Two types of high-strength concrete
with basalt, respectively, granite coarse aggregate, one
high-strength concrete with added silica fume and one
high-strength concrete with a higher w/c ratio, respec-
tively, higher porosity of microstructure are analysed.
The fatigue behaviour of their corresponding hardened
mortar matrix, called ‘mortar’, is analysed compara-
tively, investigating the influence of coarse aggre-
gates. The numbers of cycles to failure, the
developments of strain, stiffness, dissipated energy
and AE-hits are focused on in the analyses. The results
presented were determined within a conjoint research
project together with Prof. Lohnert, TU Dresden,
which is part of the DFG Priority Programme SPP
2020.

2 Experimental programme

2.1 Materials and specimens

2.1.1 Concrete composition and mortars

Four high-strength concretes were investigated
(Table 1). Concrete RH1-B is the reference composi-
tion in this project and in the Priority Programme SPP

2020 with a w/c ratio of 0.35, basalt aggregate and
without silica fume. Concrete RH1-B-Si has the same

composition as RHI1-B but the cement was partially
replaced by silica fume, following the approach of the
same paste film thickness of [34]. In addition, a high-
strength concrete RHI1-B-w with an increased w/c
ratio of 0.5 and a lower compressive strength was
considered. This composition is slightly further
adjusted in order to ensure similar fresh concrete
properties. Based on the reference composition, the
basalt aggregate was substituted by granite aggregate
with the same mass content and the same grain size
distribution in concrete RH1-G. The densities of
the aggregates were experimentally determined as
2.9 kg/dm® for the basalt and as 2.7 kg/dm® for the
granite. Thus, the volume of the granite aggregate in
RH1-G is with 105% slightly larger than the volume of
the basalt aggregate in RH1-B.

In addition, corresponding mortars were investi-
gated (Table 2). The mortars were obtained by sieving
off the concrete components with grain sizes >
2 mm. Concrete RH1-G was included to investigate
the influence of different types of aggregates on the
fatigue behaviour of concrete. Thus, no corresponding
mortar of RH1-G was included in the investigation.
Because mortar M-B could contain a small volume of
basalt particles smaller than 2 mm, comparison is not
drawn between M-B and RH1-G.

The compressive strengths of the aggregates were
tested using drill cores with a height of 2 = 180 mm
and a diameter of d = 60 mm. The test velocity was
0.5 MPa/s. The modulus of elasticity was determined
according to DIN EN 12390-13 [35] using drill cores
with & = 300 mm and d = 150 mm. The basalt has a
mean compressive strength of f.;,,, = 326 MPa and a
mean modulus of elasticity of E.p = 99,800 MPa.

Table 1 Concrete

- Component RH1-B  RHI1-B-Si RHI-B-w RHI-G
compositions

Portland Cement (CEM 1 52.5 R HS/NA) [kg/m®] 500 447 461 500
Microsilica [kg/m’] - 45 - -
Quartz sand (0/0.5 mm) [kg/m3] 75 75 69 75
Sand (0/2 mm) [kg/m°] 850 850 783 850
Basalt (2/5 mm) [kg/m3] 350 350 322 -
Basalt (5/8 mm) [kg/m3] 570 570 525 -
Granite (2/5 mm) [kg/m3] - - - 350
Granite (5/8 mm) [kg/m3] - - - 570
Superplasticiser [kg/m’] 5.00 4.90 0.49 5.00
Stabiliser [kg/m’] 2.85 2.80 - 2.85
w/c ratio; w/ceq ratio [-] 0.35 0.35 0.50 0.35
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Table 2 28-day compressive strength, modulus of elasticity and compressive fatigue reference strength

Concrete RHI1-B RHI1-B-Si RHI1-B-w RHI-G
Bl Bl B2 Bl Bl
Jem,cube [MPa] 113 133 129 71 109
E., [MPa] 40,000 44,400 - 33,700 35,600
Sem.rer [MPa] 96 123 120 58 110
Mortar M-B M-B-Si M-B-w
Bl Bl Bl
fcm,cube [MPa] 108 114 78
E.., [MPa] 34,900 38,200 23,000
me,ref [Mpa] 97 116 75

*Not determined

The values are fo o = 203 MPaand E,,, , = 56,200 MPa
for the granite. Thus, a high difference in the
compressive strength and, especially, in the modulus
of elasticity exists, as it was intended by the selection
of the aggregate types investigated. The mean values
of the 28-day compressive strength f.m cube determined
according to DIN EN 12390-3 [36] and the modulus of
elasticity E., according to DIN EN 12390-13 [35] of
the four concretes and three mortars are summarised in
Table 2.

With regard to the mortars, silica fume leads to a
slight increase of the 28-day compressive strength
Jem.cupe and an increase of the modulus of elasticity
E ., M-B-Si). Due to the higher w/c ratio of 0.5, the
mortar M-B-w has a significantly lower 28-day
compressive strength and a significantly lower mod-
ulus of elasticity compared to the reference mortar
M-B. These changes in properties can be traced back
to the higher porosity of M-B-w.

Regarding the concretes, the basalt aggregate in
RH1-B increases the compressive strength fom cube
only slightly compared to the mortar M-B. However, it
increases the modulus of elasticity compared to that of
the mortar. The silica fume leads to an increase of the
compressive strength and modulus of elasticity of
RHI1-B-Si compared to RH1-B. Whereby the silica
fume has an enhanced positive effect on the compres-
sive strength of the concrete compared to that of the
mortar, revealing its strengthening effect in the ITZ of
the coarse aggregates and in highly stressed areas of
the mortar matrix. The compressive strength fom cube Of
RH1-B-w is 63% and the modulus of elasticity E.,

84% of that of the reference concrete RH1-B due to the
higher w/c ratio. The basalt coarse aggregate in RH1-
B-w leads to an increased modulus of elasticity but the
compressive strength slightly decreases compared to
the mortar. The substitution of basalt aggregate by
granite aggregate has a negligible effect on the
compressive strength but the modulus of elasticity is
89% of that of RH1-B due to the lower modulus of
elasticity of the granite aggregate. The properties
displayed in Table 2 demonstrate that the target
manipulation of properties by the modified composi-
tions was successful for the case of monotonically
increasing loading.

The compressive fatigue reference strengths of the
concretes and mortars fomrer Were determined just
before conducting the fatigue tests, using five speci-
mens from the same batch and with the same geometry
as the specimens used in the fatigue tests. These tests
were conducted force-controlled with a test velocity of
0.5 MPa/s. The compressive fatigue reference
strength f.m r Was calculated for each concrete and
mortar as the mean value of its compressive strengths.
The compressive fatigue reference strength is required
to determine the axial test stresses based on the chosen
fatigues stress levels.

2.1.2 Specimens
The investigations were conducted using cylindrical
specimens with a height of 4 = 180 mm and diameter

of d = 60 mm. PVC formwork was used for casting.
The concrete was filled into the formworks in two



83 Page 6 of 21

Materials and Structures (2022) 55:83

equal layers and each layer was mechanically com-
pacted using a vibrating table. The formwork of the
concrete specimens was removed 7 days after con-
creting and the cylinders were stored in standard
climate (20 °C/65% R.H.) until testing. The treatment
of the mortar specimens was different compared to
that of the concrete specimens in order to avoid
increased microcracking due to shrinkage: the mortar
specimens were also stored in standard climate until
testing but the formwork was removed 14 days after
concreting. Subsequently, these specimens were
stored wrapped in plastic foil for 14 days and then
without foil until testing for at least further 28 days in
standard climate (gentle drying). The test surfaces of
all specimens were plane-parallel ground and polished
to achieve a uniform stress distribution. Due to the
corona virus shutdown of the laboratory, the speci-
mens of batch 1 (B1) of the concrete with silica fume
had to be tested later than originally planned with an
age of specimens between 126 and 147 days. There-
fore, batch 2 (B2) was produced and additional fatigue
tests were conducted. The age of all specimens at
testing, except of those from batch 1, was between 56
and 87 days.

2.2 Test programme and experimental setup

The maximum stress level in the fatigue tests was
either Sy = 0.85 or Spax = 0.70. The minimum
stress level was kept constant at Sp,;, = 0.05 in all
tests. The test frequency applied was f; = 1.0 Hz in all
fatigue tests. This test frequency was chosen in order
to prevent specimens heating due to mechanical
loading. The full amplitude was applied in the first
load cycle. Three specimens of each concrete and
mortar type were loaded at each stress level until
fatigue failure occurred. Exception was made for the
concrete with silica fume of batch 2 at S, = 0.70
where two run-outs occurred. Overall, 47 specimens
were tested in the fatigue investigations presented in
this paper. An overview of the fatigue tests is available
from Table 3 in the appendix.

The fatigue tests were carried out force-controlled
using a class 0.5 servo-hydraulic testing machine with
a 500 kN actuator (according to ISO 7500-1 [37]).
The axial deformations were measured continuously
using three laser distance sensors positioned on the
circumference of the specimen at angles of 0°, 120°

= acoustic emission sensor

- temperature sensor

= [aser distance sensor

Fig. 1 Experimental setup [18]

and 240°, see Fig. 1. In addition, the axial force, the
axial displacement of the actuator and the temperature
of specimen’s surface at mid-height, the ambient
temperature and the temperature of the loading plate
were measured. The sampling rate was 300 Hz for all
measured quantities. For the acoustic emission anal-
ysis, six sensors were attached to the specimens. The
sensors with a wideband frequency response within
the range of 250-1600 kHz were positioned at 60°
from one another, alternating in the upper and lower
third of the specimen. Based on pre-tests, a threshold
of 40 dB was defined to separate the useful signal from
background noise.

2.3 Analysing techniques

As explained previously, two batches of the concrete
with silica fume RH1-B-Si had to be investigated. At
first, the developments of the damage indicators were
comparatively evaluated for the specimens of both
batches. This evaluation demonstrated good agree-
ment at the higher stress level S,,.x = 0.85. However,
flatter developments were determined for the speci-
mens of batch 2 at S,.x = 0.70 leading to higher
numbers of cycles and test break-offs (run-out spec-
imens). Additionally considering the similar values of
compressive strengths of both batches (cf. Table 2) it
was decided to analyse the test results of both batches
together at S,.x = 0.85. At Siax = 0.70, a quantitative
analysis of damage indicators is not reliably possible
due to the break-offs. Thus, the two run-out specimens
of batch 2 could not be included in the analyses.
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In the following, the fatigue damage indicators
maximum and minimum strain, stiffness, dissipated
energy and AE-hits are analysed. These analyses
include all cycles up to and including the last full cycle
before failure. This approach was established due to
the occurrence of fatigue failure at different stresses
(but mostly in the range of the peak stress) and due to
the high-grade instable state of the microstructure,
which is reached in the last cycle (cf. also [11]). For
this paper, the gradients of strain, stiffness, dissipated
energy and cumulated AE-hits in phase II were
determined between fixed values of N/N; = 0.20 and
N/Nf = 0.80 for the reason of better comparability
(note: different approach compared to previous papers
[33, 38]).

The peak strains were obtained by peak analyses of
the sinusoidal strain curves determined by the three
laser distance sensors and subsequently averaged in
order to obtaining the mean strain development for
each specimen. The gradient of the strain development
in phase II (i.e. strain increase per load cycle) and the
total growth of strain within the degradation process
are focused on as parameters. The development of
stiffness was determined for each specimen based on
the secant modulus in the decreasing branch of the
hysteresis loop, according to Eq. (1), using the mean
strains of each specimen.

ES _ Omax — Omin (1)
€max — €min
EO‘O _ El.O
AE(S)‘O_LO _ =S EO'O S (2)
S

Regarding the development of stiffness, the gradi-
ent of stiffness development in phase II (i.e. reduction
of stiffness per load cycle) and the percentile reduction
of stiffness from the first to the last load cycle (cf.
Eq. (2)), with the initial value of stiffness in the first
cycle as reference, are analysed in the following.

The dissipated energy was calculated for each load
cycle as the area enclosed by the hysteresis loop. The
development of dissipated energy describes the visco-
elastic material behaviour within the fatigue process
and, thus, the deformation capability. Here, the
gradient of dissipated energy in phase II (i.e. dissi-
pated energy per load cycle), the average dissipated
energy per load cycle in phase II and the sum of
dissipated energy within the complete fatigue process
are analysed as parameters. The average dissipated

energy per load cycle in phase II gives information
about the range of deformation capability within the
fatigue process for the purpose of comparison between
different concretes and mortars. It is calculated as
follows:

0.2-0.8
ay 0208 % (3)

The AE-hits are summarised from cycle to cycle
and displayed as developments of cumulated AE-hits.
The gradient of cumulated AE-hits in phase II (i.e.
increase in AE-hits per load cycle) and the total
number of AE-hits in the complete fatigue process are
used as parameters.

In view of the multitude of single curves, averaged
curves of the damage indicators were determined for
each concrete and mortar for the purpose of graphical
presentation. They were calculated for identical tests
by averaging the developments of each damage
indicator with regard to the related numbers of load
cycles N/N¢ and, subsequently, multiplying this aver-
aged curve by the mean value of the number of cycles
to failure N;. Please note that the gradients of the
curves are distorted due to this approach. Thus, the
developments in Figs. 3,4, 5, 6,7, 8,9 and 10 display
the relative (higher/lower) but not the absolute relation
between the different concretes and mortars. For the
quantitative analyses, the mean values of the param-
eters given in Tables 4 and 5 in the appendix are used,
which are calculated based on the single
developments.

3 Experimental results and discussion
3.1 Numbers of cycles to failure

The mean numbers of cycles to failure of the concretes
and mortars are presented in Fig. 2 as logarithmic
values (log N¢). The numbers of cycles applied of the
two run-out specimens of RH1-B-Si are not included
in the appropriate mean value. All single and mean
values are included in Table 3 in the appendix.

The mortar with silica fume M-B-Si shows the
highest mean numbers of cycles to failure followed by
the mortar M-B and the mortar M-B-w. Thus, the
addition of silica fume has a positive effect on the
mortars’ fatigue resistance and the higher w/c ratio has
a negative effect. However, the increase in mean
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Fig. 2 Mean numbers of cycles to failure of the concretes and mortars

number of cycles to failure of the mortar with silica
fume is accompanied by a higher scatter of single
values (cf. Table 3). The concretes show the same
order in mean numbers of cycles to failure as their
mortars. For the concrete with silica fume RH1-B-Si,
the increase is also accompanied by an increase in the
scatter of single results (Table 3). The substitution of
basalt aggregate by granite leads to contradictory
results. A higher mean number of cycles to failure at
the higher stress level S.x = 0.85 and a lower one at
the lower stress level S,.x = 0.70 can be seen for
RHI1-G compared to RH1-B.

However, the numbers of cycles to failure of the
concretes at Sy.x = 0.85 are nearly equal (RH1-B) or
lower (RHI1-B-Si and RH1-B-w) than those of the
corresponding mortars. By contrast, at Sy,,x = 0.70, all
concretes reached significantly higher mean numbers
of cycles to failure compared to their corresponding
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£ | [— MBw
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£
[
E2
]
2
21
P
£0 .
S 0 200 400 600 800 1,000
load cycles N [-]
(@)

compressive strains &max ; Emin [%o]

mortars. Regarding the concrete with silica fume, the
difference in mean numbers of cycles to failure is
higher than displayed in Fig. 2 due to the run-outs that
are not included. It can also be seen that the increase of
numbers of cycles to failure due to the reduction of the
stress level is more pronounced for the concretes.

3.2 Development of strain

The developments of strain of the mortars at
Smax = 0.85 and S;,.x = 0.70 are shown in Fig. 3a
and b. In Fig. 4, those of the concretes at S,,.x = 0.85
(a) and S;ax = 0.70 (b) are displayed. It is obvious that
the mortar with the higher w/c ratio M-B-w shows the
steepest gradients of strain in phase II, followed by the
reference mortar M-B and the mortar with silica fume
M-B-Si with the flattest gradient in phase II at both
stress levels (cf. also Table 5). The total growth of

5 — M-B M-B-Si
— M-B-w

4

3

2

1 =

Sinax = 0.70
0
0 5,000 10,000 15,000 20,000
load cycles NV [-]
(b)

Fig. 3 Averaged developments of strain of the mortars at Sy,,x = 0.85 (a) and S,,,.x = 0.70 (b)
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Fig. 4 Averaged developments of strain of the concretes at S;,,,x = 0.85 (a) and S,,,,x = 0.70 (b)

strain of the mortar M-B-w is the highest, followed by
M-B and M-B-Si, although the numbers of cycles to
failure of M-B-w are the smallest, followed by M-B
and M-B-Si. The similar values of the total growth of
maximum strain at S;,,x = 0.85 of M-B-w and M-B is
an exception (cf. Table 5), whereby the number of
cycles to failure of M-B-w is considerably lower (cf.
Figure 2). With decreasing stress level, the gradients
in phase II decrease and the total growth of strain
increases for each mortar due to the higher numbers of
cycles to failure. The results clearly show that the
mortar is strengthened due to the silica fume and
weakened due to the higher w/c ratio.

From the strain developments of the concretes, it is
obvious that the granite aggregate and silica fume lead
to higher initial maximum strains compared to the
reference concrete RH1-B, especially at S;,,x = 0.85.
This can be traced back to the ratio of the change in
compressive strength and the change in modulus of
elasticity due to the adjustment of the concrete
composition, see Table 2. Similar to the mortars, the
concrete RH1-B-w has the steepest gradient of max-
imum and minimum strain in phase II, followed by the
reference concrete RH1-B and the concrete with silica
RH1-B-Si at both stress levels (cf. Table 4). Compar-
ing concretes RH1-B and RH1-G, it is obvious that the
concrete with granite aggregate has a significantly
flatter gradient in phase II at S,,x = 0.85 but this
relation is reversed at Sy,x = 0.70. Thus, the granite
aggregate leads to an improved concrete behaviour at
the higher stress level. This is reversed at the lower
stress level. Despite the differing numbers of cycles to
failure and the reversed relation of the strain gradients,

the total growth of strain of RH1-B and RH1-G is quite
similar at both stress levels. This is an indication that
the total growth of strain is influenced to a higher
extent by the mortar’s fatigue behaviour rather than by
the interaction of the coarse aggregates with the
surrounding mortar matrix, respectively, the ratio of
stiffness.

Comparing the strain developments of the con-
cretes with their corresponding mortars, the gradients
in phase II of the concretes are flatter at S;,,x = 0.70,
meaning a smaller strain increase per load cycle.
Regarding Sy,,x = 0.85, the concrete with silica fume
and the concrete with the higher w/c ratio show steeper
gradients compared to their corresponding mortars,
whereby the difference between the concrete and
mortar with silica fume is very small. Thus, the
presence of basalt coarse aggregate has adverse effects
at the higher stress level and is beneficial at the lower
stress level in both cases. By contrast, the concrete
RH1-B shows a considerably flatter gradient com-
pared to its corresponding mortar M-B at the higher
stress level although RH1-B and M-B reached similar
mean numbers of cycles to failure (cf. Figure 2). This
comparatively steeper gradient of the mortar speci-
mens might be traced back to the larger volume of
mortar matrix compared to the concrete specimens,
which is damaged due to fatigue loading. This aspect
will be further discussed in Section 4.1.

However, in the case of the mortar and concrete
with silica fume, the mortar specimens are strength-
ened to a higher degree. The gradient of strain is more
decreased (M-B — M-B-Si) in comparison to the
corresponding concrete (RH1-B — RH1-B-Si). Thus,
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Fig. 6 Averaged developments of stiffness of the concretes at Sy,.x = 0.85 (a) and Sy,,.x = 0.70 (b)

the relation of gradients in phase II of the mortar and
the concrete is reversed compared to that of RHI1-B
and M-B (without silica fume). In the case of the
higher w/c ratio, the inhomogeneous stress distribution
caused by the basalt coarse aggregates affects the
surrounding weakened mortar to a higher extent. Thus,
the gradient in phase II of the concrete is increased
more strongly (RH1-B — RH1-B-w) compared to that
of the mortar (M-B — M-B-w). Therefore, the relation
of gradients in phase II of the mortar and the concrete
is also reversed compared to the relation of RH1-B and
M-B. All mortars have higher magnitudes of maxi-
mum strain compared to their corresponding con-
cretes, whereby the differences depend on the type of
mortar. However, these findings reveal the interaction
of the coarse aggregates and the mortar with their

specific properties, which leads to a certain strain
development.

3.3 Development of stiffness

The developments of stiffness of the mortars are
shown in Fig. 5 for both stress levels Sy« = 0.85 and
Smax = 0.70 and those for the concretes in Fig. 6. The
decrease of stress level leads to flatter gradients of
stiffness of the concretes and mortars. The differences
are the smallest between the mortar, respectively,
concrete with silica fume and the highest between the
mortar, respectively, concrete with the higher w/c
ratio. It is obvious from Fig. 5 that M-B-w has the
lowest magnitude of stiffness, followed by M-B and
the mortar with silica fume M-B-Si, which is consis-
tent with the relation of the modulus of elasticity (cf.
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Table 2). The gradient in phase II of M-B-w is the
steepest, followed by M-B and M-B-Si at both stress
levels, meaning the highest stiffness degradation per
cycle for M-B-w (cf. Table 5). These differences
between the mortars are higher at the higher stress
level.

Regarding the concretes, the concrete RH1-B-w
with the higher w/c ratio shows the steepest gradients
of stiffness in phase II, followed by the reference
concrete RH1-B and the concrete with silica fume
RH1-B-Si at both stress levels, thus, the same as for
the mortars. However, at S,,.x = 0.70, the difference
between the reference concrete and the concrete with
silica fume and, thus, the effect of silica fume is small
(cf. Table 4). It must be mentioned that the gradients of
stiffness of the two run-out specimens (which could
not be considered) are flatter compared to the value
given in Table 4 and, therefore, would decrease the
(mean) value of the gradient of stiffness displayed. At
Smax = 0.85, a further indication exists that the granite
aggregate has a positive effect on the degradation
mechanism, leading to a flatter gradient in phase II of
RHI1-G compared to the concrete RH1-B. However,
the gradient in phase II of RH1-G is slightly steeper
than that of RH1-B at S;,,x = 0.70, revealing that the
positive effect does not exists on this stress level. Here,
the reversal is less pronounced compared to the
gradient of strain (Section 3.2). The percentile reduc-
tion of stiffness is the highest for the concrete RH1-B-
w, followed by the concrete RH1-B and the concrete
with silica fume RH1-B-Si at the higher stress level.
At the lower stress level, concrete RHI-B-w and
concrete RH1-B-Si show higher percentile reductions

- . '
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of stiffness compared to the reference concrete. Thus,
the percentile reduction of stiffness depends on the
concrete composition and a general limit criterion for
different concretes is questionable.

Comparing the stiffness developments of the con-
cretes with those of the corresponding mortars, all
concretes show steeper gradients of stiffness in phase
IT at Siux = 0.85 and flatter gradients in phase II at
Smax = 0.70. Thus, the basalt coarse aggregate seems
to increase the reduction of stiffness per load cycle at
the higher stress level and decrease it at the lower
stress level. The difference in gradients of stiffness is
the lowest between RH1-B-Si and M-B-Si and the
highest between RH1-B-w and M-B-w. Thus, the
effect of the basalt coarse aggregate on the stiffness
reduction per load cycle is the smallest for the concrete
with strengthened mortar and ITZ (silica fume) and the
highest for the concrete with the weakened mortar and
ITZ (higher w/c ratio).

3.4 Development of dissipated energy

The developments of the dissipated energy within the
fatigue process are shown for the mortars in Fig. 7 and
for the concretes in Fig. 8 for both stress levels. The
gradients in phase II of dissipated energy are generally
steeper at the higher stress level, but the sum of
dissipated energy is much lower due to the signifi-
cantly lower numbers of cycles to failure (cf. Tables 4
and 5). M-B-w has the steepest gradients and the
lowest sums of dissipated energy and M-B-Si has the
flattest gradient and highest sum of dissipated energy
at both stress levels.
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Fig. 7 Averaged developments of dissipated energy of the mortars at S;,,,x = 0.85 (a) and S,.x = 0.70 (b)
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Fig. 8 Averaged developments of dissipated energy of the concretes at S,,x = 0.85 (a) and S;,,x = 0.70 (b)

Considering the concretes, the gradient in phase II
of RH1-B-w is the steepest, followed by RH1-B and
RHI1-B-Si at S;,,,x = 0.85 and, thus, the same order as
for the mortars exists. Regarding Sy.x = 0.70, the
highest value of the gradient is also reached by RH1-
B-w, followed by RH1-B and RH1-B-Si with similar
values (the latter would be further reduced by the run-
out specimens). Compared to the basalt concrete RH1-
B, the granite concrete RH1-G shows a flatter gradient
in phase II at S,.x = 0.85, but the relation is reversed
at Spax = 0.70, same as detected for the gradient of
strain (cf. Section 3.2). Similar to the mortars, RH1-B-
w dissipates the lowest sum of energy, followed by the
reference concrete and the concrete with silica fume at
both stress levels.

It can be seen for RH1-B-Si and S, = 0.85 in
Fig. 8a that the development is somewhat wavy in
phase II (more pronounced for the single develop-
ments as visible in Fig. 8a). This represents shifts
between decrease and increase of the areas of the
hysteresis loops within the fatigue process. This kind
of progression was found for all RH1-B-Si specimens
tested at this stress level and not for those of the
corresponding mortar. Thus, it differs from the
developments of all other concretes and mortars.
Therefore, it is suggested to be characteristic for the
concrete with silica fume at this stress level. This wavy
development must be traced back to the (positive)
effect of silica fume in the mortar matrix and in the
ITZ of the concrete at the higher stress level.
Furthermore, it must also be related to the inhomoge-
neous stress distribution caused by the basalt coarse
aggregate.

The gradients of dissipated energy in phase II are
steeper for the mortars compared to their correspond-
ing concretes. Exception exists regarding M-B-w and
RHI1-B-w at S;,.x = 0.85. Here, the gradient for the
mortar is flatter. The decrease of the stress level
reduces the gradients of dissipated energy of the
concretes to a higher extent compared to those of the
mortars. Concerning the lower stress level, the differ-
ence in gradients is the highest between M-B-w and
RHI1-B-w by far. Regarding the average dissipated
energy in phase II, it is interesting that the average
dissipated energy of the mortars is always higher
compared to that of their corresponding concretes at
both stress levels, meaning a more pronounced
deformation capability without coarse aggregate.

3.5 Development of acoustic emission hits

Unfortunately, single AE-sensors detached from the
test specimen surface in single tests. Therefore,
measurements of AE-hits are not available for all of
the tests conducted. The developments of cumulated
AE-hits are shown for the mortars in Fig. 9 and in
Fig. 10 for the concretes. For Sy,.x = 0.70, the aver-
aged curves of cumulated AE-hits cannot be mean-
ingfully determined because the differences in single
curves are too large. Therefore, single curves are
displayed in Figs. 9b and 10b. In Fig. 10b, the
developments are zoomed out in a box for small load
cycles N.

It is obvious that the mortar M-B-Si has the steepest
gradient of cumulated AE-hits in phase II together
with the largest total numbers of hits, followed by M-B
and M-B-w with the flattest gradients and the lowest
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total numbers of hits at S,,,,x = 0.85 (cf. also Table 5).
Thus, the relation of gradients of the mortars is not
plausible in a first view, considering the positive effect
of the silica fume, respectively, the negative effect of
the higher w/c ratio, which were determined based on
the other damage indicators and on the numbers of
cycles to failure (Fig. 2). Furthermore, an extreme
total number of AE-hits was detected at the lower
stress level for RH1-G (see Table 4). These AE-hits
show different characteristics compared to those of the
other concretes, as described in [32]. The cyclic
loading at this stress level seems to induce a kind of
‘crackling’ [32].

Both findings reveal that the comparative analyses
of parameters based solely on numbers of AE-hits is

not sufficient for the comparison of different mortars,
or rather, different concretes with different mortar
matrixes. The results obtained emphasise that the
characteristics of the AE-signals have to be considered
additionally in future analyses. Therefore, the analysis
is limited to the effect of the stress levels and the
general development of cumulated AE-hits in the
following.

It is obvious from Tables 4 and 5 that the total
numbers of AE-hits are generally smaller at the higher
stress level compared to the lower stress level for the
concretes and mortars. The gradients of cumulated
AE-hits are steeper at the higher stress level, whereby
they are only determinable for the mortars M-B and
M-B-w at both stress levels. Figure 10a shows that the
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increase of AE-hits in the last phase is considerably
less pronounced for the concrete RH1-B-Si compared
to the developments of the other concretes. This
differs from the characteristics of the mortars in
Fig. 9a.

At the stress level Si.x = 0.70, stepwise develop-
ments of cumulated AE-hits after a first initial phase
are observable in almost all tests carried out on the
concretes and on the mortar with silica fume (Figs. 9b
and 10b). Furthermore, this stepwise development is
most pronounced for the concrete with silica fume.
The rather horizontal sections represent relatively low
acoustic activity in relation to the strong increase
before and afterwards. Concurrently, these steps are
not visible in the other (macroscopic) damage indica-
tors investigated (cf. Sections 3.2-3.4). Thus, this
might indicate damage processes occurring on very
small scales (maybe sub-microscale) in the sections
with a strong increase in AE-hits, which are not yet
visible macroscopically. In the rather horizontal
sections (temporary) equilibrium states of these dam-
age processes on a very small scale might be reached
within the microstructure.

4 Discussion

In this section the results previously described are
discussed superiorly, also considering results and
model assumptions documented in literature. By
bringing them together, an idea of the processes in the
microstructure forms, which helps to understand the
damage mechanisms. As noticeable in the previous
sections, the properties of the coarse aggregate and the
mortar matrix interact. This interaction together with
the relative volume of coarse aggregate and mortar
matrix in the concrete specimens lead to the superim-
position of effects, which finally leads to a certain
macroscopically detectable fatigue behaviour of the
concrete.

4.1 Influence of basalt coarse aggregate

The influence of the basalt coarse aggregate can be
found by comparing the concretes with basalt coarse
aggregate (RHI1-B, RH1-B-Si and RHI-B-w) with
their corresponding mortars (M-B, M-B-Si, M-B-w).
It should be noted that own fatigue tests with

comparable loads conducted on the basalt stone
showed no indications of damage occurring.

At the lower stress level, the basalt coarse aggregate
in concrete leads to an improved fatigue behaviour
observable by the flatter gradients of strain, stiffness
and dissipated energy in phase II and by the higher
numbers of cycles to failure of all concretes. At the
higher stress level, the gradients of stiffness are steeper
for all concretes and, thus, more stiffness reduction per
load cycle occurs in the concretes, indicating a
negative effect. Regarding the gradient of strain in
phase II, the concrete with silica fume RH1-B-Si and
that with the higher w/c ratio RH1-B-w also have
higher values compared to their corresponding mor-
tars. They also reached lower numbers of cycles to
failure compared to their corresponding mortars.
These findings are also an indication of a negative
effect of the basalt coarse aggregate at higher stress
levels due to the induced inhomogeneous stress
distribution, described previously in [2, 12].

By contrast, the reference concrete RH1-B has a
flatter gradient of strain compared to the corresponding
mortar M-B and, furthermore, reached almost the same
mean number of cycles to failure at S = 0.85.
Considering the overall view of the results obtained for
the other concretes and mortars and considering that the
gradients of stiffness show the same relation for RH1-
B/M-B as for the other concretes/mortars, the following
explanation is assumed: the concrete specimens of
RHI1-B, of course, contain a smaller volume of mortar
matrix compared to the mortar specimens M-B. If a
comparable stress distribution was present, then quan-
titatively less fatigue-induced damage would develop in
the mortar matrix of the concrete. But concurrently a
more inhomogeneous stress distribution compared to
the (pure) mortar specimens is present at S« = 0.85
due to the basalt coarse aggregate. This might lead to
the development of more damage, especially, in highly
stressed areas of the mortar matrix. Both effects
superimpose and lead to the macroscopically
detectable fatigue behaviour of the concrete.

Both effects are generally present for all concretes
but the damage sensitivity of the mortars differs, due
to the addition of silica fume (RH1-B-Si/M-B-Si),
respectively, the increased w/c ratio (RH1-B-w/M-B-
w). As a result, the relation of the gradients of strain
and of the numbers of cycle to failure are different for
these concretes/mortars compared to the reference
concrete/mortar. Altogether, it is assumed that the
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similarity of the numbers of cycles to failure of RH1-B
and M-B at S,,,, = 0.85 is a rather random result.
The comparison of the average dissipated energy
and the gradient of dissipated energy in phase II
between the concretes and their mortars demonstrates,
that the deformation capability and its increase due to
the induced damage is reduced by the basalt coarse
aggregate. The first aspect is connected to the higher
stiffness of the coarse aggregate compared to the
mortar matrix. The latter aspect must be connected to
the smaller volume of the mortar matrix in the
concrete, which is damaged. Exception was found
for the gradient of dissipated energy of RH1-B-w and
M-B-w at the higher stress level, which is steeper for
the concrete. This might be related to a relatively
strong damage development in the weakened mortar
matrix due to the presence of coarse aggregate.
Nevertheless, an increase of deformation capability
due to the presence of basalt coarse aggregate seems to
be conceivable in general, considering additional
displacements between the coarse aggregates and the
surrounding mortar matrix. Unfortunately, this cannot
be differentiated based on the investigation conducted.
Overall, the developments of strain and dissipated
energy of concrete seem to be strongly influenced by
the volume of and the damage development in the
mortar matrix. The gradient of stiffness in phase II
might be more influenced by the interaction of the
basalt coarse aggregates and the surrounding mortar
matrix. The effect of coarse aggregate could be
predominated by the generation of an inhomogeneous
stress distribution with highly stressed areas, especially
at higher stress levels, which accelerate the damage
processes in the mortar matrix and in the [TZ. At lower
stress levels, smaller numbers of highly stressed areas
and/or lower stresses in such areas can be assumed.
Here, a predominantly beneficial effect exists due to the
higher fatigue resistance and stiffness of the coarse
aggregate compared to the surrounding mortar matrix,
both leading to an attraction of stresses. An effect of the
differing quantities of (weaker) ITZ in the concretes in
comparison to the mortars, cannot be distinguished due
to the superimposition of effects previously described.

4.2 Influence of the properties of coarse aggregate
The substitution of basalt aggregate by granite aggre-

gate with a considerably lower modulus of elasticity
benefits the concrete’s fatigue behaviour at higher

stress levels and impairs the behaviour at lower stress
levels. This results in flatter gradients of strain,
stiffness and dissipated energy in phase II of concrete
RH1-G compared to the reference concrete RHI1-B at
the higher stress level and in a reversed relation at the
lower stress level. The volume of both coarse aggre-
gates used is slightly different (cf. Section 2.1.1). Of
course, the strength of the ITZ or, rather, the strength
of bond between the mortar matrix and the aggregates
could also be slightly different. However, in the view
of the authors, this cannot explain the phenomena
observed. Therefore, the beneficial effect at the higher
stress level compared to the effect of basalt aggregate
is traced back to the reduction of inhomogeneous
stress distribution. This is caused by the smaller
difference between the modulus of elasticity of the
surrounding mortar matrix and that of the granite
aggregate (cf. Section 2.1.1), whose effect is espe-
cially pronounced at higher stress levels. Thus, the
results basically confirm the suggestions from [2, 12].
At the lower stress level, this positive effect (reduction
of inhomogeneous stress distribution) of the granite
aggregate is less pronounced. Here, the higher fatigue
resistance and/or the higher modulus of elasticity of
the basalt aggregate seems to be beneficial for the
fatigue resistance of the concrete.

For the higher stress level S,,.x = 0.85, the obtained
results indicate a higher fatigue sensitivity of concrete
with aggregates with higher modulus of elasticity as
stated in [15, 16]. In contrast, this higher sensitivity is
shown in [15, 16] at a lower maximum stress level of
Smax = 0.675 based on the stiffness, which was
determined under (slower) monotonically increasing
loading. At the similar stress level of S;,,x = 0.70, a
reversed influence is found here. However, in contrast
to the investigation presented here, normal-strength
concretes were under investigation in [15, 16].

The ‘crackling’ of the granite concrete RH1-G at
the lower stress level, found by analyses of the
characteristics of the AE-signals and previously
reported in [32], might indicate, on the one hand, that
the granite aggregates are more highly stressed at the
lower stress level compared to the higher stress level,
although the maximum stress subjected externally is
lower. On the other hand, this ‘crackling’ could also
arise from the damaged matrix around the coarse
aggregates. Both aspects could be caused by processes
of internal stress redistribution that differ at both stress
levels and, furthermore, are dependent on the ratio of
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stiffness of the coarse aggregate and the mortar matrix
and, of course, on the damage sensitivity of the
surrounding mortar matrix. Further analyses of the
characteristics of the AE-signals are necessary. An
approach was presented in [18] and is currently under
further development. The granite aggregate with its
lower stiffness seems to increase the deformation
capability of the concrete additionally, which was
observed by the average dissipated energy.

4.3 Influence of silica fume

The results obtained clearly demonstrate that the
addition of the silica fume leads to a better fatigue
resistance of the concrete and mortar at high and low
stress levels. This can be traced back to its strength-
ening effect in the mortar matrix and in the ITZ. Based
on the comparison of the mortars (M-B — M-B-Si),
respectively, concretes (RH1-B — RHI-B-Si), it
becomes clear that the gradients of strain and stiffness
in phase II are flatter due to the silica fume. The basalt
coarse aggregate in the concrete leads to slightly
steeper gradients of strain and stiffness at the higher
stress level (M-B-Si — RH1-B-Si). Concurrently, the
strengthening effect on the gradient of stiffness of the
concrete and mortar is more pronounced at the higher
stress level (stress level dependency). Thus, the effect
of the silica fume seems to be related to the magnitude
of stresses occurring in the microstructure and,
therefore, also to the stress distribution in the concrete
caused by the coarse aggregates.

Based on the average dissipated energy and on the
gradient of dissipated energy in phase II, it is
observable that the silica fume additionally reduces
the deformation capability and the increase in defor-
mation capability due to fatigue damage of the
concrete and mortar. These effects are more pro-
nounced for the mortar specimens. The development
of the dissipated energy of the concrete with silica
fume at the higher stress level, representing shifts
between the increase and decrease of the area of the
hysteresis loop, is an indication of the occurrence of
macroscopically measurable temporal equilibrium
states. The fact that this kind of development was
not detected for the corresponding mortar indicates a
connection to the presence of coarse aggregates.

The stepwise development of cumulated AE-hits at
the lower stress level might represent damage pro-
cesses on a very small scale (maybe sub-microscale),

which are not macroscopically measurable. It is more
pronounced for the concrete and mortar with silica
fume compared to the other concretes and mortars
investigated. Thus, the strengthening of the mortar,
and perhaps also of the ITZ, due to the silica fume
seems to improve the capability to reach equilibrium
states of that damage processes on a very small scale.
Overall, the results reveal that a strong positive
influence of the silica fume exists on the concrete’s
and mortar’s fatigue behaviour. It has to be assumed
that the silica fume also improves the fatigue resis-
tance of the ITZ, although this effect could not be
distinguished within the investigations conducted.

4.4 Influence of porosity

The increase of the w/c ratio and, thus, the higher
porosity in the mortar matrix and the concurrently
weaker ITZ clearly lead to a worse fatigue behaviour
of the concrete and mortar. Here, the difference in
modulus of elasticity between the mortar and the
basalt aggregate is the highest (cf. Table 2). Compared
to the reference concrete and mortar, the gradients of
strain, stiffness and dissipated energy of the mortar
and concrete are considerably steeper (M-B — M-B-
w; RH1-B — RH1-B-w). The difference depends on
the stress level. Thus, a more pronounced strain
increase, stiffness reduction and increase in deforma-
tion capability per load cycle occurred due to the
higher porosity of the microstructure.

Furthermore, regarding the higher stress level, the
presence of basalt coarse aggregate has an additional
negative effect on the fatigue behaviour of the concrete
compared to that of the mortar (M-B-w — RHI1-B-w).
This results in steeper gradients of strain, stiffness and
dissipated energy. In contrast, at the lower stress level,
the gradients of the concrete are flatter. Both effects
(positive and negative) of the coarse aggregate previ-
ously described in Section 4.1 are significantly more
pronounced compared to the other concretes, visible by
the higher differences in values between RH1-B-w and
M-B-w. Thus, the predominantly negative effect of
basalt coarse aggregate at higher stress levels due to the
generation of a more inhomogeneous stress distribution
is more pronounced due to the weakened mortar
matrix and ITZ. Concurrently, at lower stress levels,
the positive effect is also more pronounced due to the
significantly higher fatigue resistance and higher stiff-
ness compared to the weakened mortar matrix and ITZ
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and, thus, a stronger attraction of stresses. Conse-
quently, the coarse aggregate leads to an accelerated
development of damage in the mortar matrix and the
ITZ at higher stress levels and to a more pronounced
stress relief and less damage in the mortar matrix and
ITZ at lower stress levels. The fatigue resistance of the
high-strength concrete and mortar is significantly
reduced by the higher porosity of the microstructure.

5 Summary and conclusion

The results of compressive fatigue investigations on
four different compositions of high-strength concrete
and their corresponding mortars were presented and
discussed comparatively in this paper. For this purpose,
the concrete compositions were systematically adjusted
in order to analyse the influence of coarse aggregate in
general, of two types of coarse aggregate (basalt and
granite), the addition of silica fume and the increase of
the w/c ratio, i.e. the porosity of the microstructure.
Two maximum stress levels of S;.« =0.85 and
Smax = 0.70 with the same minimum stress level of
Smin = 0.05 and a test frequency of f; = 1.0 Hz were
investigated. The developments of strain, stiffness,
dissipated energy and cumulated AE-hits were analysed
comparatively as damage indicators. Each influence
was investigated separately in order to pinpoint each
effect on the fatigue behaviour. The results of the
influence of the composition of high-strength concrete
and mortar can be summarised as follows:

e Basalt coarse aggregate impairs the fatigue beha-
viour of high-strength concrete at higher stress
levels compared to that of the mortar due to the
inhomogeneous stress distribution with more highly
stressed areas in the microstructure, which acceler-
ate the damage processes in the mortar matrix and in
the ITZ. Basalt coarse aggregate improves the
fatigue behaviour of high-strength concrete at lower
stress levels compared to that of the mortar, due to
its higher fatigue resistance and/or higher stiffness
compared to the mortar matrix. Here, the attraction
of stresses, which relieves stresses in the mortar
matrix, might be of importance. However, the effect
of coarse aggregate on the concrete’s fatigue
behaviour depends on the difference in fatigue
resistance and stiffness between the coarse aggre-
gate and the surrounding mortar matrix.

e Qranite aggregate, with its lower modulus of
elasticity compared to basalt aggregate, might
reduce the inhomogeneous stress distribution, espe-
cially at higher stress levels, and, thus, influences
the fatigue behaviour of high-strength concrete in a
positive way. This effect is reduced with decreasing
stress levels. Furthermore, granite aggregate might
increase the deformation capability of high-strength
concrete compared to basalt aggregate.

e The silica fume can improve the fatigue behaviour of
high-strength concrete and mortar to a high extent.
The influence of added silica fume depends on the
original properties of the mortar matrix and ITZ and
on the internal stress distribution due to the interac-
tion of the coarse aggregate and the mortar matrix.

e A higher w/c ratio or, rather, higher porosity of the
microstructure impairs the fatigue behaviour of
high-strength concrete and mortar to a high extent.
This must be traced back to the weakening of the
mortar matrix and the ITZ.

e The worse fatigue behaviour of the mortars at
lower stress levels can be traced back to the smaller
relative volume of basalt aggregate with its higher
fatigue resistance and higher stiffness.

e Regarding high-strength concretes, the damage
indicator gradient of strain in phase II is predom-
inated by the damage processes in the mortar
matrix and the volume of the mortar matrix. The
gradients of stiffness and dissipated energy in
phase II are more influenced by the interaction of
coarse aggregate and mortar matrix.

e The number of AE-hits is a good parameter for the
comparative evaluation of the damage activity of
concretes and their corresponding mortar. Regard-
ing the comparison of concretes with different
mortar matrix, the characteristics of the AE-signals
should be considered in addition to their number.

The investigations presented lead to new knowl-
edge about the fatigue behaviour of concretes and
mortars with respect to their compositions. By the
analysis of acoustic emissions, additional strain-inde-
pendent knowledge can be generated, whereby the
characteristics of AE-signals should be considered
more detailed in future analyses. The clustering of AE-
hits [18] seems to be a promising way that should be
further developed. Overall, the results clearly show
that the damage propagation depends to a high extent
on the properties of the coarse aggregate and mortar
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matrix as well as on the stress distribution in the
microstructure, which itself is influenced by the
damage propagation. For a better understanding of
the damage processes in the microstructure, numerical
models are necessary, which enable insights into the
microstructure-dependent damage development.
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Appendix

See Tables 3, 4 and 5.

Concrete RHI1-B RH1-B-Si RHI1-B-w RHI1-G
B1 B1 B2 B1 Bl
0.85/0.05 431 412 815 41 449
351 148 674 58 730
246 562 474 49 488
Mean 343 514 49 556
0.70/0.05 64,209 90,625 275,804 (r) 14,825 28,839
35,871 92,368 138,966 (r) 10,181 27,458
36,267 149,828 - 13,277 20,960
Mean 45,449 110,941 - 12,761 25,752
Mortar M-B M-B-Si M-B-w
Bl B1 Bl
0.85/0.05 427 727 44
224 1403 75
366 749 172
Mean 339 960 97
0.70/0.05 4048 7597 2398
6301 23,026 1308
10,566 42,384 703
Mean 6972 24,336 1470

(r) run-out specimen
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Table 4 Concretes: mean
values of parameters of

damage indicators

*Not determinable

Table 5§ Mortars: mean
values of parameters of

damage indicators

Concrete RH1-B RH1-B-Si RHI1-B-w RH1-G
0.85/0.05  ALO-10 [%] 0.94 0.63 121 0.91
ALO10 [9%,] 0.64 0.31 0.76 0.62
grad 02708 [ 140 x 10° 072 x 10°  17.00 x 10° 0.80 x 107°
grad £02-08 [] 0.80 x 10° 045 x 10°  10.00 x 10° 0.50 x 107
AE30-10 [9] 14.60 11.77 19.52 12.15
grad EQ>08 [MPa]  — 10.82 — 4.44 — 7327 - 331
XEp [kI/m?] 202 x 10> 287 x10° 030 x 10> 432 x 10°
av EQ> 08 [kI/m’] 570 5.70 5.85 7.61
grad ES2-08 [kJ/m*] 510 x 107 290 x 107 39.70 x 107 2.50 x 107
Zny [-] 6854 2095 1450 8769
grad n%2 08 [] 9.05 1.05 9.65 3.30
0.70/0.05  A&20-10 %] 1.77 1.39 2.71 1.79
ALO10 [9,] 1.39 0.78 1.96 1.32
grad £02.08 [] 190 x 10 0.67 x 10 10.00 x 10 3.60 x 1078
grad £02.08 [] 170 x 10 053 x 10 8.00 x 10°  3.10 x 107
AEYO-10 [9] 20.08 23.84 35.89 20.67
grad E3?>708 [MPa]  — 0.03 —0.02 - 028 — 0.09
YEp [kJ/m3) 146.13 x 10> 313.96 x 10> 29.37 x 10> 118.73 x 10°
av EQ208 [kjm®]  3.22 2.87 2.28 4.62
grad E%*08 [kJ/m*] 0.63 x 10° 073 x 10° 570 x 10°  3.80 x 107
ny [-] 10,086 32,683 1819 11,816,617
grad n?uzmil-(l)g -] _k _k _k _k
Mortar M-B M-B-Si M-B-w
0.85/0.05 AL0-10 [90] 1.34 1.02 1.32
A&QO-10 %] 0.75 0.45 0.82
grad 0208 [] 241 x 10°° 0.57 x 107° 9.74 x 107°
grad e02-08 [] 143 x 107° 0.24 x 107° 6.46 x 107°
AEYO10 [9] 19.03 17.75 16.83
grad E32-0% [MPa] —-9.03 —3.57 —29.50
SEp [kl/m?] 3.66 x 10° 7.84 x 10° 0.90 x 10°
av E%2708 [kJ/m?] 10.68 8.07 9.04
grad EY208 [kJ/m*] 15.60 x 1073 430 x 1073 3540 x 1073
Zng [-] 1543 4365 586
grad 02 08 [] 0.71 1.58 0.40
0.70/0.05 A&Q010 [%,] 1.99 1.38 2.36
A&Q0-10 [%,] 1.21 0.76 1.48
grad 02708 ] 16.60 x 107% 4.95 x 107° 89.80 x 107°
grad 0208 ] 11.60 x 107% 3.40 x 107° 64.97 x 107%
AEYO10 [95] 27.69 22.00 31.21
grad E32708 [MPa] — 0.60 - 023 — 250
SEp [kI/m?] 38.83 x 10° 72.08 x 10° 8.72 x 10°
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Table 5 continued Mortar M-B M-B-Si M-B-w
av EY208 [kJ/m?] 5.69 4.53 5.70
grad E22-08  [kJ/m?] 48.9 x 1073 16.0 x 107> 2144 x 107°
Zny [-] 2318 13,272 698
grad ”(c)ﬁzr;#'s -] 0.014 —* 0.043

*Not determinable
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