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Abstract The expected long-term deformations of
concrete structures are calculated using creep mod-
els, derived from experiments performed with con-
stant mechanical loads. However, in the majority of
real structures, such as bridges, constant creep loads
are superimposed with cyclic loads of substantial
magnitude. Additionally, such structures are subject
to changes in environmental conditions (temperature
and humidity). Deformation measurements of exist-
ing bridges have shown significant underestimations
by established creep models, which might be traced
back to the superimposition of cyclic loads and differ-
ent moisture contents. Therefore, the developments of
strains, viscoplastic strains and modulus of elasticity
under creep and cyclic loading of a normal strength
concrete have been comparatively investigated for
two different pore moisture contents (approx. 100 and
75%). The results show that viscous strains due to
cyclic loading are significantly higher than those due
to creep loading at the mean stress level of cyclic load-
ing. Furthermore, the strains are higher for the higher
moisture content. The differences in the development
of the modulus of elasticity and viscoplastic strains
of both load types give clear indication for load type
dependent microstructural deformation mechanisms.
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The results obtained concerning the influence of the
load type and the moisture content need to be consid-
ered for the improvement of existing models.
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List of symbols

d (mm) Diameter of specimen

E. (MPa) Modulus of elasticity

S (MPa) Characteristic compressive
strength

Sem,cuve MPa) Mean compressive
strength, 150 mm cube at
28 days

Som,rer (MPa) Mean reference compres-
sive strength

f; (Hz) Test frequency

h (mm) Height of specimen

RH (%) Relative humidity of the
ambient air

Sereep ) Creep stress level
Screep = O-c,cree]/fcm,ref

Sax &) Maximum cyclic stress
level Smax = Uc,max/ cm,ref

Sean &) Mean cyclic stress level
Smean = o-c,mean/fcm,ref

Spin &) Minimum cyclic stress

level S, =6, min/fem.ret
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Sd-value (m)

Diffusion-equivalent air
layer thickness

T (d) Age of concrete

t, (d) Age of concrete at loading

V100 (-) Pore moisture content of
concrete of approx. 100%

V75 (-) Pore moisture content of
concrete of approx. 75

Greek letters

. (t.1y) Strain at maximum stress
due to cyclic loading
defined by fib model code
2020 [3]

Eo1.cr (00) Total strain due to creep
loading

Total strain at maximum
peak stress of cyclic

€1ot,max (%o)

loading

€, o (%0) Viscous strain due to
creep loading

€, max (%0) Viscous strain at maxi-
mum peak stress of cyclic
loading

O creep (MPa) Creep cyclic stress

O ax (MPa) Maximum cyclic stress

O mean (MP2) Mean cyclic stress

O min (MPa) Minimum cyclic stress

@ (t.ty) (=) Creep coefficient

1 Introduction

The expected long-term deformations during the ser-
vice life of concrete structures are described by creep
models, such as those given in Eurocode 2 [1], ACI
209R [2] or fib Model Code 2020 [3] (constant load-
ing). However, measurements of existing reinforced
and prestressed concrete bridges have shown that long-
term deformations can significantly exceed those pre-
dicted by the models [4]. Cyclic loadings are assumed
to be one major reason for these increased deforma-
tions [5-8]. However, the magnitude and long-term
deformation development of structures subjected to
cyclic loading has only been marginally investigated.
Both the elastic as well as the creep deformation
behaviour of concrete are significantly influenced by
the moisture content of the concrete, whereby creep
becomes negligible in very dry concretes (e.g. [9]).
The amount and distribution of water in the pore

system is of fundamental importance for the magnitude
and development of creep deformations. The micro-
scopic origin of the creep deformations of concrete is
explained as a result of the rearrangement and transport
processes of water in capillary and gel pores, as well as
sliding processes between the calcium-silicate-hydrate
nanoparticles [10-12], confirmed by experimental
results of Haist et al. [13] and numerical simulations
of Morshedifard et al. [14]. Furthermore, Powers [10]
assumed that new, stronger primary bonds within and
between the calcium-silicate-hydrate phases can form
in the compressed microstructure which prevent creep
recovery.

The effect of compressive cyclic loading on the
deformations at moderate maximum stress levels
Snax<0.60 has been rarely studied. The results are
limited on very few macroscopic investigations (see
e.g. [6, 8]), but without taking into account the mois-
ture content of the concrete. First results presented
by the authors [15] showed that the moisture content
of normal strength concrete affects the strain devel-
opment significantly even at small maximum stress
levels §,,,,<0.45. For cyclic loading with higher
maximum stress levels S,,,,.>0.65, significantly lower
fatigue resistance was observed for high-strength
concrete specimens with higher moisture contents
[16-19]. The reduction of the fatigue resistance due
to a high moisture content is more pronounced for a
lower test frequency of 0.1 Hz compared to higher
test frequencies of 1 or even 10 Hz [19].

The analysis of the stiffness development (devel-
opment of the secant modulus of stress—strain curve
within the cyclic process) has become an essential
part of describing the progressive degradation of
the microstructure during fatigue loading macro-
scopically. The fact that the stiffness of the concrete
decreases due to fatigue loading at high stress levels
is well-documented in literature [20-22]. The stiff-
ness development is s-shaped and can be divided into
three phases: the stiffness decreases strongly in the
first and moderately in the second phase; in the third
phase, the stiffness decreases strongly again until fail-
ure occurs. A higher degradation of stiffness per load
cycle was observed for specimens with a higher mois-
ture content [17—19]. No reduction of stiffness in the
second phase was measured at moderate maximum
stress levels S,,,,<0.60 for high-strength concrete
specimens which were stored under water until an
age of seven days and then stored at 20 °C and 60%
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RH until testing [23]. In some cases, there was even a
slight increase of stiffness in the second phase. These
results correspond to results of Kern et al. [24] at
maximum cyclic stress levels of S, ,.=0.35 and 0.45
for specimens with a moisture content of approx.
100%. Here, a constant stiffness or even a stiffness
recovery was observed in the second phase of the
stiffness development. Other detailed studies on the
stiffness development of concrete subjected to such
low maximum cyclic stress levels are not known to
the authors.

Smadi and Slate [25] observed by x-ray technique
a slow and stable micro cracking process due to sus-
tained constant stresses of 0.40<S,,,,,<0.75 for nor-
mal strength concretes, which decreases during long-
term loading. For creep stresses S .o, <0.40, the micro
cracking is almost negligible over that due to drying
shrinkage [25]. Based on creep and cyclic tests on a
normal strength concrete, Shah and Chandra [16] pre-
sented the hypothesis of two opposing effects during
loading: on the one hand, consolidation with a conse-
quent strengthening and, on the other hand, cracking
with a consequent weakening, assuming that the pro-
cess of loading and unloading causes additional crack-
ing. This hypothesis is supported by BaZant and Hubler
[26], who showed that the additional deformations due
to cyclic loading can be well calculated considering the
growth of the pre-existing microcracks within fracture
mechanics. There are only a few investigations of the
damage processes due to fatigue loading (maximum
stress levels S,,,.>0.65). Oneschkow [27] hypoth-
esised that extremely small-scale structural changes in
the concrete microstructure accumulate continuously
within the fatigue process as pre-stages of damage visi-
ble on a mesoscale. Thiele [28] showed by fluorescence
microscopy and scanning electron microscopy that the
fatigue process in the first and second phase is appar-
ently not caused by micro cracking and hypothesised
that the changes in material properties during the first
and second phases are based on structural changes/
viscous deformations of the hardened cement. Similar
effects are also known from the creep behaviour of con-
crete. Nevertheless, the macroscopic cyclic investiga-
tions showed higher deformations and a much stronger
reduction of the stiffness compared to constant loading
at a corresponding creep stress level of S,,.,=S,c0-
Thus, Thiele [28] hypothesised that cyclic loading leads
to an increased activation and accumulation of viscous
deformation components and, at the same time, to a

more pronounced deterioration of the hardened cement
paste compared to constant loading. Using transmis-
sion electron microscopy, Schaan et al. [29] found that
certain regions of the ultra-high performance concrete
paste appeared much more densely packed after a short
duration of compressive fatigue loading, while nee-
dle- or lath-shaped regions with less density appeared
concurrently, which rose in number within the fatigue
process. First results from acoustic emission analyses
support the hypothesis of structural changes or damage
on different scales for creep and cyclic loading [30-32].

Despite the lack of knowledge concerning the
effect of cyclic loading on long-term deforma-
tions and deformation mechanisms, there are some
approaches for the prediction of long-term defor-
mations due to cyclic loading. The fib Model Code
2020 [3] provides Eq. (2) for the calculation of cyclic
strains due to maximum stresses lo,,,,/<0.60 f
and mean stresses of (o, |+lo.,,;.,)/2<0.50 f,,
which is quite similar to Eq. (1) for constant loading
lo,. ., 1<0.40 f_, (). In Eq. (2), the total strain due to
cyclic loading €, .,./(%1,) consists of the elastic strain
component g, , and the time-dependent viscous strain
€,y The amount of elastic strain ¢, is assumed
as a constant value and derived from the maximum
peak stress of the cyclic loading divided by the modu-
lus of elasticity. The viscous strain ¢, .., is described
according to the creep function for constant loading,
considering the mean cyclic stress (mean value of the
maximum stress o, ,,,, and the minimum stress o, ,.,)
to be the relevant loading parameter. Determining the
viscous strain ¢, .., the mean cyclic stress is divided
by the modulus of elasticity E_; and multiplied by the
creep coefficient ¢(z,1;).

Strains due to constant loading according to fib
Model Code 2020 [3]:

O-L‘Cr O-CCr

T T p(tt

Ei(to)  Ee (-6) (1
. ) N e

€e10 v.er

£c,cr (t7 tO) =

Strains due to cyclic loading according to fib
Model Code 2020 [3]:

O-c,max O-c,max + O-c,min
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Only a few experimental investigations on normal
strength concretes are documented in the literature
comparing total strains due to creep and cyclic load-
ing at a maximum stress level of S, <0.60. Their
results indicate that the mean stress level approach
of Eq. (1) underestimates the total strains observed
in cyclic tests [6, 8]. Furthermore, the difference
between the total strains at maximum peak stress of
cyclic loading and the total strains due to creep load-
ing increased with the increasing maximum stress
level [8]. In a previous paper [24], the authors already
showed that the viscous strains due to cyclic load-
ing for maximum cyclic stresses of S,,,,=0.35 and
0.45 and concrete specimens with a moisture con-
tent of approx. 100% are higher than those due to
creep loading at the corresponding mean stress level
(Sereep=Smean) Within a test duration of 13 days. Fur-
thermore, the viscous strains due to cyclic loading
were closer to, but slightly below the viscous creep
strains at the corresponding maximum stress level
(Screep = Smax)

Prediction models describe the increased vis-
cous strains due to cyclic loading compared to the
strains due to creep loading at a corresponding mean
stress level (S;,.,p=S,0an) as either an acceleration
of the creep strain [33-35] or an additional strain
component [26, 36]. The extent of the acceleration
of the creep strain or, rather, the additional strain
due to cyclic loading is formulated as a function of
the test frequency and either the maximum stress
level or the stress amplitude. These models were
only validated using the small database documented
in literature, which is available only for short test
durations <28 days.

Therefore, fundamental investigations regard-
ing the comparability and differences of strain and
stiffness developments due to creep and cyclic load-
ing at corresponding stress levels (S, =S,cq, and
Sereep=Smax) Were carried out on a normal strength
concrete C30/37 as part of a collaborative research
project. In extension to the results presented in [15]
and [24], this paper focuses on the influence of the
concrete’s moisture content. The development of vis-
cous and viscoplastic strains and the modulus of elas-
ticity over a test duration up to 91 days are presented
comparatively for creep and cyclic loading at stress
levels of S,,,,<0.45. The developments of the vis-
coplastic strain and the modulus of elasticity due to
cyclic loading in comparison to creep loading provide

a basic understanding of differentially pronounced
deformation mechanisms occurring in the micro-
structure of concrete due to the load type. Based on
this, the overall aim of ongoing studies is to improve
approaches describing the cyclic strain development
based on creep models.

2 Experimental programme
2.1 Concrete composition and specimens

The investigations were carried out on a nor-
mal strength concrete C30/37 as commonly used
in bridges (composition see Table 1). The speci-
mens were cast in several batches due to the large
number of specimens required. The mean 28-day
compressive strength, tested according to DIN EN
12390-3 [37] for at least three specimens, respec-
tively, were determined as f,, .,.=35.7+£0.8 MPa
(batch 1), f,cwpe=375+17 MPa (batch
3), foncuwwe=403+10 MPa (batch 4) and
Semeuve=42.11£0.4 MPa (batch 5), respectively. The
specimens of batch 2 were used for other investiga-
tions and are not included in this paper.

Creep and cyclic tests were carried out on cylin-
drical specimens with a height of =180 mm and
a diameter of d=60 mm. The specimens were cast,
stored and conditioned in a closely defined process.
The fresh concrete was filled into cylindrical PVC
formworks in two layers and each layer was mechani-
cally compacted using a vibrating table. In order to
prevent disturbed areas at the ends of the specimens,
the specimens were cast with a height of 7=230 mm.
All specimens were stored at 20 °C in boxes covered

Table 1 Concrete composition

Component Unit Value
Ordinary Portland cement (CEM I [kg/m?] 290
42.5R)

Quartz powder (0/0.25 mm) [kg/m3] 40
Sand (0/2 mm) [ke/m?] 790
Gravel (2/8 mm) [kg/m3] 966
PCE superplasticiser [kg/m?] 1.7
Water [kg/m?] 202
Water to cement ratio w/c [-1 0.70
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with a wet cloth for five to six weeks until they were
demoulded and cut to the final height of =180 mm.
Afterwards, the test surfaces were ground and pol-
ished plane-parallel to achieve a uniform stress distri-
bution during mechanical testing.

In a next step, the specimens were stored in two
different ways to ensure a constant moisture content in
the concrete pores of approx. 100% RH (referred to as
V100) or approx. 75% RH (referred to as V75). The
specimens with the higher moisture content, V100,
were entirely sealed with an aluminium-coated butyl
tape (Sd-value > 1,500 m) directly after polishing and
subsequently stored at 20 °C until testing. The speci-
mens of the lower moisture content V75 were initially
sealed only on the test surfaces but not on the circum-
ference and stored for 90 days at 20 °C and 65% RH
to ensure a uniform drying over the circumferential
surface and obtain a uniform moisture gradient over
the entire height of the specimens. Subsequently, they
were sealed entirely with an aluminium-coated butyl
tape and then stored for a further 40 days at 40 °C
to achieve a constant moisture distribution over the
cross-section of the specimens. The late and slow
drying process of the V75 specimens was chosen to
minimise possible differences in the microstructure
of specimens with both moisture contents. Thereafter,
the V75 specimens remained sealed and were stored
at 20 °C until testing. The storage procedure for V75
was chosen based on diffusion calculations using the
finite difference method of Acosta Urrea [38]. The
concrete moisture content was verified by experimen-
tal investigations and were in good agreement to the
desired values of 100% RH and 75% RH.

All specimens were tested sealed in the alumin-
ium-coated butyl tape to keep the adjusted moisture
content constant and, thus, prevent drying creep and
shrinkage. The tests were carried out on specimens
with a high age at loading of at least 180 days to
ensure an almost complete hydration and avoid addi-
tional hardening of the concrete, especially during the
long-term loading.

2.2 Experimental set-up

The creep tests (constant loading) were performed
using a creep testing machine with a hydraulic load
cylinder connected to a high-pressure buffer reser-
voir. The stress was monotonically increased up to the

creep stress level S, and, subsequently, maintained

constant. The cyclic tests were performed using either
a servo-hydraulic or an electromechanical univer-
sal testing machine. The stress was monotonically
increased up to the mean stress level S,,,,, and, after-
wards, the load oscillation, defined by the mean stress
level S,,,,,, the amplitude and the frequency f;, was
started. Hereby, the full amplitude was applied in the
first load cycle. The stresses o,.; to be applied were
calculated by multiplying the desired stress levels S
with the mean reference compressive strength f, s
of parallel specimens tested immediately before creep
and cyclic tests (see Sec. 2.3).

The axial deformations of the specimens were
measured continuously throughout the entire creep
and cyclic tests using three linear variable differ-
ential transformers (LVDTs) positioned on the cir-
cumference of the specimen at angles of 0°, 120°
and 240° (Fig. 1). In addition, the axial force, the
axial stroke of the actuator, the ambient temperature
and the temperature of the loading plate were meas-
ured and recorded. The data sampling rate was 1 Hz
for the creep investigations and 10 Hz for the cyclic
investigations.

2.3 Test programme

The mean reference compressive strength f.,, .r of
the concrete was determined immediately before test-
ing as the mean value of three cylindrical specimens
tested force-controlled. Furthermore, the mean modu-
lus of elasticity E (#,) of the concrete was determined
as the secant modulus of the stress—strain curve due
to monotonically increased stress at a rate of approx.
0.5 MPa/s. The respective reference specimens were

- -_ Temp erature sensor
— LVDT
‘ - Aluminium-coated

butyltape

—— Temperature sensor
Fig. 1 Test set-up [24]
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of the same batch and had the same dimensions and
storage conditions (V100 or V75) as those used in the
creep and cyclic loading tests. The mean reference
compressive strength f,,, .. and the mean modulus of
elasticity E (t,) are given for each batch in Table 2.
As can be seen, there are slight differences in the
concrete properties between the batches. Contrary
to the intentions, even beyond an age of half a year,
the samples show an increase in strength, which has
to be accounted in the evaluation of the results. How-
ever, an influence of the moisture content of V100 or
V75 on the concrete properties cannot be observed
macroscopically. No microstructural analyses were

carried out to investigate whether the different stor-
age conditions (see Sec. 2.1) had an influence on the
microstructure.

The test programme is given in Table 3 regarding
the load type and moisture content of the specimens.
The mean reference compressive strength per batch
was used for the determination of the stress levels
(S;=0/femrep)- The maximum and minimum cyclic
stress levels (S and §,;,) and creep stress level

max min

Screep Were held constant within each test. The test fre-
quency was f,=0.1 Hz in all cyclic tests, expecting a
significant influence of the moisture content [19] and

following natural load frequencies of a suspension

Table 2 Mean values of
reference compressive

Moisture content

Age at loading Mean reference com- Mean modulus of

strength and modaulus of pressive strength f,.,, ., elasticity E (#y)
elasticity of the concrete [ [d] [MPa] [MPa]
Batch 1 V100 190 349 31,700
V100 724 41.8 30,700
Batch 3 V100 240 42.0 30,100
Batch 4 V75 336 454 32,200
V100 524 46.7 33,400
V75 545 444 32,000
Batch 5 V75 290 41.6 27,700
Table 3 Overview of creep and cyclic tests conducted
Line Load type Cyclic loading Creep Loading  Specimens tested
loading  duration
S max S mean Smin Sereep Tests per Moisture
loading dura- content
tion
[-] (-] (-1 [ [d] [ [
load level set 1 Cyclic 0.35 0.20 0.05 - 3/6/13/91 2/3/1/3 V100
0.35 2 Creep - - - 0.35 3/6/13/91  2/4/4/2
3 Creep - - - 0.20 3/6/13/91 2/4/4/2
4 Cyclic 0.35 0.20 0.05 - 3/6/13/91 1/1/1/3 V75
5 Creep - - - 0.35 3/6/13/91 2/2/2/2
6 Creep - - - 0.20 3/6/13/91 2/2/2/2
load level set 7 Cyclic 0.45 0.25 0.05 - 3/6/13 1/1/1 V100
0.45 8  Creep - - - 0.45 306/13 20212
9 Creep - - - 0.25 3/6/13 2/2/2
10 Cyclic 0.45 0.25 0.05 - 3/6/13 2/111 V75
11 Creep - - - 0.45 3/6/13 4/2/2
12 Creep - - - 0.25 3/6/13 2/2/2

niem
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bridge identified by Xu et al. [39] in the range from
0.068 to 0.616 Hz. Further investigations at 1.0 Hz
are published in [24]. The maximum stress level S, .
in the cyclic tests was either S,,,,=0.35 or 0.45 and
the minimum stress level was S,;,=0.05. Creep tests
with stress levels of S,,.,=S,,c and S0, =Sean
were conducted for comparison with the cyclic tests.
The combination consisting of the cyclic test and
the two corresponding creep tests is hereafter called
“load level set” 0.35 or 0.45. The influence of the
moisture content was analysed by comparison of test
results at the same stress levels.

The duration of tests was sequenced (3, 6, 13 and
91 days) for each load type to analyse strain compo-
nents and the modulus of elasticity at uniform loga-
rithmic intervals. The number of tests per loading
duration differed between 1 and 4 (see Table 3). After
the respective loading duration, the specimens were
unloaded and the creep recovery was measured for
24 h after loading durations of 3, 6 and 13 days, and
for 5 days after a loading duration of 91 days for fur-
ther analysis of the strain components. Subsequently,
the modulus of elasticity was determined again as
the secant modulus of the stress—strain curve due to
monotonically increased stress at a rate of approx.
0.5 MPa/s up to 35% of the reference compressive
strength.

(@

stress
level

Smax
Smean-f““"‘\

Smin -

strain z’:tot,max

+ €

v,cycl S svel
| |\

€el0 €

v-pl

time

2.4 Data analysis

2.4.1 Strain development and viscoplastic strain
component

The axial deformations were continuously measured
using three LVDTs, as described in Chapter 2.2. The
development of total strain ¢,,, due to creep or cyclic
loading per specimen was calculated as a mean value
of the respective three deformation values and plotted
as mean deformation curve. In a next step, the peak
strains of the cyclic curves ¢, at the maximum
stress level S,,,, were obtained by peak analyses.

The total strain due to creep ¢, or cyclic load-
ing €, mqy CONDsists of an elastic strain component
and a time-dependent, viscous strain component (see
Fig. 2). The elastic strain component &, , was defined
as the strain when the creep load level S, was
reached or, in the case of cyclic loading, as the strain
when the maximum stress level S, was reached in
the first load cycle. In accordance with fib Model
Code 2020 [3] (see Eq. 1), the viscous (index v) strain
component ¢, .. (creep) or €,,,,. (cyclic) was deter-
mined by subtracting the initial elastic strain compo-
nent ¢, , from the total strain ¢, .. or &, (mind:
sealed samples; no drying shrinkage strains). The
mean viscous strain developments presented hereafter

)
stress
level
Screep- I
[
| \
| \
| |
‘\
time
strain
£Iot,cr
Ev,(:r =&yt €v-pl \ Eel,d
€el0

time

Fig. 2 Schematic presentation of (a) cyclic loading and (b) creep loading and strain components [24]

niem
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are averaged curves of several specimens from the
same batch.

The viscous strain component €, .. Or &, ,,,, cOn-
sists of a viscoelastic ¢, ,, and viscoplastic strain com-
ponent ¢, ,;, which increase over time during loading.
The degraded elastic component ¢, , is defined as the
part of the strain that decreased until the specimen
was completely unloaded and the viscoelastic strain
€, is defined as the part of the strain that decreases
during the time of creep recovery. The viscoplastic
strain component ¢, , was determined as the remain-
ing strain at the end of creep recovery. It was analysed
as the percentage of the viscous strain at S,,,, (in the
last load cycle) or rather S,,,,, immediately prior to
complete unloading to achieve a better comparability
between different specimens. Thus, it describes the
irreversible proportion of the accumulated viscous
strains. The time of creep recovery was 24 h after
loading durations of 3, 6 and 13 days, and 5 days after
a loading duration of 91 days. As the evaluation of
the strain components is based on a limited number
of specimens per previous loading duration and type,
the viscoplastic strains ¢, ,, are analysed as mean val-
ues from different batches and, therefore, show higher
scatter compared to the viscous strain developments.

2.4.2 Relative modulus of elasticity

The modulus of elasticity was analysed in this inves-
tigation for both load types (creep and cyclic) in con-
trast to the stiffness development (usually analysed
in fatigue investigations) because no stiffness devel-
opment is available for creep tests. Furthermore, the
stiffness is influenced by the loading velocity and,
connected to this, by the moisture content. Therefore,
the initial modulus of elasticity E_(#,) at the beginning
of loading and the (degraded) modulus of elasticity
E_(t) after unloading and creep recovery were deter-
mined. The initial modulus of elasticity E.(f;,) was
determined as the secant modulus of the stress—strain
curve due to monotonically increased stress at the
beginning of the cyclic tests with the rate of approx.
0.5 MPa/s. It was determined as the mean value of
specimens from the same batch and used as the refer-
ence for all cyclic and creep tests of this batch. The
(degraded) modulus of elasticity E () was determined
after unloading and creep recovery as the secant mod-
ulus of the stress—strain curve due to another mono-
tonic loading increased up to 35% of the reference

compressive strength at the rate of approx. 0.5 MPa/s.
It was also analysed as the mean value of specimens
of different batches. The respective number of tests
per loading duration can be found in Table 3.

Considering the different concrete batches, slight
differences in the initial modulus of elasticity E_(%;)
between the different batches could be detected and,
thus, the (degraded) modulus of elasticity E.(f) can-
not be compared as an absolute value throughout
different batches. Therefore, the relative modulus
of elasticity rel. E(f) was analysed as the average
(degraded) modulus of elasticity E(¢) referred to the
average initial modulus of elasticity E(#,) according
to Eq. (3).

rel. E(t) = E.(1)/E(t,) 3)

Similar to the evaluation of the viscoplastic strain
component, the evaluation was carried out on a lim-
ited number of specimens from different batches, so
that there are larger scatters compared to the viscous
strain developments. The relative modulus of elastic-
ity E(t) gives information about the degraded mate-
rial behaviour and, thus, supplements the information
given by the viscoplastic strain component.

3 Experimental results
3.1 Development of viscous strain

The average temporal developments of viscous strain
at maximum stress level due to cyclic loading €, ,,,,
(blue) are plotted with the corresponding average
developments of viscous strain due to creep loading
Evcr A Sereep=Syeqn (red) and S, =S, (yellow)
in Figs. 3 and 4. The strains of specimens tested as
part of the load level set 0.35 with a moisture content
V100 (filled symbols) are presented in Fig. 3a and b
and those with V75 (unfilled symbols) in Fig. 3 c and
d. The strains of specimens at the higher load level set
0.45 (see Tab. 3) with a moisture content V100 are
shown in Fig. 4a and those with V75 in Fig. 4b. The
specimens tested at each load level set with the same
moisture content were from the same batch. The load-
ing duration of the load level set 0.35 was sequenced
up to 91 days (see Table 3). Thus, the results of the
load level set 0.35 are presented up to 91 days in
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Fig. 3 Developments of viscous strains due to cyclic and creep loading of specimens with (a, b) moisture content V100 and (c, d)
V75 for different loading durations, load level set 0.35

Fig. 3 a and c and in a detailed view up to 6 days in
Fig. 3b and d for both moisture contents.

Comparing Fig. 3a and c as well as Fig. 4a and b,
it can be seen that the strains of specimens tested with
the lower moisture content V75 are generally smaller
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Fig. 4 Developments of viscous strains due to cyclic and creep loading of specimens with (a) moisture content V100 and (b) V75

for a loading duration of 6 days, load level set 0.45

than those with the higher content V100 for each
load type at the same stress level. Furthermore, the
cyclic strains ¢, ., for both moisture contents signifi-
cantly exceed the corresponding creep strains ¢, ., at
Sereep = Smean fOr both load level sets (cf. Figs. 3 and
4). Instead, the cyclic strains are smaller but closer to
the creep strains at €, ., at S,,,,=S,,q,- Especially for
the specimens with V100 and load level set 0.35, the
cyclic strains & are very close to the creep strains
e, .. at § (Fig. 3a). Whereby, the differ-

v,cr creep = Sde
ence between & and &, ., at S,,,, =S, is higher

for moisture content V75 (Fig. 3c). While the V100-
curves show continuous increase of strain combined
with a continuous decrease in slope, the V75-curves
showing more similarity to a bilinear behaviour with
rapid increase of strain immediately after the start of
loading and a slower phase afterwards.

As expected, the strains are higher at load level set
0.45 (Fig. 4) than at load level set 0.35 (Figs. 3b and

d). Furthermore, the difference between the cyclic

v,max

and creep strains &, at .., =S,y
and moisture content V100 is higher compared
to load level set 0.35 (Fig. 3b). Special attention
should be paid to the cyclic and creep strain curves
due to S, =S, =0.45 and moisture content V75
(Fig. 4b). Here, the V75-curves show again a more
bilinear deformation behaviour. Whereby, the slope of
the creep curve at S,,,,=S5,,,, flattens more strongly
in the second phase than the cyclic curve and, conse-
quently, the slope of the cyclic curve is higher. This
leads to an intersection point of both strain curves at
the sixth day of loading and, thus, higher strains due
to cyclic loading can be assumed for a longer loading
duration. This is a significant difference to the results
for the higher moisture content V100 (Fig. 4a) and,
especially, to the results for the same moisture content
but at the lower level set 0.35 (Fig. 3c). Whereby the
tendency of the creep curve to flatten more than the
cyclic curve is also visible in Fig. 3c, but only for a

longer load duration above approx. 75 d.

strains &

v,max
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Overall, the strain developments due cyclic load-
ing are more similar to creep loading with S,
instead of S,,,,, which contradicts current modelling
approaches (cf. Chapter 1) However, it is shown that
the strain developments due to cyclic loading cannot
simply be described by a ‘“comparable” creep load
as the interdependent influences of type of loading,
load level and concrete moisture content are differ-
ently pronounced. In order to get more insight into
the mechanisms, the viscoplastic strains and the mod-
ulus of elasticity (as macroscopic indicators of the
underlying deformation processes) are analysed in the
following.

3.2 Viscoplastic strain

The viscoplastic strain ¢,_, is the irreversible compo-
nent of the viscous strain and was determined after
unloading (see Fig. 2). In the following, the viscoplas-
tic strains are analysed as a percentage of the viscous

strains at S,,,, (in the last load cycle) or rather S,,,,,

100
(a)

95 |

90 |
85 |

80 |

75 |
70 |
65 | 'S

60 |

viscoplastic strain €,.,¢, ; €y.prmax [%]

55 |

50 | | | | |
1 2 4 8 16 32 64
previous loading duration [d]

128

immediately prior to complete unloading. The visco-
plastic strains due to cyclic (blue) and creep loading
at Seyeep=Smean (red) and S, =S4, (yellow) at load
level set 0.35 of the specimens with moisture content
V100 (filled symbols) and V75 (unfilled symbols)
are shown in Fig. 5 and those at load level set 0.45 in
Fig. 6. In addition, lines of the same colour are given,
which are no regressions and are rather intended to
guide the eye. Please note that the previous loading
durations were 3, 6, 13 or 91 days for load level set
0.35 (Fig. 5) and 3, 6 or 13 days for load level set
0.45 (Fig. 6). The mean values presented hereafter are
influenced by higher scatter compared to the results in
Chapter 3.1 as they were obtained from specimens of
different batches.

From Figs. 5 and 6 it is obvious that the viscoplas-
tic strains form with more than 60% the largest part
of the viscous strains which develop due to creep or
cyclic loading. They increase with the loading dura-
tion for all load types and both moisture contents,
which was expected. Furthermore, the viscoplastic

100
(b)

95 |

85 | -
80 | 1 L
75 | - -

0T o P o
65 | -

viscoplastic strain &,y ¢, €,.pymax [%]
L3
\
\
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-

V100: ‘ creep stress (Sgreep= 0.35)
—&— creep stress (Sgreep = 0.20)
0=

V75: creep stress (Screep= 0.35)
- - creep stress (Screep = 0.20)

cyclic stress ;= 0.1 Hz (Spax = 0.35/ Spean = 0.20 / Spin = 0.05)

cyclic stress f; = 0.1 Hz (Spax = 0.35/ Sppean = 0.20 / Spip = 0.05)

Fig. 5 Viscoplastic strains (percentage) due to cyclic and creep loading of specimens with (a) moisture content V100 and (b) V75
for loading durations of 3, 6, 13 and 91 days, load level set 0.35 (lines are no regressions, rather meant to guide the eye)
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strains are higher for the higher moisture content
V100 than V75 at both load level sets and all load
types. The viscoplastic strain component due to
cyclic loading tends to be higher than that due to
creep loading for specimens of both moisture con-
tents. However, the influence of the moisture content
on the viscoplastic strain component seems to be less
pronounced for specimens subjected to cyclic load-
ing compared to creep loading. Overall, these results
might hint to the fact that there are deformation pro-
cesses prevailing differently due to creep and cyclic
loading whereby the influence of the moisture content
is pronounced differently. This is further discussed in
the following considering all experimental results.

3.3 Relative modulus of elasticity
The relative modulus of elasticity rel.E(¢) (related

to the initial modulus of elasticity E(f,)) is shown
in Fig. 7 for the load level set 0.35 and Fig. 8 for

load level set 0.45. The rel.E(¢) due to cyclic load-
ing (blue) and creep loading at S,,..,=S,eq, (red)
and S, =S, (yellow) are shown for both mois-
ture contents V100 (filled symbols) and V75 (unfilled
symbols). Linear regressions for the same load type
and moisture content are given in the same respec-
tive colour. The previous loading durations were 3,
6 or 13 days for both load level sets and additionally
91 days for load level set 0.35.

From Figs. 7 and 8 it is obvious that a decrease in
modulus of elasticity is already induced due to a load-
ing of three days for all load types and both moisture
contents (hereinafter referred to as initial reduction).
Only for creep loading at S,,,,,=0.25 and moisture
content V100 no reduction of the modulus of elastic-
ity is observed. Overall, the smallest initial reduction
is observed for creep loading at S, =S,cqn fol-
lowed by creep loading at S,,,,=S,,, (Figs. 7 and
8). The initial reduction due to cyclic loading is the
highest for both load level sets. No distinct influence
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Fig. 7 Relative modulus of elasticity due to cyclic and creep loading of specimens with (a) moisture content V100 and (b) V75 for

loading durations of 3, 6, 13 and 91 days, load level set 0.35

of the moisture content on the initial reduction can be
observed for load level set 0.35 (Fig. 7). By contrast,
for load level set 0.45, the initial reduction is higher
for specimens with moisture content V75 than V100
(Fig. 8).

Considering longer durations of previous load-
ing of 6, 13 and 91 days, a re-increase of the rela-
tive modulus of elasticity rel.E (f) is observed for
all load types and moisture contents for load level
set 0.35 (Fig. 7). Only after 91 days of cyclic load-
ing and V75 a decrease is detected, which might be
an artefact and should be considered with caution.
However, due to the re-increase, the modulus of
elasticity after the maximum duration of loading is,
in some cases, even higher than the initial modulus
of elasticity (Fig. 7). Regarding load level set 0.45,
the re-increase of rel.E (t) is only observed for creep
loading at S,,,.,=S,,.q, =0.25 for both moisture con-

creep mean
tents and at S, =S,,,,, = 0.45 for the higher moisture

max

content V100. Here, the cyclic loading of specimens
with both moisture contents and the creep loading at

Sereep=Smax=0.45 with the lower moisture content
V75 already lead to a further reduction of rel.E (¢).
The degradation of the modulus of elasticity after
the maximum loading duration of either 13 (Fig. 8)
or 91 days (Fig. 7) is the highest due to cyclic load-
ing followed by creep loading at S,,,,,=S,,, and the
lowest due to creep loading S,,,,,=S,,cq,- In general,
the moisture content V75 leads to a higher reduction
and/or a lower re-increase of the relative modulus of
elasticity rel.E(t). Therefore, the relative modulus of
elasticity rel.E(¢) tends to be smaller for specimens
with a moisture content of V75 compared to those
with V100.

Accompanying tests on unloaded specimens show
no systematic increase in compressive strength and/
or stiffness within the loading duration. This indicates
that hydration is not the reason for the re-increase of
the modulus of elasticity. However, hydration pro-
cesses during the loading duration cannot be com-

pletely ruled out.
nilem
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Overall, an interdependence between the influence
of load level, type of loading and moisture content on
the degradation of the modulus of elasticity is obvi-
ous. The reduction of the relative modulus of elas-
ticity rel.E.(t) is systematically higher due to cyclic
loading compared to creep loading. The re-increase
is more pronounced by tendency for lower loading,
higher moisture content and constant loading com-
pared to cyclic load. On the other hand, further degra-
dation is visible by tendency for higher loading, lower
moisture content and cyclic loading compared to con-
stant loading. Altogether, cyclic and creep loading
with a certain duration lead to different degradation
of the modulus of elasticity. Together with the results
of the viscoplastic strains, this is a strong indication
for different states of the material after the previous
loading maybe due to differently pronounced degra-
dation processes in the concrete.

4 Summary and conclusion

The deformation behaviour of a normal strength con-
crete under creep and cyclic loading, respectively,
was investigated comparatively. Here, significant
lower maximum stresses of S,,,,=0.35 and 0.45 were
investigated compared to usual fatigue investigations.
The viscous strain development, the viscoplastic
strain component and the relative modulus of elastic-
ity both after creep and cyclic loading were investi-
gated on specimens with moisture contents of approx.
100% (V100) and approx. 75% (V75). Possible differ-
ences in the microstructure of specimens with both
moisture contents were minimised by a late and slow
drying process. However, such differences cannot be
completely ruled out, although no differences in the
macroscopic properties were found (see Sec. 2.3).
The results of the macroscopic creep and cyclic inves-
tigations can be summarised as follows:



Materials and Structures (2024) 57:131

Page 150f 17 131

The viscous strains due to cyclic loading are
generally higher than those due to creep load-
ing at an equal mean stress level (S,,..,=Sean)
and, furthermore, are closer to the strain caused
by creep loading at equal maximum stress level
(Screep="Smay) for both moisture contents and
maximum stress levels investigated. However,
the investigations showed that the cyclic strains
of specimens with moisture content V75 may
exceed the creep strains at S,,,,, =S, for longer
loading durations. This was determined for mois-
ture content V75 where the development of creep
strain flattens earlier, while the slope of the strain
curve due to cyclic loading has not yet declined.
The viscous strains due to cyclic loading and
creep loading at S,,,,, =S, respectively, include
different percentages of viscoplastic strain and
are accompanied with different degraded moduli
of elasticity. This indicates different load type
dependent processes or different pronounced pro-
cesses in the microstructure.

Viscoplastic strains after 3 days of previous
cyclic loading or creep loading were found which
contribute more than 60% to the total viscous
strains and, furthermore, are higher for moisture
content V100 than for V75. These viscoplastic
strains increase with longer duration of load-
ing. For creep loading, the creep deformation of
hardened cement paste is generally explained as
a result of the redistribution and transport pro-
cesses of water in capillary and gel pores, sliding
processes between the calcium-silicate-hydrate
nanoparticles and formation of new stronger
primary bonds between those calcium-silicate-
hydrate nanoparticles preventing creep recovery
[10-14]. Thus, the higher viscoplastic strains of
the specimens with V100 due to creep loading
can be explained by a higher pronouncement of
those processes. For cyclic loading, higher per-
centages of viscoplastic strain are documented,
which are less affected by the moisture content.

A reduced modulus of elasticity after 3 days of
previous cyclic loading or creep loading was
found for both moisture contents. For longer
loading, a re-increase or further reduction was
found dependent on the load type, load level
and moisture content. The re-increase is more

pared to cyclic loading. Further degradation is
visible by tendency for higher loading, lower
moisture content and cyclic load compared to
constant load. Regarding cyclic loading, the
decrease of the modulus of elasticity is usually
assigned to defects and damaging processes in
the microstructure from nano- to mesoscale, e.g.
[27-30]. Regarding creep loading, changes in the
modulus of elasticity are usually not analysed
and, thus, to the best of the authors’ knowledge,
no explanations have yet been documented in lit-
erature. However, the reduction of the modulus
of elasticity due to 3 days of creep loading could
also be assigned to defects and damaging pro-
cesses in the microstructure, which decrease dur-
ing creep loading [25].

Comparing the state of the material after cyclic
loading or creep loading of a certain duration at
the same moisture content, cyclic loading leads
to a higher reduction of modulus of elasticity
and higher viscoplastic strains compared to creep
loading at S, =S, and S,y =Seqn The
re-increase of modulus of elasticity is less pro-
nounced. Furthermore, the influence of the mois-
ture content on the viscoplastic strains is lower
for cyclic loading compared to creep loading.
From the observed macroscopic results, it is
assumed that there are on the one hand deforma-
tions due to water redistribution and sliding pro-
cesses, which are partly irreversible due to the
formation of new bonds [10-14] and on the other
hand deformations due to a degradation of the
microstructure in form of extremely small-scale
structural changes or damage [25-32]. The vis-
coplastic strains are considered to be higher for
constant loading and high moisture contents. For
cyclic loading at increased load levels, the for-
mation of new bonds are assumed to be less pro-
nounced but in addition viscoplastic strains arise
as result of a comparatively more pronounced
degradation of the microstructure. A re-increase
of the elastic modulus arises if the induced irre-
versible deformations increase the (bulk meas-
ured) modulus of elasticity more than the degra-
dation reduces the modulus of elasticity.

It could be shown, that the viscous strains due

pronounced by tendency for lower stress level,
higher moisture content and constant load com-

to cyclic loading and creep loading are the result of
differently  pronounced deformation/degradation



131 Page 16 of 17

Materials and Structures (2024) 57:131

processes. These processes are not yet understood and
further investigations are necessary, especially, due
to the complex interdependence of load type, load
level and moisture content. In particular, microscopic
investigations could provide a valuable completion of
the overall interpretation of mechanisms.

The results clearly demonstrate, that the calcula-
tion of the strains due to cyclic loading by using cur-
rent models [1-3], based on strains caused by creep
loading with S S significantly underesti-

creep: mean’®
mates the actual strains and, thus, is not adequate for

the design of bridges, for example. Instead, it would
be more secure to model the cyclic strains based on
the strains caused by the creep stress at the maxi-

mum stress level S, =S, However, the cyclic

strains could also exceed the creep strains at the
maximum stress level, especially at low moisture con-
tents. Therefore, the proposed approach of using the

creep strains for S,,,,=S,,,, to model the strains due

to cyclic loading is more suitable than the existing
approaches but could also lead to an underestimation
of strains.
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