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ARTICLE INFO ABSTRACT

To enable wide structural application of alkali activated concretes (AACs) as a sustainable alternative to Portland
cement concretes (PCCs), it is vital to understand their interaction with steel reinforcement. Even before applying
mechanical loading, significant internal loads (strains), originating from cement hydration, changes in temper-
ature and (internal) relative humidity, can be imposed and will affect reinforcement-concrete interaction. Herein,
early-age and long-term induced steel strains have been measured on embedded reinforcement bars instru-
mented with distributed fiber optical sensors (DFOS) in reinforced concrete beams. A GGBFS-based alkali acti-
vated concrete (S-AAC) was compared to a reinforced CEM III/B-based concrete (denoted as S-PCC). Both
concretes have been fog-cured for 28 days and successively exposed to 20 °C and 55 % relative humidity for a
duration of 1 year. By combining bonded and unbonded DFOS strain measurements, mechanical steel strains
induced by autogenous and drying shrinkage could be decoupled from temperature effects. DFOS allowed to
detect local strain peaks and microcracks and determine microcrack widths along the length of reinforcement
bars. Autogenous shrinkage developed rapidly in S-AAC due to the fast polymerization reaction of GGBFS and
negligible early-age expansion, leading to 3 times larger shrinkage at 28 days compared to S-PCC. Yet, unlike S-
PCC, S-AAC showed a slower development of shrinkage induced deformations than plain S-AAC, indicating that a
significant portion of shrinkage in S-AAC is creep. In addition, autogenous shrinkage induced deformations led to
microcracking in S-AAC, contributing to a lowered development of steel deformation. Under drying, S-AAC
showed a rapid increase in microcrack width without further significant increases in the mean steel deformation.
Microscopic images confirmed the presence of more pronounced microcracking in S-AAC compared to S-PCC.
These findings are relevant to gain understanding of the long-term behavior of reinforced AACs.
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its effect on the structural behavior is still unclear, while in general,
concrete shrinkage could have a significant effect on the cracking

1. Introduction

With the increase in climate change awareness in recent years [1,2],
industries are challenged to reduce their carbon footprint. The concrete
industry is responsible for 5-8 % of the anthropogenic carbon emissions
[3-5]. As majority of these emissions stem from Portland Cement (PC)
clinker production, carbon reduction strategies aim at (partially)
replacing cement clinker by industrial by-products, such as ground
granulated blast furnace slag (GGBFS). Clinker-free concrete can be
realized by activation of GGBFS with an alkaline solution [6,7].
Although GGBFS-based alkali activated concretes (AACs) are promising,
their wider application is hampered by insufficient understanding of
their long-term (structural) behavior. In particular, AAC shrinkage and
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behavior and stiffness response of reinforced concrete structures [8-11].

Recent research showed that, GGBFS-based AACs could exhibit up to
twelve times higher autogenous shrinkage deformation compared to PC-
based concretes (PCCs) [12-15]. Yet, GGBFS-based AACs were reported
to have a lower cracking risk than PCCs under isothermal conditions due
to their more pronounced visco-elastic behavior (e.g. creep and relaxa-
tion) [14]. On the other hand, under semi-adiabatic conditions,
GGBFS-based AACs developed only limited compressive stresses by
early age expansion, which caused a rapid build-up of tensile stresses
and significantly increased their cracking risk [16].

Under drying, GGBFS-based AACs are reported to show more
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significant shrinkage compared to PCCs [13,17-20]. Majority of this
shrinkage stems from moisture loss, as carbonation is limited in
GGBFS-based AACs due to their dense pore structures, high Ca/Si ratio
binder and limited consumption of Na*t-ions from pore solutions [21].
The pronounced drying shrinkage in GGBFS-based AACs was attributed
to (1) a dense pore structure, (2) lower elastic modulus compared to
PCCs and (3) pronounced visco-elastic behavior [12]. Furthermore,
GGBFS-based AACs were found to lose chemically bound water from
their C-A-S-H-gels under drying, which causes drying-induced self--
desiccation [22].

Although the shrinkage mechanisms of GGBFS-based AACs have
become better understood, these studies focused primarily on (free)
plain concrete shrinkage. In reinforced concrete structures, embedded
reinforcement bars restrain concrete shrinkage, which causes tensile
stress development and (possibly) cracking of concrete. Due to the visco-
elastic behavior of concrete, only part of the plain (material) concrete
shrinkage is imposed on reinforcement bars as mechanical strain.
Furthermore, drying is a diffusion based process, causing a non-uniform
strain distribution in concrete. Hence, it is difficult to determine internal
stress development and possible microcracking in reinforced concrete
structures from apparent (plain) concrete shrinkage deformations. It
would be desired to measure concrete shrinkage induced strains directly
on embedded reinforcement bars. However, it has been challenging to
develop measurement techniques with sufficient accuracy and spatial
resolution [23]. With recent advances in measurement techniques,
distributed fiber optic sensing (DFOS) poses to be a viable technique for
strain measurements on embedded reinforcement bars. Fiber optic
sensors are thin glass wires (125 pm in diameter), which can transmit
light pulses. As the light signal travels along the length of the fiber, it
scatters. Part of the scattered signal travels through the cladding and
gets lost, while the remaining part can be inferred using Optical Fre-
quency Domain Reflectometry (OFDR) to obtain strain and temperature
changes along the fiber. There are four types of scattering that occur and
can be used in OFDR [24,25]: (1) Rayleigh, (2) Mie, (3) Brillouin and (4)
Raman backscattering. For applications that require accurate strain or
temperature readings over longer distances (e.g. monitoring of large
structures such as pipelines, bridges and railroads over several kilome-
ters), the Brillouin scattering is a viable option due to its high accuracy
(up to 20 pe) and spatial resolution (up to 5 m) over longer sensing
lengths. For applications that require higher accuracy and resolution
over a shorter distance, the Rayleigh backscatter is often preferred due
to its stronger backscattering signal, which allows for strain measure-
ments with an accuracy of up to 1 pe and a spatial resolution of up to
0.65 mm, while being cost-effective. Given its high spatial resolution, it
is considered as a quasi-continuous strain measurement, allowing to
capture local strain variations, and determine crack widths and
bond-stresses. It is so far mostly used under mechanical loads [23,
26-28]. Only a limited number of studies have used it to measure
(restrained) shrinkage deformations in traditional reinforced concrete
[9,10,23,29]. Note, however that, these studies were mainly focused on
total shrinkage deformation and did not distinguish between different
shrinkage mechanisms, such as autogenous and drying shrinkage.
Furthermore, up to the authors knowledge, no studies have used DFOS
to measure shrinkage induced deformations in AACs, while their sig-
nificant free shrinkage deformations and pronounced visco-elastic
behavior emphasize the necessity to evaluate shrinkage induced de-
formations of reinforced GGBFS-based AACs.

The aim of the current study is to investigate the development of
shrinkage induced deformations of a reinforced GGBFS-based AAC over
time. Reinforced concrete beams had their reinforcement bars instru-
mented with DFOS, to monitor mechanical steel strains induced by
concrete shrinkage over a period of 1 year. A reinforced GGBFS-based
PCC was monitored for comparison. Both concretes are fog-cured for
28 days and successively exposed to drying. A method was developed to
separate temperature induced strains from autogenous and drying
shrinkage induced strains. Local shrinkage induced strain variations
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were investigated in depth to explore possible microcrack formation and
monitor microcrack widths over time. To explain the development of
shrinkage induced deformations of the two different concretes, the
development of plain concrete compressive strength, elastic modulus
and, autogenous and drying shrinkage was monitored.

2. Materials and methods
2.1. Materials and mix designs

Two types of concrete are studied (Table 1): (1) a GGBFS-based alkali
activated concrete (denoted as S-AAC) and (2) a CEM III/B-based con-
crete (denoted as S-PCC) for comparison. The concretes are designed to
be comparable in terms of: (1) aggregates (type, volume fraction, dis-
tribution), (2) air content, (3) water-to-solid ratio (w/s) and (4) 28th day
compressive strength. The specific gravities of GGBFS and CEM III/B are
2890 kg/m® and 2950 kg/m°, respectively. The chemical compositions
of the used GGBFS and CEM III/B are shown in Table 2. S-AAC is acti-
vated by an alkaline solution, which is made by mixing a sodium hy-
droxide solution (4 M) and a sodium silicate solution (27.5 wt% SiOs,
8.25 wt% NayO and 64.25 wt% H,0) in a 1:2.2 wt proportion. The
resulting solution has a NapO concentration of 4.5 wt% and a silica
modulus (n = SiO2/Nay0) of 0.95. The alkaline solution is prepared
24 hours prior to casting. S-PCC was prepared with water. No admix-
tures were used.

To verify the comparability of the concrete mixes, the following fresh
and hardened properties have been obtained (Table 3): (1) density ac-
cording to EN-12350-6 [31], (2) air content measured with a water
column meter, following EN-12350-7 [32] and (3) mean compressive
strength at 28 days, determined from three 150 mm cubes. A loading
rate of 0.6 MPa/s was used for the cube test, following EN-12390-3
[33].

2.2. Plain concrete

2.2.1. Mechanical properties

The development of compressive strength was determined by testing
150 mm cubes at an age of 1,7, 28, 92, 182 and 365 days. A loading rate
of 0.6 MPa/s was applied, following EN-12390-3 [33].

The development of the elastic compressive modulus was deter-
mined by testing 100 x 100 x 400 mm? prisms at an age of 28, 92, 182
and 365 days. A loading rate of 0.1 MPa/s was used and the modulus was
determined on the third loading cycle, which ranged from 10 % to 33 %
of the mean compressive prism strength, following method B of EN-
12390-13 [34]. All experiments were performed in triplicate. Note, both
concretes were fog-cured until an age of 28 days and successively
exposed to 55 % relative humidity (RH) and 20°C until testing.

2.2.2. Plain concrete shrinkage

Autogenous shrinkage of plain concrete was determined on sealed
100 x 100 x 400 mm? prisms. One day after casting the prisms were
demolded, sealed and placed in a temperature controlled room at 20°C.
Sealing of prisms was done by three layers of plastic foil, followed by
two layers of bitumen-aluminum tape. The seal was checked by weight

Table 1
Mix proportions for the studied mixtures.
S-AAC S-PCC

Ingredient (kg/mg) (kg/ms)
GGBFS 400 0
CEM III/B 42.5 N 0 426
Sand (0-4 mm) 787 787
Gravel (4-16 mm) 947 947
Activating solution 200 -
Water - 165
w/s-ratio 0.38 0.38
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Table 2

Chemical composition of used precursors, determined by X-ray fluorescence [30].
[%] Si0, Al,O03 CaO MgO Fe,03 S Nay0 K20 TiO P,0s LOI
GGBFS 35.5 135 39.8 8.0 0.6 1.0 0.4 0.5 1.0 0.0 -1.3
CEM III/B 42.5 N 30.0 11.0 45.0 7.0 1.3 1.9 0.4 0.5 0.9 0.6 0.1

2.3. Reinforced concrete
Table 3
Fresh and hardened properties of studied mixtures. . o . .
Prop 2.3.1. Instrumentation of distributed optical fiber sensors
5-AAC S-PCC Concrete shrinkage induced strains of a reinforcement bar were

Fresh properties measured in 1900 x 200 x 150 mm? reinforced concrete beams (Fig. 2).
Density (kg/m®) 2348 2327 All beams contained 8 mm diameter ribbed steel bars (B500B). Rein-
Air content (%) 2.3 2.2

Hardened properties (28t day)

Mean compressive strength (MPa) 69.22 (+0.75) 68.36 (+2.09)

measurements over time. Each prism was instrumented with two mea-
surement clocks, one on each non-casted side, measuring deformation of
concrete over a 200 mm central distance (Fig. 1). In addition, a ther-
mocouple was cast-in to monitor the heat evolution of concrete and
determine its thermal deformation. The latter was determined by
assuming that the coefficient of thermal expansion is 10 x 1076 /°C 35,
36]. Autogenous shrinkage of plain concrete was then determined using
Eq. (1),

Ecas (t) = Etot,sealed(t) - €T(t)

@

in which e, 4(t) is the autogenous shrinkage deformation of plain con-
crete, Eqrsealed(t) is the total measured concrete deformation on sealed
prisms and er(t) is the thermal deformation of concrete. The measure-
ments started 25-26 hours after casting.

Prisms (100 x 100 x 400 mm?) for drying shrinkage measurements
were demolded 1 day after casting and then fog-cured (>95 % RH) until
they reached an age of 28 days. Then they were instrumented with
measurement clocks (Fig. 1) and exposed to drying (55 % RH, 20°C).
Drying shrinkage was determined using Eq. (2),

Sc,ds(t) = SC,B(t) - gc.m(t) (2)

in which e 45(t) is the drying shrinkage of plain concrete and . 4(t) is the
total deformation measured on unsealed prisms. Three replicates were
monitored for autogenous shrinkage and drying shrinkage.

forced concrete beams were cast in molds made from plywood. After
casting, the samples were compacted with a vibration needle and then
sealed. The samples were demolded 24 hours after casting, placed on
plastic pallets and fog-cured (> 95 % RH) up to the age of 28 days. Note,
the plastic pallets had an open upper deck, which allowed all surfaces of
the beam to be exposed to the environment. After curing, the samples
were moved to another room, where they were exposed to a controlled
drying environment (55 % RH, 20°C).

Low bend loss optical fibers with a 125 pm cladding and 200 pm
chemically bonded coating were installed on the longitudinal ridge of
longitudinal reinforcement bars. Note, these types of thinly coated
single-mode fibers exhibit minimal slip between the core of the fiber and
the host material, which makes them suitable for measuring steep strain
gradients [28]. All beams had their central longitudinal bar instru-
mented with an optical fiber. In addition, one replicate beam had also an
additional fiber installed on the outer longitudinal reinforcement bar.
The surface of reinforcement bar ridges were prepared by sandpapering
and successively cleaned with ethanol. The fibers are continuously
bonded with a cyanoacrylate adhesive over the central region of the bar
(Fig. 2). After the fibers are bonded, a thin film (i.e. approx. 0.05 mm) of
a polyurethane-based coating was applied for protection. Given the its
dimension compared to the diameter of the reinforcement bar, it is
assumed that this coating thickness does not influence the measurement.
Outside the central region, the fibers are unbonded and guided through
a protective jacket. A coreless fiber was spliced at the end of the fiber to
ensure refraction and termination of the signal. Strain measurements
were made at discrete timesteps using Luna Inc. Odisi 6100. For every
timestep, 5 measurements were made with a speed of 10 Hz and a spatial
resolution of 0.65 mm.

A total of 6 beams per mixture were monitored. 2 beams per mixture
were semi-continuously monitored by taking measurements every
5 minutes in the first 24 hours (up to demolding) and later at less

(b)

Fig. 1. (a) Sealed concrete prisms instrumented with a thermocouple and measurement clocks and (b) unsealed concrete prisms instrumented with measure-

ment clocks.
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frequent time intervals. A first (zero-)measurement was made directly
after casting (1.5 hour after casting). The remaining 4 beams had their
first (zero-)measurement 6 hours after casting and had their second
measurement when exposed to drying. Note, for all plain and reinforced
concrete samples, time is expressed with respect to the beginning of
casting. In order to compare trends from different tests, previously
measured deformation is set as a starting point. For example, when plain
autogenous shrinkage (measured 26 hours after casting) is compared
with autogenous shrinkage deformations in the beams (started 1.5 hour
after casting), then plain autogenous shrinkage measured from 26 hours
is superimposed to the autogenous shrinkage deformations measured
until 26 hours. The number of replicates was reduced at later ages given
the low measurement scatter.

2.3.2. Post-processing of distributed optical fiber sensing data

To reduce noise and obtain shrinkage induced mechanical strains at
the reinforcement, raw strain data was post-processed with an auto-
mated MATLAB-script. Firstly, the 5 measurements were averaged per
timestep. Secondly, the strain readings were corrected for temperature
changes because DFOS are sensitive to both strain and temperature
variations. A temperature change causes inherent thermal deformation
of the fiber and a change in the refractive index, which can be mis-
interpreted as imposed strain by the interrogator. For the bonded part of
the fiber, it is difficult to distinguish between actual strain and tem-
perature induced spectral shifts. However, for the unbonded part, the
fiber is unstrained and a change in the spectral shift is solely caused by a
temperature change. Hence, the temperature change in the specimen
can be obtained from the unbonded part of the fiber by using Eq. (3):

£, t
AT(t) = 7&““;“( k:

3
in which AT is the temperature change with respect to the zero-
measurement; €,ponded 1S the mean strain reading for the unbonded
part of the fiber; K, and Kt are strain and temperature calibration factors
of the used fiber, respectively. Approximately 95 % of a temperature
induced spectral shift can be attributed to a temperature induced change
of the refractive index [37]. Furthermore, given that the coefficient of
thermal expansion of steel is significantly larger than that of the optical
fiber, using the obtained temperature change (Eq.3), the difference be-
tween thermal deformation of the reinforcement bar and the optical
fiber is deduced from the measurements to obtain shrinkage induced
steel deformation. As the coefficient of thermal expansion of steel is
comparable to that of concrete [35,36,38], temperature changes are
assumed not to induce differential deformations between steel and
concrete, and shrinkage induced strains can be obtained by Eq. (4):

Es tot (X7 t) = Emeasured (X, t) - (04955unbonded(t) - AT(t) CTEﬁber)
Es.th (JC7 t) = AT(t) CTEsteel
4

Es.sh (x7 t) = gs.tot(xa t) — Esth (X, t)

in which & is the total steel deformation; epeqsures is the measured
strain of the bonded part of the fiber; CTE;.,; is the coefficient of thermal

(®)

Fig. 2. (a) Specimen layout with embedded DFOS and (b) DFOS instrumented on reinforcement bar. Dimensions are in milimeter.

expansion of steel, taken as 10 x 107° /°C [36,38]; CTEgp,, is the coef-
ficient of thermal expansion of the fiber, taken as 0.55 x 107 /°C; &.n is
the thermal deformation of steel; &g, is the shrinkage induced steel
deformation. Note, it is assumed that the optical fibers are rigidly
bonded to the steel; shear lag and interfacial slip are assumed to be
negligible. This seems a reasonable assumption considering the thick-
ness of the fibers (200 um) and the thin layer of glue used, and was
confirmed by the presence of local strain variations (local rib-effects) in
the unprocessed data. After temperature compensation, only the bonded
part of the fiber is further analyzed. Thirdly, similar to [23,28,39,40], an
outlier removal filter was used, which removed data that deviated more
than 3 times the standard deviation over a moving median with a win-
dow length equal to rib-spacing. And lastly, due to the small spatial
resolution of DFOS (0.65 mm), DFOS captures local rib-effects stemming
from (1) local bond action between concrete and steel and (2)
non-uniaxial strain state along the reinforcement bar [28]. The latter is
intrinsically related to the geometry of the reinforcement bar and its
effect interferes with the local bond action between concrete and steel.
This complicates the decoupling procedure and could cause misinter-
pretation of local strain peaks along the fiber. Hence, similar to [28],
local rib effects were removed by down-sampling the strain response to
rib-spacing by averaging over the rib-spacing distance, which was 4 mm
in the current study. Fig. 3 shows a typical DFOS strain measurement
and illustrates the post-processing steps.

Local strain peaks could be observed along the reinforcement bar,
which could indicate the presence of microcracks. Previously, the ability
of DFOS to detect microcracks was questioned, as strain peaks could as
well be caused by differential shrinkage between aggregate and paste
[26]. In the current study, three criteria are used to detect microcracks:
(1) a low-pass filter is used to allow only strain peaks with a period of
more than 1.5 times the maximum aggregate size to pass, (2) a peak
prominence filter is used to allow strain variations that passed the
low-pass filter and have a prominence of 50 um/m to be detected as peak
and (3) detected peaks are only detected as cracks if the filtered steel
strain gradient exceeds 2 ym/m/mm. Similar criteria were shown to be
effective for detecting cracks in concrete under mechanical loads [23,
39]. Crack widths were determined by integration of unfiltered steel
strains over the distance where the steel strain threshold was exceeded
(Fig. 4), following Eq. (5),

X2
/ (e, 7es.sh(x1,t)+ex_sh(x2,t))dx

CW(t) = ()

2

in which CW is the crack width; x; is the first location along the rein-
forcement bar, where the strain threshold was exceeded; x, is the last
location along the reinforcement bar, where the strain threshold was
exceeded. The second term in Eq. (5) accounts for the average concrete
deformation between cracks. Note, the low-pass filter is only applied to
detect a crack, while unfiltered steel strains are used to determine
(micro)crack widths.
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3. Results & discussion
3.1. Plain concrete shrinkage

Fig. 5a shows the development of plain concrete shrinkage. This
figure shows that the autogenous shrinkage of S-AAC developed rapidly
in the first 7 days, reaching 190 um/m, while S-PCC showed a signifi-
cantly slower development of autogenous shrinkage, reaching 60 um/m
at 7 days. This rapid development of autogenous shrinkage in S-AAC is in
line with earlier findings [12-15] and has been attributed to (1) a lower
elastic modulus compared to PCCs, (2) significant chemical shrinkage,
(3) dense pore size distribution causing high capillary pressure from
self-desiccation, (4) refinement of porous structure and (5) pronounced
pore pressure induced visco-elastic behavior [16,41-44]. S-AAC shows
immediate development of shrinkage, while S-PCC exhibits expansion in
the first 48 hours. Early-age expansion is typical for CEM III/B concretes
due to the formation of expansive reaction products, such as ettringite
[45,46]. Expansive reaction products are limited in GGBFS-based AACs
[42], leading to immediate shrinkage deformations. Note, although
thermal deformations were obtained from measuring the internal con-
crete temperature with thermocouples, temperature had little effect on
the shrinkage readings as temperature readings did not change more
than 1°C after starting the measurements. Another reason for the rapid
development of autogenous shrinkage in S-AAC might be its rapid
early-age strength development. Fig. 5b shows that S-AAC has a rapid
development of compressive strength in the first 7 days. For example,
S-AAC reaches already 24 MPa in the first 24 hours and 62 MPa (~90 %
of its 28th day strength) in the first 7 days, while S-PCC only reaches a
strength of 13 MPa after 1 day and 47 MPa (~69 % of its 28th day
strength) at 7 days. This is in line with earlier findings from Nedeljkovic

et al. [47], who found that GGBFS-based AACs showed rapid early-age
strength development due to rapid precipitation of reaction products
from its pore solution.

After 7 days, both concretes kept developing autogenous shrinkage
reaching 110 and 350 um/m at 28 days and 190 and 500 pm/m after 6
months for S-PCC and S-AAC, respectively. Fig. 5¢ shows that the weight
change of sealed samples remained below 0.3 % during the whole
monitoring period, indicating that proper sealing conditions have been
obtained and the measured deformations can be attributed to autoge-
nous shrinkage. Interestingly, the development rate of autogenous
shrinkage of S-AAC drops significantly after 3 months and becomes
similar to S-PCC. For example, from 28 days to 3 months the average
shrinkage development for S-AAC was 1.7 um/m/day, while this was
only 0.7 um/m/day for S-PCC. From 3 months to 6 months, this rate
reduced to 0.4 um/m/day for both concretes. One reason could be the
stagnation of binder polymerization, as S-AAC shows no significant
strength gain after 3 months, while it still gained strength from 28 days
to 3 months. S-PCC kept, albeit at a slower pace, gaining compressive
strength up to 6 months.

Under exposure to drying, S-AAC showed a rapid development of
total shrinkage, reaching 925 um/m at 1 year, while S-PCC had a slower
development of total shrinkage, reaching 500 um/m at 1 year. By sub-
tracting autogenous shrinkage from the total shrinkage, the contribution
due to moisture loss to the environment is obtained. Fig. 5a shows that
drying shrinkage is more pronounced in S-AAC than in S-PCC and thus
that the larger total shrinkage of S-AAC cannot be solely attributed to its
more pronounced self-desiccation. For example, after 6 months the
drying shrinkage of S-AAC is 40 % larger than in S-PCC. Similar trends
have been observed before [13,17-20]. Although the drying shrinkage
of S-AAC is larger than S-PCC, S-AAC shows only half of the weight
change from S-PCC under drying (Fig. 5c). This is in line with earlier
findings [13,41], where the lower weight loss of AAC was attributed to
(1) microstructural rearrangement [12] and (2) carbonation shrinkage
of AACs under drying [13]. However, note that, carbonation was found
to be limited in GGBFS-based AACs due to their dense pore structures,
high Ca/Si ratio binder and limited consumption of Na*-ions from pore
solutions [21]. Instead, the pronounced drying shrinkage of S-AAC
might at least partially be attributed to a reduced elastic modulus, as a
softer matrix would cause larger deformations under the same capillary
pressure. As can be depicted from Fig. 5d, the elastic compressive
modulus of S-AAC was already 10 % lower than that of S-PCC at 28 days
and decreases by 25 % from 37 GPa to 28 GPa from 28 days to 1 year,
while S-PCC shows, albeit statistically insignificant, a slight increase in
elastic modulus from 28 days to 1 year. Similar results have been re-
ported before [11,48,49] and the decreasing elastic modulus of
GGBFS-based AACs over time was attributed to microcracking and
microstructural rearrangement under drying [11].



H.J. Bezemer and M. Lukovié¢

100 1
ol <<—Start of drying
-100 1
-200 1
’é‘ -300 ¢
E -400 ¢
3 5000 _T-.¢ o
o 600} [3 ¢,as,8-PCC <<, 45
700 I """" ¢,ts,S-PCC
-800 | = ~$ - ~£cass-anC
-900 [ g€ i s anc
21000 Lo e
) 7 14 28 92 182365
Age (days)
(a)
5 -
9\_8/ 0 sl sy e e i o bttt
(]
o0
=
£ 5
O
= --F--S-PCC
%D ol y - S-PCC (sealed)
3 - - —E --S-AAC
....... A S-AAC (sealed)
15 Lo . S
1 7 14 28 92 182 365
Age (days)
()

Construction and Building Materials 476 (2025) 141317

=
& |  F--a- £:=s-——--=::
= 80 ? z
5
%“60
3 --§--S-PCC
> 40 --3--S-AAC
£ 20
g
o
O e . .
O VSO S )
b qﬁv Sk %n;oqga
Age(dayS)
(b)
<40t E---¥----1 B e ot e i =
= =
2 o
E 30 ¢ Tt~ -- o ____._ -
j=
=P
p
2
200 --3--S-PCC
= --I—-S-AAC
0 s .
Age(daYS)
(d)

Fig. 5. Development of (a) plain concrete shrinkage, (b) compressive strength, (c) weight change and (d) elastic modulus.

3.2. Autogenous shrinkage induced deformations

Fig. 6a shows the development of steel deformations measured by
DFOS in the first 672 hours (28 days). Directly after starting the mea-
surements, shrinkage strains developed, reaching approx. 45 um/m
after 6 hours for both concretes. It is unlikely that these strains are
induced solely by concrete shrinkage, as at this age concrete would not
have been able to develop significant stiffness and bond to transfer de-
formations to the reinforcement. Significant stiffness (> 2 GPa) was only
found 6 hours and 10.5 hours after casting for a similar GGBFS-based
AAC [16] and CEM III/B-based concrete [46], respectively. A possible
explanation for the development of steel strain in these first hours after
casting could stem from plastic flow of concrete and thermal deforma-
tion. Note, the total steel deformation shows the net-induced deforma-
tion of steel as a competition between thermal deformation of steel,
autogenous expansion induced deformations and concrete shrinkage
induced deformations. Once the concrete develops significant stiffness,
concrete shrinkage starts to induce steel deformations. As can be
depicted from the development of total steel deformation, S-PCC de-
velops significant shrinkage deformations only 14 hours after casting. At
this point, the temperature of S-PCC is still rising (Fig. 6b). Similarly,
S-AAC shows a significant development of steel deformation 9.5 hours
after casting, which coincides with the end of its dormant period
(Fig. 6b). In the first hour after casting, both concretes have a rapid rise
in temperature. However, S-AAC shows a dormant period from 5 to
12 hours, which is when there is hardly any temperature increase, while
S-PCC shows no signs of a slower evolution of heat. After 12 hours,
S-AAC shows a rapid increase in temperature again, reaching 35°C

22 hours after casting. S-PCC reaches a lower peak temperature of 32°C
after casting. Similar heat evolutions were observed by Li et al. [16],
where they compared the evolution of heat from their GGBFS-based AAC
to an Ordinary Portland Cement Concrete (OPCC) and concluded that
GGBFS-based AACs have a lower evolution of heat. Note, in the current
study, the concretes are demolded 24 hours after casting and relocated
to a fog-room (20°C and >95 % RH). This contributed to a rapid decline
in temperature after 24 hours.

Fig. 6¢ shows the development of autogenous shrinkage induced
strains. From this graph it becomes clear that DFOS are capable of
capturing the same trend as was observed in plain concrete. S-AAC
shows more significant autogenous shrinkage induced deformations,
reaching 320 ym/m at 672 hours (28 days), compared to S-PCC,
reaching 115 um/m at 28 days. Furthermore, Fig. 6¢ shows the com-
parison between autogenous shrinkage induced deformations and plain
concrete shrinkage. It can be observed that the plain shrinkage defor-
mation of S-PCC is almost completely transferred to the reinforcement,
indicating that the reinforcement poses a low degree of restraint. Note,
as the beams are asymmetrically reinforced, restrained deformations
would induce bending and creep effects, but these effects seem to be
minor in S-PCC due to the low degree of restraint, at least after 72 hours.
In the first 72 hours, autogenous expansion is more significant in plain S-
PCC (53 um/m) than in reinforced S-PCC (22 pm/m). This could
possibly be explained by significant creep during the expansive phase
and a low concrete-steel bond after 15 hours, preventing autogenous
expansion to be transferred to steel. Liang et al. [45] observed that CEM
III/B-based concretes can show significant creep during the expansive
phase, while it is low during the shrinkage phase. Unlike S-PCC, S-AAC
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shows a slower development of shrinkage induced deformations
compared to its plain concrete shrinkage. The difference between plain
and shrinkage induced deformations becomes already apparent after
48 hours and increases over time. After 672 hours, only 64 % of the
plain concrete shrinkage is imposed to steel for S-AAC, while this is 95 %
for S-PCC. This indicates that a significant portion of the autogenous
shrinkage of S-AAC stems from pore pressure induced creep, as plain
shrinkage comprises an elastic and a creep part [50-53] and only the
elastic part is imposed to steel. More specifically, S-AAC shows a 7 times
larger creep (€creep/€elastic) than S-PCC in the first 672 hours. This is in
line with findings from Li et al. [14], who found that the early-age creep
of GGBFS-based AACs could be 8 times larger than for conventional
concretes. This significant early-age creep of GGBFS-based AACs was
partially attributed to a reduced stacking regularity of C-A-S-H gels [14],
which are mainly formed in GGBFS-based AACs, compared to C-S-H
gels, which are mainly formed in OPCCs.

Fig. 7 shows the development of autogenous shrinkage induced de-
formations along the reinforcement bar for the first 28 days. From this
graph it becomes apparent that after 2 days significant strain variations
develop in S-AAC, while S-PCC shows less variation in strains along the
length of the reinforcement bar. The appearance of these local peaks
might be an indication of shrinkage induced microcracking. Note, as the
degree of restraint from reinforcement is relatively low in the current
study, it might as well be that microcracking is caused by aggregate
restraint. Lura et al. [54] showed that in high performance cement-paste
autogenous shrinkage can induce microcracks. Consequently, the
development of autogenous shrinkage induced microcracking in
GGBFS-based AACs was hypothesized and put forward as a possible
explanation for degrading mechanical properties [14,49,55]. Yet, these
studies could not prove the presence of autogenous shrinkage induced

microcracking in AACs. The presence of autogenous shrinkage induced
microcracks could, in addition to creep, be another reason for the dif-
ference in plain shrinkage and shrinkage induced deformations in
S-AACs.

3.3. Drying induced deformations

Fig. 8 shows the continued development of shrinkage induced steel
strain along the reinforcement from the onset of drying (55 % RH and
20°C). Although the fibers were installed and treated with care, the
optical fiber embedded in one of the S-AAC beams broke in the middle of
the beam (Fig. 8b). It was still possible to obtain sufficient backscatter of
the signal and measure strains up to the fiber breakage point. Similarly,
in one of the S-PCC beams a fiber failed close to the end of the bonded
part (Fig. 8f) and strains could only be measured in the first 92 days.
Nevertheless, these beams show similar results compared to their rep-
licates and are therefore included in further analysis. From Fig. 8 it
becomes apparent that, both concretes continued to develop shrinkage
induced strains from 28 days up to the monitoring period of 1 year.
Similar to plain concrete shrinkage (Fig. 5a), S-AAC rapidly develops
shrinkage induced deformations directly after exposure to drying, while
the strain development is more gradual for S-PCC. Furthermore, both
concretes show that with time, existing local strain variations are
amplified and new peaks are formed, indicating that new microcracks
are formed and existing microcracks grow. Note, Fig. 8 shows the
combined effect of continued autogenous shrinkage deformation and
drying induced deformations, as it was not possible to separate these
two. Modelling could be a feasible solution to decouple shrinkage
mechanisms and to couple plain concrete shrinkage to shrinkage
induced deformations with consideration of size effects in drying, creep
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Fig. 7. Development of autogenous shrinkage induced steel strain for S-AAC replicates (a-b) and S-PCC replicates (c-d) in the first 28 days.

deformations and microcracking.

Fig. 9a shows the total development of shrinkage induced de-
formations. Interestingly, the strain development rate for S-AAC seems
to slow down from 56 days and further strain increments are limited.
This is not observed for S-PCC nor for the plain concretes (Fig. 5a). As
temperature remained relatively constant over time and changes that
did occur could be accounted for by the designed DFOS layout, as can be
depicted from Fig. Ob, the stagnation in the strain development of S-AAC
cannot be attributed to thermal effects. Instead, it could indicate that a
significant portion of plain concrete shrinkage of GGBFS-based AACs
under drying stems from creep, as GGBFS-based AACs can exhibit twice
as high creep compared to OPCCs under drying [56]. However, the plain
S-AAC samples were still losing weight after 1 year (Fig. 5¢), which in-
dicates that the pore relative humidity of S-AAC has not yet equilibrated
with the environment (i.e. there is still a hygral gradient within the
sample). For the reinforced concrete beams, which have a larger cross
sectional area than the plain concrete samples, it would take even longer
for the pore relative humidity to equilibrate with the environment.
Hence, the elastic part of drying shrinkage is still developing. The
stagnation in the development of shrinkage induced deformations in
S-AAC could be caused by (drying induced) microcracking, as
GGBFS-based AACs were found to develop microcracks under drying
[11,48,57].

Fig. 9¢ shows the development of maximum crack widths over time
and shows that both concretes develop autogenous shrinkage-induced
microcracks. For S-AAC, microcracks seem to already form 51 hours
after casting, while a first microcrack in S-PCC is only detected after 13

days. Furthermore, crack widths are larger in S-AAC than S-PCC. For
example, the maximum crack in S-AAC reaches a width of 4 um at 28
days, while the maximum crack width is only 0.5 pm in S-PCC. Micro-
cracks were also observed by the eye on the surface of S-AAC at 28 days,
but could not be detected for S-PCC. The presence of autogenous
shrinkage induced microcracks in S-AAC confirms earlier hypotheses
[14,49,55] and can be attributed to the rapid development of autoge-
nous shrinkage in S-AAC. Under drying, the maximum crack width
continues to increase, reaching 5 ym and 10 pm for S-PCC and S-AAC,
respectively, after 1 year. Fig. 9d shows that the increase in the mean
steel strain due to shrinkage correlates with the increase in the average
microcrack width. Decreases in mean microcrack width, for increasing
steel strain, indicate that new cracks are formed. Decreases in maximum
microcrack width indicate that, microcracks can close when adjacent
microcracks open. Interestingly, when S-AAC reaches a steel strain of
—400 pym/m, the mean crack width continues to increase, while the
development of steel strain stagnated. Similarly, after 56 days, which is
when the steel strain reaches approx. —400 um/m, the maximum crack
width rapidly increases, indicating that the stagnation of shrinkage
induced steel deformation in S-AAC after 56 days might indeed be
related to microcracking. Furthermore, this could possibly explain the
observed reduction in stiffness, tension stiffening and cracking load in
reinforced GGBFS-based AAC members over time [11].

Both concretes had one reinforced concrete beam with both the
central and one of the outer longitudinal reinforcement bars instru-
mented with DFOS. Fig. 10a shows the development of shrinkage
induced deformation of these beams from the onset of drying. For
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comparison, the total plain concrete shrinkage (Fig. 5a) is also presented
(from the onset of drying). Although drying rate is size dependent and
plain concrete shrinkage was determined from a smaller cross-section
(100 x 100 mm?) than the reinforced concrete beams (150 x
200 mm?), the difference between plain concrete shrinkage and
shrinkage induced steel deformation is significantly larger in S-AAC than
in S-PCC. For example, plain shrinkage of S-AAC reaches 350 pm/m at
92 days, while the corner reinforcement bar only deforms 140 um/m.
For S-PCC, this difference is significantly smaller; 220 um/m plain
shrinkage and 150 ym/m deformation of the corner bar at 92 days. This
observation confirms that a significant portion of plain concrete
shrinkage in GGBFS-based AACs could stem from creep. In addition,
shrinkage-induced microcracking could amplify the difference between
plain shrinkage and shrinkage induced deformations. As drying
shrinkage is determined by the pore humidity gradient of concrete, it
was anticipated that the outer bar would show a more rapid develop-
ment of shrinkage induced deformations. However, unlike S-PCC, S-AAC
shows a slower development of steel deformation in the outer longitu-
dinal bar, which, due to hygral gradients, would be more susceptible to
cracking than the central bar. To investigate the susceptibility to
cracking, the side surfaces of the concrete beams are studied with an
optical microscope at an age of 3 months. To highlight irregularities on
the surface, the surfaces are wiped with a wet cloth. Figs. 10b and 10c
show the side surface of S-AAC and S-PCC, respectively. From these
figures it becomes evident that significant microcracks have formed on
the surface of S-AAC. Note, also the bottom surface of S-AAC contained
these microcracks. Although some microcracks were also observed in S-
PCC, they have significantly smaller widths. Hence, S-AAC appears to be
more susceptible to microcracking than S-PCC, which could explain the
lower deformation of the outer reinforcement bar in S-AAC.

4. Conclusion

Development of concrete shrinkage induced deformations has been
measured on embedded reinforcement bars instrumented with DFOS in
reinforced GGBFS-based AAC and CEM III/B-based concrete beams and
was compared to plain concrete shrinkage. The concretes have been fog-
cured for 28 days and successively exposed to 20°C and 55 % relative
humidity for a duration of 1 year. By combining bonded and unbonded
DFOS strain measurements it was possible to decouple temperature ef-
fects and obtain mechanical steel strains induced by autogenous and
drying shrinkage. As only the elastic part of plain concrete shrinkage can
be imposed on reinforcement bars, it was possible to distinguish be-
tween the elastic and creep part in plain concrete shrinkage. Further-
more, DFOS provided quasi-continuous strain measurements along the
reinforcement bar, which allowed to automatically detect local strain
peaks and microcracks and determine their microcrack widths. Hence,
DFOS provided useful insights in the complex shrinkage behavior of a
novel concrete type, which could not have been captured from plain
concrete shrinkage measurements. The following conclusions can be
drawn from this study:

1) Autogenous shrinkage of plain GGBFS-based AAC develops rapidly
and reaches 3 times larger deformations at 7 and 28 days compared
to a CEM III/B-based concrete. The rapid development of autogenous
shrinkage in GGBFS-based AAC can, at least partially, be attributed
to the absence of autogenous expansion and rapid polymerization of
GGBFS, leading to rapid strength development in the first 7 days.
Furthermore, although the autogenous shrinkage development rate
reduces after 3 months, autogenous shrinkage continued to develop
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Fig. 9. Development of (a) mean shrinkage induced steel strain, (b) internal (int) and ambient (ext) temperature and (¢) maximum microcrack width over time, and
(d) relation between mean microcrack width and mean shrinkage induced steel strain.

in both concretes and significantly contributed to the total shrinkage microcracking along the reinforcement bar was detected and could
of concrete. have contributed.

2) Drying shrinkage of plain GGBFS-based AAC develops more rapidly, 5) Under drying, shrinkage induced deformations develop initially
reaching 40 % larger values at 6 months, than in CEM III/B-based more rapidly for GGBFS-based AAC compared to CEM III/B-based
concrete. This can partially be attributed to the development of concrete. However, the strain development rate in GGBFS-based
elastic compressive modulus over time, as GGBFS-based AAC shows AAC decreases after 56 days, while this was not evident for CEM
a 10 % lower modulus at 28 days and a 25 % decline from 28 days to III/B-based concrete. Although the effect of creep in plain concrete
1 year, compared to a CEM III/B-based concrete, which shows no shrinkage cannot be ignored, the decrease in strain rate development
significant variations in elastic compressive modulus from 28 days to might be amplified by opening of microcracks at the age of 56 days.
1 year. 6) Local strain peaks along the reinforcement bar have been identified

3) GGBFS-based AAC shows a dormant period between 5 and 12 hours as microcracks. As shrinkage induced deformations increased,
in its temperature evolution, while this is not observed in CEM III/B- microcracks show to grow in number and width. GGBFS-based AAC
concrete. In addition, GGBFS-based AAC reaches a higher (35 °C) shows already significant microcrack widths (>4 um) under autog-
peak temperature than CEM III/B-based concrete (32 °C). enous shrinkage induced deformations, while microcrack widths

4) GGBFS-based AAC shows a rapid development of autogenous remain small (< 0.5 ym) in CEM III/B-based concrete. Unlike CEM
shrinkage induced deformations at the end of its dormant period III/B-based concrete, GGBFS-based AAC shows a rapid increase in
(9.5 hours after casting), which indicates significant stiffness gain of microcrack width after 56 days, which is when shrinkage induced
concrete and confirms the choice for a time-zero for shrinkage deformations stagnated, possibly explaining earlier observed de-
measurements in earlier studies [16]. Although CEM III/B-based creases in stiffness and cracking resistance of reinforced GGBFS-
concrete shows already development of autogenous expansion based AAC members over time [11]. Similarly, the development of
induced deformation 14 hours after casting, the expansion of steel is shrinkage induced deformations under drying developed slower in
limited, confirming earlier studies on the choice for time-zero from the outer reinforcement bar than the central reinforcement bar in
the peak of expansion [45]. Unlike CEM III/B-based concrete, GGBFS-based AAC, while the opposite and anticipated trend was
autogenous shrinkage induced deformations in GGBFS-based AAC observed in CEM III/B-based concrete. Microscopic images of the
started to develop slower than its plain shrinkage deformation after non-casted side surface of concrete beams confirmed the presence of
52 hours, indicating that a significant portion of the autogenous microcracks and showed significantly larger microcrack widths for
shrinkage of GGBFS-based AACs could be creep. In addition, local GGBFS-based AAC.

10
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Fig. 10. (a) Development of mean shrinkage induced steel strain for beams exposed to drying (t,=28 days) with a DFOS instrumented on the central and outer
reinforcement bar, (b) surface cracks on non-casted side of S-AAC beam 2 (S-AAC-B2) and (c) S-PCC beam 2 (S-PCC-B2) at an age of 3 months.

It is important to note that the current study focuses on a specific
GGBFS-based AAC and compares the results with a CEM III/B-based
concrete under specific curing (>95 % RH) and exposure conditions
(55 % RH and 20°C). Adopting a different alkaline activator, type of
binder and/or exposure environment might lead to different results.
Therefore, it is encouraged to focus on different curing regimes, binder
compositions, activators and exposure conditions in future studies. As
the current study was limited to the development of shrinkage induced
steel deformation, future studies would need to investigate its implica-
tions to the structural behavior of GGBFS-based AACs under short-term
and sustained loads. Furthermore, as the current study could not directly
couple plain (drying) shrinkage to shrinkage induced deformations due
to the effect of microcracking, creep, bending (due to asymmetric
reinforcement) and size effects in drying, it is encouraged to investigate
modelling strategies to decouple these effects.
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