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Multiscale analysis of long-term mechanical and durability behaviour of 
two alkali-activated slag-based types of concrete 

H.J. Bezemer *, N. Awasthy , M. Luković 
Delft University of Technology, Stevinweg 1, Delft 2628CN, the Netherlands   
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A B S T R A C T   

Although alkali activated concretes (AACs) are promising for reducing the carbon emissions of concrete, in order 
to enable their wide application it is vital to understand their long-term behaviour. Herein, we report the 
development of mechanical properties of a ground granulated blast furnace slag (GGBFS)-based AAC and a bi-
nary fly ash (FA) /GGBFS-based AAC exposed to 55% relative humidity and 20 ◦C up to the age of 5 years. For 
comparison, two ordinary Portland cement (OPC) concretes were monitored for 3.5 years. For the GGBFS-based 
AAC, after an initial decrease within the first 6 months the elastic compressive modulus stabilized, while its 
tensile splitting strength continued to decrease for the tested period of 5 years. The binary AAC showed a 
continuous decrease in its tensile splitting strength for 5 years and a reduction in its compressive strength after 2 
years. No decreases in mechanical properties were observed in OPC-based concretes. To reveal underlying 
mechanisms, additional analyses were performed. Permanent degradation was observed in both AACs; the binary 
AAC mainly suffered from carbonation, and the GGBFS-based AAC showed microcracking. These cracks were 
probably caused by drying shrinkage and drying-induced chemical changes. Based on the measured mechanical 
properties of AAC, crack widths and stiffness of reinforced AAC beams under bending were analytically evaluated 
and compared to experiments. Decreases in bending stiffness and increases in crack width were observed for 
reinforced AAC beams tested at later ages. A bimodular approach is proposed to predict the reduction of bending 
stiffness in the studied AACs over time. These findings are relevant to understand serviceability limit states of 
reinforced AACs.   

1. Introduction 

Concrete is the second most widely used material in the world [1]. 
Although concrete has enabled prosperity, due to its widespread usage, 
the concrete industry is responsible for 5–8% of the anthropogenic 
carbon footprint [2–4]. To limit global warming to 2 ◦C by 2100, current 
CO2-emissions from cement production should be reduced with 24% by 
2050 [5]. This is challenging as current global cement production is 
expected to grow 12–23% by 2050 [5]. One way to reduce the CO2- 
emissions of concrete is to replace ordinary Portland cement (OPC) 
based binders with alkali activated binders [5,6]. Ground Granulated 
Blast Furnace Slag (GGBFS) and coal Fly Ash (FA) are often used for 
alkali activation, due to their wide availability as industrial by-products. 

Alkali activated concretes (AACs) are not yet widely applied in 
practise due to a lack of design codes and guidelines. It is unclear 
whether design codes for Ordinary Portland Cement-based concretes 
(OPCCs) are applicable for AACs, since the empirical relations in these 

codes are mainly based on the 28th day compressive strength. For 
OPCCs, it is conservative to use the 28th day strength: beyond 28 days, 
OPCCs show an increase in the mechanical properties [7–13] due to 
ongoing cement hydration [14]. On the contrary, alkali activation of 
GGBFS is a rapid polymerization process which could lead to stagnation 
of the strength development after 28 days [15]. Alkali activation of FA 
under ambient temperatures is a slower reaction and, therefore, a binary 
FA/GGBFS precursor is sometimes adopted to enhance the strength gain 
beyond 28 days [15]. Nevertheless, decreasing mechanical properties 
have been observed for GGBFS-based and binary FA/GGBFS-based AACs 
over time [16–23]. For binary FA/GGBFS-based AACs, these decreases 
may be related to carbonation, which causes decalcification of the 
microstructure [24,25]. This decalcification leads to carbonation 
shrinkage, which could lead to micro cracking and reduction of strength 
and stiffness [24,25]. GGBFS-based AACs are less susceptible to 
carbonation due to their dense pore structures, high Ca/Si ratios and 
limited consumption of Na+-ions from their pore solutions [25]. 
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Decreases in their mechanical properties may be related to (1) signifi-
cant drying shrinkage compared to OPCCs [18,19,21,26–28] and (2) 
chemical changes upon drying [29]. However, published studies are 
difficult to compare since different mix designs, curing methods, and 
exposure conditions have been used. Furthermore, in our previous study 
no microstructural changes were observed at the age of 2 years [23]. 
Based on this, we hypothesize that the observed decreases in binary FA/ 
GGBFS-based AACs and GGBFS-based AACs could be temporary. 

For structural application of AACs, it is important to understand the 
long term material behaviour and study the structural behaviour of 
AACs over time. However, most studies focused on performing struc-
tural tests at 28 days. At the age of 28 days, reinforced FA-based AACs 
show similar cracking loads [30,31], tension stiffening response [30], 
cracking patterns [30–33] and concrete-rebar bond [34] compared to 
reinforced OPCCs. On the other hand, GGBFS-based AACs could show 
larger crack widths and crack spacings than OPCCs at the age of 28 days 
[35,36]. These larger crack widths might be related to a lower tension 
stiffening effect of reinforced GGBFS-based AAC beams compared to 
OPCCs at the age of 28 days [35]. Although our previous study [23] 
investigated reinforced GGBFS-based and FA/GGBFS-based AAC beams 
tested at different ages, we did not analyse the crack widths in detail. 
Therefore, the impact of the development of mechanical properties of 
GGBFS-based and FA/GGBFS-based AACs on the development of crack 
widths over time is unclear. In addition, the development of bending 
stiffness of AACs is important for the prediction of long-term deflections 
and the serviceability design of structural concrete [18]. Although lower 
bending stiffnesses compared to OPCC [36] were already observed for 
GGBFS-based AACs at the age of 28 days, the effect of decreasing elastic 
compressive modulus on the development of the bending stiffness has 
not been addressed so far. Hence, the effect of the development of the 
elastic modulus on the bending stiffness of reinforced AACs should be 
studied. 

The aim of this study is to understand the long-term development of 
mechanical properties of two AACs and evaluate the effect of decreasing 
mechanical properties on the development of crack widths and bending 
stiffnesses of reinforced GGBFS-based and FA/GGBFS-based AACs over 
time. Mechanical properties of two AACs, different by their GGBFS- 
content, were monitored for 5 years to test if previously observed de-
creases are temporary. A normal and a high strength OPC-based con-
crete are monitored for 3.5 years for comparison. Three additional 
analyses are performed to explain the decreases of long-term mechanical 
properties and reveal the underlying mechanisms: (1) non-linearity of 
stress–strain curves in compression, (2) carbonation depth and (3) 
microscopic images of epoxy-impregnated samples. With the insights 
from these additional analyses, the development of crack widths and 
bending stiffness for reinforced concrete beams are evaluated and 
compared to analytical predictions at different ages. A bi-modular 
approach is proposed to predict the development of bending stiffness 
of reinforced beams over time. 

2. Materials and methods 

2.1. Mix proportions and specimen preparation 

Two AAC mixtures with different types of precursors are studied: (1) 
a GGBFS precursor (mixture denoted as S100) and (2) a binary precursor 
containing 50% per weight (wt%) of GGBFS and 50 wt% of FA (mixture 
denoted as S50). The specific gravities of GGBFS and FA are 2890 kg/m3 

and 2440 kg/m3, respectively. The chemical compositions of the used 
GGBFS and FA are shown in Table 1. Both AACs are activated by an 
alkaline solution made by mixing a sodium hydroxide solution (4 M) 
with a sodium silicate solution (27.5 wt% SiO2, 8.25 wt% Na2O and 
64.25 wt% H2O) in a 1:1 wt proportion. The resulting solution has a 
Na2O concentration of 4.8 wt% and a silica modulus (SiO2/Na2O) of 
1.45. The alkaline solution is prepared 24 h prior to casting. 

For comparison, three OPCCs are included in the study (Table 2): (1) 
a normal strength concrete made of CEM I 42.5 N (mixture denoted as 
NSC-42.5) and with a similar elastic modulus as S100, (2) a normal 
strength concrete made of CEM I 52.5 N (mixture denoted as NSC-52.5) 
and with a similar elastic modulus as S100, and (3) a high strength 
concrete (mixture denoted as HSC) with a similar compressive strength 
as S50. MasterGlenium 51 (35% concentrated) superplasticizer is used 
to improve the workability of NSC-52.5 (Table 2). NSC-52.5 is used in 
structural tests for comparison to the AACs. 

After casting, the samples are vibrated for approximately 20 s, fol-
lowed by sealed curing for 24 h. Next, the samples are demoulded and 
placed inside a fog room under 95% relative humidity (RH) and 20 ◦C. 
After a 28-day curing period, all samples are exposed to controlled 
laboratory conditions (55% RH, 20 ◦C) until testing. 

2.2. Material behaviour 

Due to a lack of standards for AACs, standards developed for con-
ventional OPC concretes are followed for testing the properties of AACs. 
The compressive strength, tensile splitting strength, and elastic 
compressive modulus of OPCCs and AACs are investigated for a duration 
of 3.5 and 5 years, respectively. These properties are used further in 
analytical predictions of the structural behaviour. 

The compressive strength is determined on 100 mm cubes loaded 
with a constant rate of 0.65 MPa/s. The test is performed according to 
EN 12390–3 [38]. For the tensile splitting strength, 100 mm cubes are 
tested with a constant loading rate of 1.1 kN/s, according to EN 12390–6 
[39]. To determine the elastic compressive modulus, 100 × 100 × 400 
mm3 prisms are tested with a loading rate of 0.65 MPa/s. Following 
method B of EN 12390–13 [40], the elastic compressive modulus is 
determined from the last loading cycle from 10% up to 33% of the mean 
compressive prism strength (fcm,prism). The compressive prism strength is 
estimated from the cube strength, assuming the ratio of 0.85 as reported 
for conventional concrete [41–43]. This assumption should be verified 
in future studies. Three specimens were used in each test. The measured 
elastic compressive modulus might slightly differ from those reported in 

Table 1 
Chemical composition of used precursors, determined by X-ray fluorescence results by Nedeljković et al. [37].  

[%] SiO2 Al2O3 CaO MgO Fe2O3 S Na2O K2O TiO P2O5 LOI 

GGBFS  35.5  13.5  39.8  8.0  0.6  1.0  0.4  0.5  1.0  0.0  − 1.3 
FA  56.8  23.8  4.8  1.5  7.2  0.3  0.8  1.6  1.2  0.5  1.2 
CEM I  19.6  4.8  62.2  1.8  3.0  1.4  0.4  0.6  0.3  0.2  2.8  

Table 2 
Mix proportions for the studied AACs and OPCCs.   

S100 S50 NSC-42.5 HSC NSC-52.5 

Ingredient (kg/m3) (kg/m3) (kg/m3) (kg/m3) (kg/m3) 
GGBFS 400 200 0 0 0 
FA 0 200 0 0 0 
CEM I 42.5 N 0 0 260 0 0 
CEM I 52.5 R 0 0 0 366.7 260 
Sand (0–4 mm) 784 784 847.4 841.7 847.4 
Gravel (4–8 mm) 435.5 435.5 394.2 373.3 394.2 
Gravel (8–16 mm) 522.5 522.5 729.2 653.3 729.2 
Activating solution 212 212 156 166.7 156 
Superplasticizer – – – – 0.26 
l/b-ratio 0.53 0.53 0.6 0.45 0.6  
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our earlier study [23], as the average elastic modulus was determined 
over all three load cycles, instead of only the last load cycle. 

Internal structures of the studied concretes are assessed for potential 
damage to understand the cause of decreasing mechanical properties of 
AACs. The presence of internal damage can be inferred from the non- 
linearity of the compressive stress–strain curve [44]. Similar as in EN 
12390–13 [40], this non-linearity is quantified by the coefficient of 
variation from two elastic moduli: (1) determined from 10% to 20% of 
the mean compressive prism strength (fcm,prism) and (2) determined from 
10% to 33% fcm,prism. Both moduli are obtained from the third loading 
cycle. In addition, the carbonation depth is determined at the final 
testing ages (3.5 years and 5 years for OPCC and AACs, respectively) 
with phenolphthalein following the procedure of EN 13295 [45]. Lastly, 
microscopic images from epoxy impregnated samples with a size of 45 
× 45 × 10 mm3 are analysed to investigate the presence of (micro) 
cracks. These samples are sawn out of 100 mm cubes using a water- 
cooled saw. After sawing, the samples are dried at room temperature 
and vacuum impregnated with fluorescent epoxy. Next, the top layer is 
removed by grinding. An optical UV-light microscope is used for imag-
ing of the samples. To improve the visibility of the impregnated epoxy, 
the images are post-processed with ImageJ [46] as follows: (1) the 
contrast is enhanced to 0.35% pixel saturation, (2) the format is con-
verted to 8-bit by splitting the colour channels, and (3) the green colour 
channel is analysed. 

2.3. Structural behaviour 

2.3.1. Development of crack widths 
Fig. 1 shows the reinforcement configuration of the reinforced con-

crete beams tested in four-point bending. In all beams B500B ribbed 
reinforcement steel was used. The AAC beams were tested at different 
ages (e.g., 33 days, 69 days and 151 days) in our previous study [23]. 
One specimen was tested per age. For comparison, a reinforced NSC- 
52.5 beam, similar in design and test configuration, was tested at 33 
days [47]. NSC-52.5 had an elastic compressive modulus of 34.36 GPa 
and a cubic compressive strength of 48.24 MPa at the age of 33 days. The 
tests were performed in displacement control with a loading rate of 0.01 
mm/s. Linear variable differential transformers (LVDTs) were used to 
measure the mid-span deflection and elongation of the bottom surface 
over the constant bending moment region. 2D digital image correlation 
(DIC) was used to determine crack widths [48]. The accuracy and 
verification of the DIC data used has been previously confirmed [23,47]. 
Crack widths and their development throughout the test are monitored 
on a side face of the beam at approximately 2 mm from the bottom. 

Analytical calculations were also used to predict the crack widths 
crack widths. These calculations were performed according to NEN-EN 
1992–1-1:2011 [49] using the average material properties and dis-
regarding the safety factors. The reinforcing steel is assumed to be bi- 
linear with a yielding strength of 550 MPa, an ultimate strength of 
680 MPa and an elastic modulus (Es) of 200 GPa. 

AAC is known to exhibit significant drying shrinkage 
[18,19,21,26–28]. In reinforced concrete structures, shrinkage is 
restrained by the reinforcement, leading to internal stresses. Therefore, 
the combined action of restrained shrinkage deformation and external 
load is also considered for the S50 beams. Total shrinkage deformation 

for S50 were previously measured on 100 × 100 × 400 mm3 prisms 
exposed to 55% RH and 20 ◦C after 28 days of fog curing. Shrinkage 
strain deformation (εsh) can lead to cracks if it exceeds the tensile strain 
capacity of concrete (εct). The tensile strain capacity is obtained from 
notched 100 × 100 × 400 mm3 prisms tested in three-point bending at 
different ages tested in our previous study [23]. If the tensile strain ca-
pacity (εct) is exceeded by the shrinkage strain (εsh), the shrinkage 
moment (Msh) is equal to the cracking moment (Mcr). Otherwise, 
shrinkage loads (Msh) are determined by Eq. (1). 

Msh(t) =
εsh(t)
εct(t)

Mcr (1)  

The cracking moment is determined by the moment of resistance (W) of 
a rectangular reinforced cross-section, and the mean tensile strength 
(fctm), see Eq. (2). The mean tensile strength over time (t) of the AACs is 
determined from the development of the splitting strength, fct,spl per Eq. 
(3), in accordance with NEN-EN 1992–1-1:2011 [49]. For NSC-52.5, the 
tensile strength is determined from its compressive strength compressive 
strength, fck, per Eq. (4). 

Mcr(t) = Wf ctm(t) (2)  

fctm(t) = 0.9fct,spl(t) (3)  

fctm(t) = 0.3fck
2
3(t) (4)  

As the shrinkage load is present prior to applying the short-term external 
load (<1.5 h), the total acting moment on the beams is the sum of the 
moment caused by restrained shrinkage deformations and moment due 
to the externally applied load. The experimentally measured moments at 
cracking and at instances when the maximum crack width reaches 0.2 
mm and 0.3 mm are compared to the analytically predicted values. 

2.3.2. Development of bending stiffness 
The measured elastic mid-span deflections are compared to analyt-

ical predictions. These analytical calculations usually assume isotropic 
behaviour of concrete in the linear elastic stage. Consequently, the 
elastic compressive modulus (Ec) and elastic tensile modulus (Et) are 
assumed to be equal. This is a reasonable assumption given that the ratio 
between the elastic tensile modulus and the elastic compressive modulus 
for OPCCs is around 0.9 [50]. However, it is not clear if the same ratio 
and accompanying assumptions are valid for AACs. Therefore, besides 
the isotropic approach, a bi-modular approach as used in composite 
materials [51] is also investigated (Fig. 2). 

The bi-modular approach assumes that a reinforced concrete beam is 
a composite material, composed of: (1) concrete in tension, (2) concrete 
in compression and (3) steel reinforcement. Furthermore, the following 
assumptions are made: deflections are small, plane sections remains 
plane and only in-plane bending occurs. The measured elastic 
compressive modulus is used for concrete in compression. Concrete in 
tension is characterized by the elastic tensile modulus, which has not 
been directly measured for the studied AACs. Therefore, it is determined 
from the mean tensile strength (fctm (t)) and mean tensile strain capacity 
(εct(t)). These properties are measured on notched 100 × 100 × 400 
mm3 prisms tested in three-point bending at different ages [23]. Eq. (5) 
can thus be used to determine the elastic tensile modulus. 

Fig. 1. Reinforcement configuration [23,47].  
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Et (t) =
fctm (t)
εct (t)

(5)  

The measured values of the mean elastic compressive modulus and 
elastic tensile modulus are sampled mean values assuming a normal 
distribution. Therefore, the propagated uncertainty of the ratio (stan-
dard deviation) is determined with a second order Taylor Expansion 
with Eq. (6) [52] 

Standard deviation =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Var (Et)
Ec

2 + Var(Ec)
Et

2

Ec
4 − 2COV

(
Et
Ec

)
Et
Ec

3

√
√
√
√ (6)  

where Var is the variance, COV is the covariance, and Ec and Et are 
sample means. It is assumed that the elastic compressive modulus and 
elastic tensile modulus are correlated. 

For NSC-52.5, the ratio between the tensile and compressive elastic 
modulus is assumed to be 0.86 [50]. The linear elastic mid-span 
deflection w(t) at each testing age (t) is determined analytically 
following Eq. (7) 

w(t) =
1
24

(

3 − 4
a2

L2

)
FaL2

2EIcomposed(t)
(7)  

where a is the length of the shear span, L is the span of the beam, F is the 
magnitude of the applied point-load (total load applied is 2F) and 
EIcomposed(t) is the bending stiffness of the reinforced beam. The bending 
stiffness of a composite uncracked reinforced concrete beam is deter-
mined with Eq. (8) 

EIcomposed = Ec

(
1
12
bhc3 + bhc

(

n.a. −
1
2
hc
)2
)

+

Et

(
1
12
bht3 + bht

(

n.a. − hc −
1
2
ht
)2
)

+

Es

⎛

⎜
⎝

1
4
(nt + nc)πR2 + ntπR2(h − n.a. − dt)2

+

ncπR2(n.a. − dc)2

⎞

⎟
⎠ (8)  

where ht is the height of concrete under tension, hc is the height of 
concrete under compression, b is the width of the beam, nt and nc are the 

number of reinforcement bars in the tensile and compressive zones, 
respectively, R is the radius of the reinforcement bars, dt and dc are the 
distances from the centroid of the tensile and compressive reinforcement 
to the top of the beam, respectively and n.a. is the distance from the top 
of the beam to the neutral axis. The position of the neutral axis (n.a.) is 
iteratively determined for each testing age, following force equilibrium. 
A first estimate of the position of the neutral axis (n.a.) is obtained by Eq. 
(9) [51] 

n.a.(t) =
̅̅̅̅̅̅̅̅̅̅
Et(t)

√

̅̅̅̅̅̅̅̅̅̅
Et(t)

√
+

̅̅̅̅̅̅̅̅̅̅
Ec(t)

√ h (9)  

where h is the height of the beam. This would be the position of the 
neutral axis if concrete was unreinforced. These initial heights of the 
tensile zone (ht) and compressive zone (hc) are used to update the po-
sition of the neutral axis with Eq. (10). 

n.a. =
1
2bhc

2Ec + bhtEt
(
hc + 1

2ht
)
+ ntπR2Es(h − db) + ncπR2Esdc

bhcEc + bhtEt + (nt + nc)πR2Es
(10)  

3. Results & discussion 

3.1. Development of mechanical properties 

3.1.1. Compressive strength 
The development of the compressive strength over time is shown in 

Fig. 3a. This figure shows that S100 has a constant compressive strength 
over the monitoring period of 5 years. This observation is in line with 
earlier findings [12,17]. On the contrary, S50 shows a clear decrease in 
compressive strength (by 22%) between 2 and 5 years, while it was 
constant during the first 2 years. In our previous study [23] we have not 
observed this decrease, as the strength of these AACs was measured up to 
2 years. The OPC concretes show a compressive strength increase of 74% 
and 15% for NSC-42.5 and HSC, respectively, from 28 days up to the 
tested age of 3.5 years (1304 days). This indicates that ongoing hydra-
tion of cement is dominant in these OPCCs [14], which is in line with 
earlier findings [7–13]. 

3.1.2. Tensile splitting strength 
The evolution of the tensile splitting strength is shown in Fig. 3b. The 

splitting strengths, for both S100 and S50, show a decreasing trend up to 
their tested ages (around 5 years, i.e., 1981 days and 1983 days). In 
particular, S100 shows a significant decrease (by 21%) in the mean 
tensile splitting strength between 2 years and 5 years, while its tensile 
splitting strength was relatively constant for the first 2 years. Wardhono 
et al. [17] observed a similar trend for a GGBFS-based AAC. They, 
however, did not observe any decrease of strength over time in their FA- 
based AAC. On the contrary, the tensile splitting strength of S50 is 
continuously decreasing for all tested ages. Furthermore, the reduction 
in tensile strength of S50 is more significant compared to decrease of the 
compressive strength. A similar difference in the mechanical response 
between tension and compression has also been found in OPC-based 
concretes suffering from Alkali-Silica Reaction and has been attributed 
to the formation of weaker interfacial transition zones between cement 
paste and aggregates, for example due to microcracking [53]. The 
OPCCs show an increase in their tensile strengths until the tested age 
(3.5 years). A significant increase of 66% is found in the tensile splitting 
strength for NSC-42.5 between the age of 28 days and around 3.5 years, 
which is in line with published literature [10]. 

3.1.3. Elastic compressive modulus 
The development of the elastic compressive modulus is shown in 

Fig. 3c. S50 shows a continuous decrease in its mean elastic modulus up 
to 30%, between 28 days and 5 years. On the other hand, S100 shows an 
initial 20% reduction of the mean elastic compressive modulus in the 
first 193 days. Beyond 193 days, the elastic modulus remains relatively 

Fig. 2. Stress–strain curve for bi-modular materials adapted from [51]. Elastic 
tensile modulus and elastic compressive modulus are denoted by Et and Ec, 
respectively. 
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constant up to the tested age of 5 years. When it comes to OPCCs, the 
mean elastic compressive moduli of NSC-42.5 and HSC further increase 
between 28 days and 3.5 years. This increase is not in line with previ-
ously reported reductions of the elastic modulus for OPCCs under drying 
[54]. Hence, the effect of ongoing cement hydration in the studied 
OPCCs is dominant over the reduction in elastic modulus due to mois-
ture loss and microcracking. 

3.1.4. Non-linearity of the compressive Stress–strain behaviour 
The development of the non-linearity in the compressive stress–-

strain response of the studied concretes is presented in Fig. 3d. Both 
AACs show more pronounced non-linearities compared to the OPCCs, as 
shown by their larger coefficient of variation at all tested ages. 
Furthermore, the coefficient of variation for S50 and S100 increases 
from 28 days up to an age of 2 years, while it remains relatively constant 
for the OPCCs. As the non-linearity has been linked with the presence of 
internal damage [44], the higher coefficient of variation for AACs in-
dicates the presence of (micro)cracks. The increase of non-linearity over 
time indicates that the damage propagation is dominant in the AACs. 
Note that from the age of 2 to 5 years the non-linearity decreased. This 
could be attributed to a higher starting load used during the elastic 
compressive modulus test for the samples tested at an age of 5 years, 

which was not used at 2 years. A minimum stress of 8% of the mean 
prism strength was maintained at later ages (5 years), in accordance 
with EN 12390–13 [40]. A minimum stress reduces the effect of settling 
of the sample, setup and measuring devices, and it prevents reopening of 
closed cracks. Despite this change in testing procedure, the results 
clearly indicate a decrease in the elastic compressive modulus for S50 
and a significantly higher non-linearity for both AACs at the age of 5 
years compared to the OPCCs. 

3.1.5. Carbonation depth 
The measured carbonation depths for different samples are summa-

rized in Table 3. These results clearly show carbonation in the AACs. S50 
shows a significant carbonation depth of 23.87 mm at an age of 5 years. 
This is in line with the previously reported carbonation depths and 
mechanisms of carbonation in AACs [25]. The observed decreases in 
mechanical properties for S50, especially for the compressive strength, 
can be attributed to carbonation [19]. On the contrary, S100 shows 
limited carbonation depth (4.24 mm) after 5 years. This is in agreement 
with findings from Nedeljković et al. [25] and can be explained by the 
dense pore structure, high Ca/Si ratio, and limited consumption of Na+- 
ions from the pore solution of S100. Unlike AACs, the cement-rich 
OPCCs (NSC-42.5 and HSC) show no carbonation, as expected for 

Fig. 3. Development of (a) compressive strength, (b) tensile splitting strength, (c) elastic compressive modulus and (d) non-linearity of stress–strain behaviour under 
compression for the AACs (S50, S100) and OPCCs (NSC-42.5, HSC) over time. The age is presented on a logarithmic scale. Results of AACs in the first 2 years by our 
previous study [23]. 
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OPCCs [25,55]. 

3.1.6. Microscopic analysis 
The microscopic results are presented in Fig. 4. The dashed lines 

indicate the centre of the original samples (i.e., areas which were not 
directly exposed to drying and carbonation), as the samples are cut from 
larger elements (100 × 100 mm2). It can be observed that there is more 
epoxy penetration close to the exterior surfaces of AACs compared to the 
cores. This difference in penetration over the cross section is not 
observed for the OPCCs. To quantify the difference in epoxy impreg-
nation between the surface layer and the core of the concretes, the 
average grey-scale value (on a scale of 0 to 255) is determined at 3 
representative areas in the exterior layer and 3 representative areas in 

the core (Table 4). A square of 3 × 3 mm2 containing only small ag-
gregates and no large voids is considered to be a representative area. 
These results show that S100 has the largest difference in greyscale- 

Table 3 
Carbonation depth for the investigated materials at an age of 3.5 and 5 years. The standard deviation is reported in brackets.   

S50 S100 NSC-42.5 HSC 

Age (days) 1989 1987 1304 1299 
Sample 1 (mm) 25.22 4.73 0 0 
Sample 2 (mm) 23.59 4.87 0 0 
Sample 3 (mm) 22.81 3.11 0 0 
Mean (mm) 23.87 (±1.23) 4.24 (±0.98) 0 0 
Concrete cross section (100 × 100 mm2) 

Fig. 4. Microscopic analysis of epoxy impregnated 45 × 45 mm2 samples under UV light, shown by 8-bit green colour channel images for (a) S50, (b) S100, (c) NSC- 
42.5 and (d) HSC with zoomed sections to indicate the affected/damaged surface area. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 

Table 4 
Variation of grey scale value from exterior to core of the specimens. Grey scale 
values are on a scale of 0 to 255. Standard deviations are mentioned in brackets.  

Label Mean Exterior Mean Core Difference 

NSC-42.5 69.72 (±3.94) 65.49 (±6.11)  4.23 
HSC 38.24 (±0.93) 35.84 (±13.78)  2.40 
S50 61.37 (±6.17) 17.67 (±3.36)  43.70 
S100 98.57 (+8.79) 8.55 (±5.85)  90.03  
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value between its exterior layer and core. S50 also has a significant 
difference in its grey-scale values, whereas no differences are found over 
the cross section of the OPCCs. 

The thickness of porous surface layers is larger for S50 compared to 
S100, which is in line with the measured carbonation depths. While 
epoxy penetrates pores and (micro)cracks, the used level of detail in the 
microscopic analysis is insufficient to distinguish between the two. 
However, microcracks could be observed in S50 and S100 and not in the 
OPCCs. Especially, S100 showed significant microcracking close to its 
exterior surface. Microcracks were also observed on the surface of both 
AACs by an optical microscope. Similar as for the epoxy impregnated 
images, S100 showed significant microcracking, while only a few 
microcracks are observed for S50. This is in agreement with the obser-
vation of microcracks on the surface for GGBFS-based AACs by 
Nedeljković et al. [15]. These findings indicate that decreases in the 
mechanical properties of AACs are not temporary, as previously hy-
pothesized. As the carbonation depth was limited in S100, a different 
mechanism must be responsible for the microcracking and the observed 
decrease in mechanical properties. A possible reason is the chemical 
change in the microstructure under drying, since chemically bound 
water is easily removed from C-A-S-H gels under drying at ambient 
temperatures [29]. The removal of this chemically bound water causes 
desiccation of C-A-S-H gels [29]. No notable chemical changes were 
reported in FA/GGBFS-based binders because they had most of their 
water physically bound [29]. Another reason for the more significant 
cracking of S100 could be drying shrinkage, because GGBFS-based AACs 
have finer pore structures compared to binary AACs [25,27]. 

3.2. Structural behaviour 

3.2.1. Crack width development over time 
As the decreases in mechanical properties are not temporary, it is 

vital to understand the significance of these decreases on the develop-
ment of crack widths in reinforced concrete beams tested at later ages. 
The measured crack widths are compared with analytical predictions. 
Also, the effect of shrinkage is included in the analytical model. Fig. 5 
presents the development of the shrinkage and the tensile strain capacity 
of S50 over time. These results show that the mean strain capacity of S50 
is not exceeded by shrinkage strains for all tested ages. Hence, S50 did 
not crack due to shrinkage. This is in line with the findings of Li et al. 
[56], who did not observe shrinkage cracking in AAC if exposure started 
after a curing period of 28 days. 

Fig. 6a shows the experimentally measured bending moment – 
deflection curves and maximum crack width – deflection curves for all 

the studied beams. These results show that the AACs have a lower ten-
sion stiffening effect than NSC-52.5 at the age of 34 days. The tension 
stiffening effect decreases for both AACs over time. Fig. 6b shows the 
cracking bending moments for the studied beams. While comparable 
cracking bending moments are observed for AACs and NSC-52.5 at the 
age of 33 days, both AACs show clear decreases over time. For example, 
S50 shows a 12% decrease in its cracking bending moment from 33 days 
to 69 days. This decrease could be attributed to the development of 
mechanical properties, as the analytical prediction reflects this decrease 
with a maximum deviation of 2%. On the other hand, the decreases for 
S100 could not be accurately predicted by its mechanical properties as 
the prediction overestimated the cracking bending moment by 14%. 

The bending moments at which a maximum crack width of 0.2 mm 
or 0.3 mm is reached are presented in Fig. 6b. These bending moments 
are similar for S50 and NSC-52.5 at the age of 34 days. However, the 
bending moment at which 0.3 mm crack width is reached in S100 is 17% 
lower compared to that of NSC-52.5 and S50 at the age of 34 days. 
Larger crack widths for GGBFS-based AACs at the age of 28 days were 
also observed by Du et al. [35]. Furthermore, larger crack widths are 
observed for both AACs tested at later ages. For example, the bending 
moment at which a maximum crack width of 0.2 mm is obtained de-
creases (by 22%) for S100 from 34 days to 70 days. Similarly for S50, the 
load at which the crack of 0.2 mm is reached seems to reduce from 34 
days to 151 days. Although there is no statistically representative 
number of samples, the general trends can still be observed and 
confirmed by analytical calculations. 

Without accounting for shrinkage, the bending moments at which 
the crack widths of 0.2 mm and 0.3 mm are reached could be reasonably 
well predicted for NSC-52.5 at an age of 34 days. On the contrary, the 
loads at which a crack width criterion is reached was always over-
estimated for the AACs if shrinkage was not accounted for. For example, 
the load at which the maximum crack width reached 0.2 mm for S100 
was overestimated by 64% at an age of 70 days. If shrinkage is accounted 
for in S50, the prediction of crack widths is almost always conservative. 
Note, in this study only the total shrinkage increase after 28 days of 
moist curing is accounted for and, therefore, the effect of autogenous 
shrinkage during the curing period is neglected. Although autogenous 
shrinkage has been reported to be significant for AACs [15], AACs also 
exhibit significant creep [12,19,21,26]. Creep deformation in total 
autogenous shrinkage is significant compared to the elastic deformation 
and only the elastic deformation leads to stresses. As a result, the 
cracking tendency of AACs, following the classification defined by ASTM 
C1581 [57], under restrained autogenous shrinkage is moderate-low 
[22]. Creep effects in drying shrinkage measurements are not consid-
ered, which leads to the overestimation of the internal stresses caused by 
restrained drying shrinkage deformation. Including creep effects (i.e., 
estimating the elastic component of drying shrinkage) in the analysis 
might improve the prediction of long-term crack widths and is recom-
mended to be included in future studies. Furthermore, the current 
analytical crack width prediction model assumes a constant rebar- 
concrete bond over time, whereas this assumption might not be valid 
if internal (micro)cracks are formed. The bond behaviour has not been 
monitored over time and should thus be included in future works. 

A decrease in the bending moments at which the crack width limits 
are reached for S50 is observed at an age of 69 days compared to 151 
days. This could not be predicted by the development of mechanical 
properties nor by accounting for shrinkage. The cracking pattern was 
similar to the AAC beams tested at 33 days and 151 days, while the 
ultimate capacity was reduced by 13% [23]. As it is uncertain what the 
statistical relevance is of this deviation, future studies should address the 
repeatability of these structural tests. 

3.2.2. Bending stiffness development over time 
The analytically predicted ratios between the tensile elastic moduli 

and elastic compressive moduli for the studied AACs are presented in 
Fig. 7a. Although their standard deviations are quite significant, the Fig. 5. Total shrinkage (εsh) and strain capacity (εct) of S50 over time.  
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ratio between the moduli shows that the elastic tensile modulus is lower 
for both AACs compared to that of NSC-52.5, at an age of 34 days. For 
example, the ratio of the tensile to compressive modulus for S50 at 28 
days is 0.41. The ratio of moduli decreases over time for both AACs. For 
example, at the age of 91 days, both S50 and S100 show an elastic tensile 
modulus of 32% of the elastic compressive modulus. An explanation for 
the significant decrease in elastic tensile modulus over time for S100 
might be the formation of shrinkage cracks and drying-induced chemical 
changes in the microstructure. As (drying) shrinkage was not measured 
for S100, it is recommended to include shrinkage measurements in 
future studies. The elastic tensile moduli and the ratios are indirectly 
determined, and are significantly lower compared to experimentally 
reported values for conventional concrete by Tipka et al. [50]. To verify 
the obtained results and the adopted bi-modular approach, the tensile 
elastic modulus of AACs should be measured in the future. 

The elastic mid-span deflections for reinforced concrete beams tested 
at later ages are shown in Fig. 7b. Deflection increments in the load 
range from 5 to 10kN are analysed, to eliminate settling effects of the 
beams. The results show that deflections for S50 are already 53–58% 
larger compared to those for NSC-52.5 and S100 at the age of 34 days. 
This could be attributed to the lower elastic moduli of S50 in tension 
(53%) and compression (81%) compared to NSC-52.5 at the age of 28 
days. The lower elastic compressive modulus for AACs, compared to 

OPCCs, is in agreement with earlier findings [16,22,35,58] and might be 
related to the intrinsically lower elastic modulus of the N-A-S-H and C-A- 
S-H gels in AACs compared to C-S-H gels in OPCCs [59]. 

Furthermore, the elastic mid-span deflection increases for the AACs 
over time. In other words, their bending stiffness decreases over time. 
The bending stiffness of S100 decreases by 38% from 34 days to 70 days. 
Interestingly, a similar decrease is observed for S50 from 33 days to 69 
days, whereas the two AACs have a different governing degradation 
mechanism and different decreases in elastic moduli over time. For 
example, the decrease in elastic compressive modulus is more significant 
for S50, while S100 shows a more significant decrease in its tensile 
elastic modulus from 28 days to 91 days. The decrease in bending 
stiffnesses for the studied AACs over time could, in addition to creep, be 
a reason for significant deflection increase under sustained load in 
reinforced FA/GGBFS-based AAC beams observed by Un et al. [18]. 
More research is needed to distinguish between the contribution of creep 
and reduction of bending stiffness of AACs to develop long-term 
deflection prediction models. 

Comparison of these experimentally obtained deflections with con-
ventional analytical predictions, where it is assumed that the elastic 
modulus in tension and compression are equal (Et = Ec), shows that the 
deflections are underestimated for the AACs at all tested ages (Fig. 6b). 
This underestimation of mid-span deflections increases for beams tested 

Fig. 6. (a) Experimentally obtained bending moment – deflection curves (solid lines) and maximum crack width – deflection curves (dashed lines) for the studied 
beams. Results by Prinsse et al. [23]. (b) Comparison of experimentally observed (E) bending moments with analytical calculations with (Ash) and without (A) 
shrinkage for the reinforced concrete beams tested at different ages. The age of the beams is mentioned in brackets. M0.3mm = bending moment at 0.3 mm crack 
width. M0.2mm = bending moment at 0.2 mm crack width. Mcr = cracking moment. 

Fig. 7. (a) Ratio of the elastic tensile modulus and the elastic compression modulus for AACs and NSC-52.5 over time. The age is presented on a logarithmic scale. (b) 
Comparison of elastic mid-span deflections obtained with the conventional analytical approach, bi-modular approach and as observed in experiments. The elastic 
mid-span deflections are determined from 5 to 10 kN of load for the tested beams at different ages. The testing ages of the beams are mentioned in brackets. 
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at later ages. For example, a deflection increase of only 15% is analyt-
ically predicted for S100 from 34 days to 70 days, while an increase of 
38% is experimentally observed. If bi-modularity is assumed (Et < Ec), 
the accuracy of the mid-span deflection prediction improves 
significantly. 

4. Conclusions 

A series of tests were performed to investigate the long-term me-
chanical properties of two OPC based concretes and two AACs (one 
GGBFS-based and one FA/GGBFS-based AAC) up to the age of 3.5 and 5 
years, respectively. Additional analyses were performed to reveal un-
derlying mechanisms. With the gained insights, crack widths and 
bending stiffnesses in reinforced concrete beams tested at different ages 
were analysed and the applicability of analytical models used for con-
ventional concrete were evaluated. A bi-modular approach is proposed 
for the prediction of bending stiffness of reinforced concrete beams. The 
following conclusions can be drawn from this study:  

• Earlier reported decreases in mechanical properties of two AACs 
exposed to 55% RH and 20 ◦C are unlikely to be temporary. The 
tensile splitting strength and elastic compressive modulus continued 
to decrease for the studied FA/GGBFS-based AAC up to the moni-
tored age of 5 years, while the studied GGBFS-based AAC showed a 
22% decrease in tensile splitting strength from 2 to 5 years. Although 
the compressive strength was stable for the FA/GGBFS-based AAC up 
to the age of 2 years, it reduced (by 22%) between 2 and 5 years. On 
the contrary, all studied mechanical properties increased for the OPC 
concretes tested up to the age of 3.5 years.  

• Unlike the OPCCs, the AACs showed significant increases in the non- 
linearity of the stress–strain behaviour under compression. Different 
underlying mechanisms are found for the two AAC mixtures. Sig-
nificant carbonation (23.87 mm) was observed for FA/GGBFS-based 
AAC at the age of 5 years. Although the carbonation depth was 
limited (4.24 mm) for the GGBFS-based AAC, microcracks were 
observed under the microscope. These microcracks are probably a 
result of chemical changes in the microstructure under drying and 
drying shrinkage. The OPC concretes did not show carbonation nor 
microcracking at the age of 3.5 years.  

• Reinforced GGBFS-based AAC beams showed larger crack widths 
than OPCC and FA/GGBFS-based AAC beams at the age of 34 days. 
Furthermore, larger crack widths were observed if GGBFS-based and 
FA/GGBFS-based AACs were tested at later ages. These increases 
could not be analytically predicted by only accounting for the de-
creases in their mechanical properties over time. If the increase in 
total shrinkage after 28 days of fog-curing was accounted for in the 
analytical prediction of crack widths over time, the predicted 
bending moments at which a maximum crack width of 0.2 mm and 
0.3 mm is reached became conservative.  

• The FA/GGBFS-based AAC showed a lower bending stiffness than the 
GGBFS-based AAC and the OPCC at the age of 33 days. This can be 
attributed to the lower elastic compressive modulus and lower elastic 
tensile modulus for FA/GGBFS-based AAC at the age of 28 days and 
can be related to the intrinsically lower Young’s modulus of gel-paste 
for the binary AAC compared to GGBFS-based AAC and OPCC.  

• The bending stiffness of the studied AACs decreased over time. 
Although the AACs had a different governing degradation mecha-
nism, similar decreases in bending stiffness were observed over time. 
Reductions in bending stiffness of the AACs over time were signifi-
cantly underestimated if they were assumed to behave isotropic. If 
AACs were assumed to be bi-modular, predictions of their bending 
stiffness were more accurate. 

It is important to note that the current study focuses on two specific 
AACs and compares them with two OPC-based concretes under specific 
exposure conditions (55% RH and 20 ◦C). Therefore, different results 

might be found for different binders in AACs or under different exposure 
conditions. Future studies will focus on different binder compositions in 
AACs. To obtain a more realistic estimate of the development of internal 
stresses and improve the prediction of crack widths in AACs over time, 
future studies should determine the contribution of creep to the 
apparent shrinkage under drying. Lastly, direct tensile tests are foreseen 
for AACs to verify the proposed bi-modular approach. 
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