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Abstract
This paper presents an experimental study on the development of material proper-

ties over time (up to around 2 years) and the structural behavior of reinforced

beams, for two types of alkali-activated concrete (AAC). Compressive strength,

flexural strength, tensile splitting strength, elastic modulus, and flexural behavior

of reinforced beams are investigated. Tested material properties of AAC are com-

pared with the properties of conventional concrete, as predicted by Eurocode. For

the mixes of AAC and the conventional concretes with the same 28 days compres-

sive strength, flexural and tensile splitting strength at 28 days are found to be simi-

lar, whereas the elastic moduli of AAC mixtures is up to 30% lower than those of

conventional concrete. Related to the long term behavior, after 28 days moist-

curing and subsequently exposing AAC specimens to laboratory conditions (50%

RH/20�C), a reduction of flexural strength, tensile splitting strength and elastic

modulus, is observed. Structural behavior of the reinforced AAC beams in four-

point bending test seems not to be affected significantly by the observed decrease

in material properties, and is found to be similar to that of conventional concrete

beams. The acquired results indicate that the observed decrease of material proper-

ties over time might be related to drying (moisture loss). However, more research

is needed to understand the phenomenon, especially related to the aimed structural

application and safe upscaling of AAC.
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1 | INTRODUCTION

During the last century, concrete has become the most popu-
lar construction material. Mostly due to its ease of use, over-
all availability, freedom of form, and good performance,
concrete is, next to water, the mostly consumed substance on

earth.1 In order to make concrete, a binder is needed for
which the combination of Ordinary Portland Cement (OPC)
and water is conventionally used. The widespread avail-
ability and relatively low costs of the needed materials
and technologies to produce OPC, contributed to the fact
that it became the highest-volume manufactured product
on the planet.2 However, the production of OPC is
energy-intensive and the ever-growing cement production
also implies overexploitation of natural resources such as
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limestone quarries.3 Moreover, cement production is one
of the primary contributors to global warming, accounting
for at least 5–8% of worldwide anthropogenic CO2

emissions.4

The environmental impact of concrete production can be
reduced by lowering OPC consumption, for example, by
using industrial by-products such as blast furnace slag (BFS)
or fly ash (FA) as supplementary cementitious materials in
conventional concrete. Another alternative is alkali-activated
concrete (AAC), for which OPC paste is completely
substituted by an alternative, alkali-activated binder. Alkali-
activated binder is formed by the reaction between a precur-
sor (alumina- and silica-containing solids) and an alkaline
solution. The industrial by-products (e.g., BFS, FA) or
treated waste materials can be used as precursors.

Although AAC seems to have promising qualities for
structural application in terms of sustainability, worldwide
use is not yet established. One of the reasons for this is the
fact that there are no available regulations or Codes to apply
it. Though in Russia and Ukraine AAC was used in build-
ings already early last century, in the following decades
there was not a lot of progress in the research field. The
material is still relatively new and there is lack of experience
with its application. The Codes that are used for conven-
tional concrete may not be directly applicable for AAC. For
OPC concrete, the Design Codes are based on compressive
strength at 28 days, and most other mechanical properties
are based on this strength. After 28 days, the compressive
strength, and with that all other properties, increase in time.
For AAC it is not yet clear if the relations and assumptions
that are valid and proven for OPC concrete are applicable. In
that respect it can be mentioned that mechanical properties
of AAC vary a lot, depending on the wide range of available
mixture compositions and curing conditions. Furthermore,
most of the research conducted so far is on the paste or mor-
tar level and limited research has been conducted regarding
the structural properties of AAC. And finally, the long-term
performance of AAC is scarcely investigated. Related to
that, a few researchers reported a decrease of strength or
stiffness over time for AAC mixtures that contain BFS. Col-
lins and Sanjayan5 were the first that reported a strength
reduction for alkali-activated slag (AAS) concrete. In their
research, AAS concrete cylinders exposed to 50% RH and
23�C directly after unmoulding at the age of 1 day, lost 17%
of their compressive strength between 56 days and 1 year.
On the other hand, sealed and bath cured samples did not
exhibit this reduction and even showed an increase of com-
pressive strength over time. Wardhono et al.6 reported a
reduction of flexural strength and elastic modulus for AAS
concrete, while compressive strength was approximately
constant over time. The elastic modulus of AAS concrete
showed a 43% drop from 28 to 540 days. These samples

were water-cured for 6 day after being demoulded and were
subsequently kept at room temperature until being tested.
However, for alkali-activated FA concrete, heat-cured at
80�C for 24 hr and subsequently kept at room temperature
until testing, Wardhono et al.6 did not observe a decrease of
properties over time. It is expected that the reported phenom-
ena of a decrease in material properties might be related to
the material composition, for example, presence of BFS,
and/or the type of curing conditions, for example, presence
of water. Based on this information, there is no certainty
about strength and stiffness development of AAC over time
and it is not clear if the compressive strength at 28 days can
be used as a safe reference for design. Besides the limited
amount of knowledge about the performance of AAC and
material-related properties over time, almost no research has
been conducted regarding the time-dependent structural
behavior of the reinforced AAC.

To the authors' opinion the reported decrease in material
properties5,6 should first be well-understood before
upscaling structural applications of AAC. The intention of
this research is to make first steps towards a better under-
standing of this phenomenon and its effect on structural
behavior of reinforced AAC. This paper reports the results
of an experimental research7 that has been carried out to
investigate the time-dependent behavior of a range of
mechanical properties of two mixtures of AAC (BFS system
and blended BFS/FA system) and the flexural behavior of
corresponding reinforced AAC beams. The properties
assessed were compressive strength, tensile splitting strength
and elastic modulus up to 695 days, flexural strength up to
91 days, while furthermore the structural capacity and crack-
ing patterns of reinforced AAC beams up to 151 day were
investigated.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials and mixture designs

Based upon the results in literature,5,6 it was hypothesized
that the amount of BFS in the binder of AAC might play a
role in the observed decrease of properties over time. There-
fore, in this research, the development of strength and stiff-
ness was investigated for two AAC mixtures with a
difference in amount of BFS in the binder. Mixtures S100
and S50, characterized by a 0:100 and 50:50 FA/slag precur-
sor binder ratio respectively were used. Table 1 shows the
AAC mixture compositions used in this research. These mix-
tures were developed in previous studies at the TU Delft.8–11

FA and BFS were the applied precursors and their chemical
compositions are shown in Table 2. The precursors were
activated by alkaline activator made of 4-M sodium-
hydroxide (NaOH/4 M) and waterglass (Na2SiO3). Weight
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ratio between (NaOH/4 M) and waterglass was 1. The acti-
vator was cooled down to room temperature before prepara-
tion of the concrete. Both AAC mixtures were characterized
by a solution/binder ratio of 0.53. No admixtures (retarders
or superplasticizers) were added.

For casting of the reinforced AAC beams, wooden molds
and reinforcement were prepared. All reinforced beams are
characterized by a tensile reinforcement ratio of 0.61% and
are desinged to fail in flexure under four point bending.

2.2 | Specimen preparations and casting

The experimental program is shown in Figure 1. The prepara-
tion of all specimens was divided over four different days, to
spread the amount of tests in the weeks after the castings. For
the material tests, mixing of 25 L concrete batches was carried
out using a 40 L concrete mixer. Similarly, using 40 L con-
crete mixer, S100 reinforced beams were casted in batches of
25 L, because of the fast hardening time of the material. A
220 L mixer was used for casting S50 reinforced beams, in
batches of 100 L. Three cubes of 150 × 150 × 150 mm3 were
casted together with reinforced beams as a reference and to
determine the compressive strength when testing the beam.

In the mixing process, the dry materials (BFS and/or FA,
fine and coarse aggregates) were firstly mixed for 3 min.
Meanwhile, the sodium-hydroxide solution was added to the
waterglass and continuously stirred. Then, the alkaline activa-
tor was added to the dry mix, and mixing continued for
another 3 min until the mixture was well-mixed. The initial
setting time of the S50 mix was about 20 min. The S100 mix-
ture had almost no workability, it started hardening immedi-
ately. The AAC was then poured in the preoiled molds that

were positioned on the vibrating table. For the first casted
batches, oil was used, but during later castings Vaseline was
applied, because it proved to be easier during unmoulding.
When all molds were half full, the AAC was vibrated for
about 20 s. After this, the rest of the AAC was poured in the
molds and another 20 s of vibrations were applied. The molds
were covered with plastic film. After 1 day of hardening, all
specimens were unmoulded and placed in the fog room where
they have been cured (20�C and 95% RH) for 28 days. After
the 28-day curing period, all the specimens but two, were
moved from the curing room to laboratory conditions (20�C
and 55% RH). One sample of each S50 and S100 was left in
the curing room until the age of 91 days.

2.3 | Testing

2.3.1 | Material properties

Flexural strength was determined by a three-point bending
test in accordance with NEN-EN 14651 + A1, except for the
fact that the specimen size was 100 × 100 × 400 mm3

instead of 150 × 150 × 550–700 mm,3 as specified in the
NEN-standard. The tests have been performed using an
Instron machine, with the controlled crack opening at speed
of 0.5 μm/s. In all samples a notch of 25 mm was made at
midspan, using wet-sawing. After this, the samples were
dried for at least 6 hours before testing.

The compressive strength test was performed in accor-
dance with NEN-EN 12390–3, but on cube specimens of
100 × 100 × 100 mm3 instead of 150 × 150 × 150 mm3.
These cubes were sawn from the specimens that were first
used for flexural tests (see Figure 1), using wet-sawing.
Compressive strength tests were performed using a CYBER-
TRONIC machine, with a loading rate of 6.5 kN/s. The
tensile splitting tests were performed in accordance with
NEN-EN 12390–6, but instead of cylindrical specimens,
cube specimens of 100 × 100 × 100 mm3 were used. The
cubes were sawn from the specimens that were first used for
flexural tests, using wet-sawing. Tensile splitting strength
tests were performed using a CYBER-TRONIC machine,
with a loading rate of 6.5 kN/s.

Elastic modulus was determined in accordance with ISO
1920-10:2010. The specimen size was 100 × 100
× 400 mm3, so the height/width ratio is 4. In order to have
more realistic practical conditions, the specimens were not
re-immersed in water for 12 hours, before testing, as

TABLE 1 Alkali-activated concrete mixtures8

S50 S100

For 1 m3 concrete: [kg] [kg]

Low calcium fly ash (FA) 200 0

Blast furnace slag (BFS) 200 400

Sand (0–4 mm) 784 784

Gravel (4–8 mm) 435,5 435,5

Gravel (8–16 mm) 522,5 522,5

Alkaline solution 212 212

Solution/binder ratio 0.53 0.53

Note: S50 and S100 are labels for AAC mixtures.

TABLE 2 Chemical composition of BFS and FA used, based upon X-ray fluorescence results by Nedeljkovi�c et al12

[%] SiO2 Al2O CaO Mg Fe2O SO3 Na2 K2 TiO P2O L.O.I.

BFS 34.40 11.53 39.17 7.81 1.42 1.60 0.23 0.58 - - 1.15

FA 54.28 23.32 4.23 1.62 8.01 0.64 0.85 1.97 1.23 0.54 3.37
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indicated by standard. The tests were performed using a
TONI-BANK machine with a speed of 0.001/s.

Environmental Scanning Electron Microscope (ESEM),
Philips-XL30-ESEM, was used to observe microstructural
changes. Thin sections for the microscopic study were pre-
pared by sawing small sections from the specimens used for
elastic modulus test. The dimensions of these sections were
40 × 40 mm2, with a thickness of approximately 10 mm.

2.3.2 | Four-point bending tests

Four-point bending tests of all reinforced AAC beams were
performed in a test machine with a capacity of 100 kN. The

beams were simply supported over a span of 1,500 mm and
subjected to two concentrated loads placed symmetrically on
the span. The distance between the loads was 500 mm. Lin-
ear variable differential transformers (LVDTs) were placed
at several locations on the beam, three at the bottom, one at
the side to measure elongations and one at the bottom to
measure vertical deflection. For measuring the vertical
deflection, a wooden substructure was attached along the
beam, spanning from support to support at the height of the
neutral axis (Figure 2). The loading of the specimens was
controlled by the displacement of the jack with a speed of
0.01 mm/s. After every step of 5 kN, the loading was
stopped, cracks were marked and measured and photos were

FIGURE 1 Overview of experimental programme
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taken. When the force reached approximately 60 kN, the
speed was increased to 0.05 mm/s.

During this test digital image correlation (DIC) technique is
used for capturing deformations in the reinforced AAC beam
(Figure 2b). This is a non-contact optical method that employs
tracking and image registration techniques for accurate two-
dimensional measurements of changes in images. This allows
calculating deformation, displacement and strain on the
observed surface. Details regarding this procedure can be found
in references.13–15 In this study, DIC was used to track crack

development in the reinforced AAC and conventional concrete
beams and to compare their structural behavior.

3 | EXPERIMENTAL RESULTS

3.1 | Mechanical properties – Time-dependent
behavior

Table 3 displays an overview of the mechanical properties
that were obtained for the S100 mixture (100% slag, no FA).

FIGURE 2 Four-point bending
test set-up (a) and painted part of the
surface at the other side, used for DIC
measurements (b)
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Note that flexural strength was measured only until the age
of 91 days. In Table 4, all results for the S50 mixture (50%
slag, 50% FA) are reported. As can be seen, for the elastic
modulus, tensile splitting strength and flexural strength a
decrease over time is found for both AAC mixtures.

3.1.1 | Compressive strength

Figure 3a displays the development of compressive strength
for both S50 and S100. The compressive strength results for
S100 show that, although a slight increase of 4% can be
observed at 91 days, the 193 days and 2 years strengths are
comparable and slightly less than the 28 days strength. Simi-
larly for the S50 mixture, although a slight decrease of
approximately 4% is found at 91 days, compressive strength
seems to have a relatively stable trend up to the age of
2 years. So, the compressive strength of both mixtures was
more or less constant between 28 and 2 years.

3.1.2 | Elastic modulus

In Figure 3b the development of elastic modulus for both
mixtures is presented. A decrease over time can be observed,

being approximately 13% for the S100 and 30% for the S50
mixture at the age of 91 days. Until the age of 2 years, elastic
moduli further reduce, and are 23% and 35% lower compared
with those at 28 days for S100 and S50 mixes respectively.

3.1.3 | Flexural strength

Figure 3c shows the development of flexural strength over
time for both AAC mixtures. The flexural strength of the
S100 decreased 7% between 91 and 28 days. For S50, this
decrease is higher and about 15%.

3.1.4 | Tensile splitting strength

An overview of the development of tensile splitting strength
for both mixtures is shown in Figure 3d. It is clear that both
AAC mixtures show a decrease of tensile splitting strength
over time. The tensile splitting strength of S100 dropped with
11% between 91 and 28 days. For S50, this decrease is about
22%. However, at the age of 193 and 695 days, mix S100
shows an increase compared to 91 days values, whereas ten-
sile splitting strength of mix S50 is approximately constant.

TABLE 3 Mechanical properties of S100 mixture (100% slag, no fly ash)

S100
Compr. Strength [MPa] Elastic modulus [GPa] Tens. Spl. Strength [MPa] Flexural strength [MPa]

Days SD Average SD Average SD Average SD Average

28 91.63 1.76 93.45 0.41 32.96 5.46 0.27 5.38 0.58 6.22

92.75 32.50 5.23 6.55

92.84 33.29 5.11 5.56

96.31 33.08 5.72 6.57

93.74

47 99.84 3.36 95.98 32.41 1.23 31.91 5.39 0.35 5.42 6.87 0.25 6.60

93.71 30.51 5.78 6.39

94.39 32.82 5.09 6.53

74 4.79 0.90 5.43

6.07

91 94.56 4.63 97.96 30.41 1.89 28.55 4.67 0.09 4.77 6.06 0.26 5.76

96.09 28.62 4.84 5.63

103.23 26.63 4.80 5.60

193 81.97 9.40 92.71 28.04 1.62 26.22 4.81 0.13 4.97

99.42 24.93 5.09

96.73 25.68 4.91

5.05

695 90.84 0.59 91.27 24.16 2.70 25.46 4.91 0.34 5.13

91.94 23.66 5.32

91.03 28.56 4.78

5.50
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3.2 | Comparison 28-day properties of the
investigated AAC with OPC concrete
properties

Table 5 shows a comparison between the tested properties
for AAC and estimated properties for OPC concrete with
similar compressive strength, where the properties of OPC
concrete are estimated based on Eurocode 2 equations.

It is clear from Table 5 that tensile splitting strength
(fct,sp) can be estimated quite well using Eurocode 2. The
value for S50 is overestimated by about 8% using the EC2
equations, which is in this range of variations regularly
found. For elastic modulus, for S50, the results based upon
experiments are 30% lower than the values common for reg-
ular OPC concrete. It can be concluded that applying EC2
relation valid for regular OPC concrete gives overestimation
of elastic modulus of AAC.

Although several researchers4,16,17 reported that the flexural
and tensile strength of AAC (e.g., for BFS systems and blended
BFS/FA and BFS/metakaolin systems) is significantly higher
than the one expected from the codes on OPC concrete, this is
not the case for the experimental results that were obtained in
this research. Figure 4 shows the relationship between flexural
and compressive strength, for different types of AAC.4 The
results from this research have also been added. It is clear that
the ratio between flexural strength and compressive strength is
comparable to OPC concrete, for the chosen mixtures and cur-
ing conditions. However, the wide variety in reported results
proves that this is not necessarily the case for all AAC mixtures.

3.3 | Flexural behavior of reinforced beams

Table 6 gives an overview of the results of the four-point
bending tests on reinforced beams performed at different

TABLE 4 Mechanical properties of S50 mixture (50% slag, 50% fly ash)

S50
Compr. Strength [MPa] Elastic modulus [GPa] Tens. Spl. Strength [MPa] Flexural strength [MPa]

Days SD Average SD Average SD Average SD Average

28 76.13 2.32 75.25 26.57 0.39 26.42 4.60 0.40 4.67 4.56 0.14 4.66

77.00 25.98 4.30 4.61

72.62 26.73 5.10 4.82

49 76.46 5.34 71.54 21.44 0.08 21.40 3.90 0.20 4.02 4.43 0.20 4.59

64.88 21.46 3.88 4.52

75.19 21.31 3.99 4.82

69.62 4.30

72 74.50 4.87 72.77 3.88 0.24 3.95

77.09 3.72

63.40 3.97

72.10 3.88

75.42 4.42

74.12 3.85

91 74.89 3.39 71.77 19.28 0.56 18.36 3.58 0.24 3.60 - 0.20 3.93

74.11 18.00 3.50 4.16

68.99 18.15 3.99 3.88

73.53 17.90 3.32 3.77

67.31 18.45 3.43 -

3.76 -

195 76.31 1.86 74.22 17.29 0.12 17.41 3.36 0.31 3.65

73.62 17.54 3.62

72.73 17.39 3.97

695 70.39 1.92 71.37 17.04 0.23 17.23 3.49 0.11 3.52

71.43 17.17 3.41

74.03 17.49 3.49

69.63 3.68
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ages. The four-point bending tests on reinforced AAC beams
exhibited flexural failure after reinforcement yielding for all
five beams. As a final failure, for three beams, reinforcement
failure was observed, while for the S50 beams tested at
69 and 151 days, crushing of the AAC in the compression
zone was observed. The location of the failure zone was in
the constant bending moment zone (between the loading
points) for all beams, as expected. In all cases, the cracks at
the mid-span widely opened near failure.

Figure 5a,b shows the load versus mid-span deflection
curves for the S50 and S100 beams, respectively, tested at
different ages. The mid-span deflection was measured
using an LVDT, however, because it was out of range dur-
ing the test, it was chosen to plot the deformation of the
jack. It can be observed that the decrease of the elastic
modulus and the tensile splitting strength did not have a
significant influence on load carrying capacity of the
reinforced AAC beams.

FIGURE 3 Development of compressive strength (a), elastic modulus (b), flexural strength (c) and tensile splitting strength (d) over time for
the investigated alkali-activated concrete

TABLE 5 Comparison of mechanical properties according to equations in Eurocode 2 and measured properties for the S50 and S100
specimens at 28 days

COMPARISON OPCC codes S50 test results % OPCC codes S100 test results %

fcm_cube&$$$; 75.3 MPa 75.3 MPa 93.5 MPa 93.5 MPa

fcm = 0.8 * fcm_cube&$$$; 60.2 MPa - MPa 74.8 MPa - MPa

f ccm =2:12*ln 1+ f cm
10

� �
4.1 MPa - MPa 4.5 MPa - MPa

f ct sp =
f ccm
0:9

4.6 MPa 4.2 MPa −8.5% 5.0 MPa 5.4 MPa 6.9%

Ecm =22000 f cm
10

h i0:3 37.7 GPa 26.4 GPa −30.0% 40.2 GPa 33.0 GPa −18.0%

Note: The bold values are experimentally obtained mechanical properties for AAC mixes.
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3.4 | Flexural behavior of reinforced beams –
OPC concrete versus AAC

In Figure 5a, the load deflection curves for S100 beam and
control OPC concrete beam18 tested at the age of 33 days
are presented. The reinforced OPC beam has exactly the
same dimensions, reinforcement and cover as the AAC
beams, but lower compressive strength (45 MPa). The struc-
tural behavior of these two beams is compared due to their

similar elastic modulus, namely 33 GPa as tested for S50
and 32 GPa as predicted by EC2 equation for the applied
conventional concrete. Crack development in reinforced
AAC beam is also examined during the loading. In the
load–deflection curves (Figure 6), points are chosen for
which the snapshots of the crack history are made. Strain
fields, indicating crack development, as analyzed by DIC
are presented in Figure 7. Similarly as commonly observed
for reinforced concrete beams, also for AAC beams three
phases could be distinguished: precracking phase, crack
formation phase and yielding of the steel (fully developed
crack pattern) followed by the failure of the beam.

The crack spacing is similar for both beams. The final
deflection at failure for the reinforced AAC is significantly
higher compared to that of conventional reinforced concrete
beams, similarly as found by Shah & Shah.19 Furthermore,
due to the higher compressive strength of the AAC com-
pared to that of the conventional concrete, the capacity of
the reinforced AAC is higher.

Figure 8 shows the crack patterns at the failure of an
OPC concrete control beam18 compared to that of all the
AAC beams. It can be observed that the crack patterns of
reinforced AAC, that is, S50 and S100 reinforced beams, are
comparable to that of the regular OPC concrete beam.

Figure 9a,b shows an overview of the load-deflection
behavior and the crack width development during the four-
point bending tests, for all AAC beams and the OPC con-
crete control beam. Structural behavior and cracking patterns

FIGURE 4 Relationship between flexural and compressive
strength of alkali-activated concretes, synthesized from various
precursors as marked, at ages between 4 hr and 1 year, with the
relationship for OPC concretes as specified in ACI 318–02 shown for
comparison (Provis & van Deventer, 2014,4 p. 283). The results from
this research have been added in orange, for both S50 and S100, at the
age of 28 days

TABLE 6 Results of four-point bending tests on AAC

Testing
age

Tens. Reinf.
Ratio

Compr. Strength Failure
load

Max.
Deflection jack

Max. Deflection
LVDT01

Ultimate bending
moment

Beam [days] [%] [MPa] Average [kN] [mm] [mm] [kNm]

S50 33 0.61 80.32 75.1 67.4 32.5 27.4 16.9

78.31

66.62

S50 69 0.61 81.73 77.1 58.8 35.2 34.3 14.7

70.87

78.61

S50 151 0.61 78.21 78.7 69.7 40.7 43.2 17.3

79.22

S100 34 0.61 91.20 86.6 67.6 30.1 33.1 16.9

81.94

S100 70 0.61 88.04 83.7 66.3 37.4 35.0 16.6

71.24

91.79

OPC
concrete

33 0.61 45.7 59.1 17.7 10.8 14.8

Note: The table shows results for both S100 (100% slag) and S50 (50% slag and 50% fly ash) beams and a regular OPC concrete beam (results by18).
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(crack spacing and width), were found to be similar for
reinforced AAC and conventional concrete, similarly as
found by.20

4 | DISCUSSION

Figure 10a shows the relative value of compressive strength,
tensile splitting strength and elastic modulus for S50, com-
pared to that one of 28 days. For tensile splitting strength
and elastic modulus a decrease over time is found, while the
compressive strength stayed more or less constant. It can
also be seen that the reduction of properties is stabilizing
over time.

In Figure 10b, the relative change of the properties is
plotted for S100 (100% slag). Also for S100, the highest
decrease over time is observed for the elastic modulus. S50
shows a higher degree of decrease over time than S100 for
tensile splitting strength and elastic modulus. The results
show a higher decrease in material properties for the S50
with less amount of BFS than in the S100, so there is proba-
bly no direct relation between the decrease in material prop-
erties and the amount of BFS in the binder.

The observed trend in properties is consistent for both
S50 and S100. Compressive strength shows no decrease,

FIGURE 5 Load-deformation
curves resulting from four-point bending
tests on OPC concrete and S50 (a) and
S100 (b)

FIGURE 6 Load displacement curves for AAC S100 and
conventional concrete, both tested at the age of 33 days

PRINSSE ET AL. 651



while tensile splitting strength and elastic modulus, shows a
decrease over time, being the highest for the elastic modulus.
This is consistent with the few results reported in literature,
that also show the biggest decrease for elastic modulus and
(almost) no decrease for compressive strength.6 The decrease
is stabilizing and becoming smaller after the age of 91 days
for mix S50 and after the age of 193 days for mix S100.

As already noted, the decrease of properties over time
cannot be directly related to the amount of slag in the binder,
as hypothesized. Another reason might be that it is related to
the curing conditions. All these samples were wet-cured for

28 days and then exposed to laboratory conditions until the
age of testing, that is, 28, 56, 91, 193 and 695 days. It might
be that exposing the samples to dry after the wet-curing
period has influence on the development of the measured
properties, for example, due to differential shrinkage. For
both AAC mixtures (S50 and S100), one sample was left in
the curing room (20�C and 95% RH) for 92 days and then
tested. The results of the elastic modulus tests on these sam-
ples are shown in Figure 11 and are compared to the elastic
moduli measured at the age of 28 days and to that in
exposed samples at different ages.

FIGURE 7 Strain field
concentrations indicating crack
developments in AAC (right) and
conventional reinforced concrete (left)
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Figure 11 shows that for the samples continuously kept
in the curing room for 92 days, the elastic modulus increased
with more than 15% compared to 28 days values, both for
S50 and S100 mixtures. These results indicate that the drop
of tensile splitting strength and stiffness, that has been previ-
ously observed (Figure 3), might be related to the process of
drying. Samples that were taken out of the curing room after
28 days of wet-curing show a decrease over time, while
samples that were wet-cured for 92 days and tested at the
age of 92 days, show an increase when compared to the
28 day properties.

After taking the 92-day-cured samples S50 and
S100 out of the moist curing, elastic modulus has
been measured continuously at different ages to

investigate if the same reduction trend, as noted previ-
ously for 28-day-cured examples, can be observed. An
almost identical trend of decrease in E moduli can be
observed after exposing both group of samples to labo-
ratory conditions (50% RH, 20�C) (Figure 12). S50
shows a higher decrease of elastic modulus over
drying time.

After taking the 92-day-cured samples out of the curing
room, weight loss has been measured at different ages over
time for both S50 and S100 samples. Figure 13a displays
the measured weight loss, S50 shows a higher weight loss
when compared to the S100 sample. Also, data for CEM
III/B concrete is plotted in this graph,21 showing that that
the weight loss for the S100 sample is comparable to slag-
rich CEM III/B concrete, whereas S50 loses more mois-
ture. This larger loss of moisture for S50 over S100 is
consistent with a higher decrease of respective elastic mod-
uli over time.

In Figure 13b the relation between elastic modulus and
weight loss is shown. A linear relation can be observed,
which implies that there is a strong influence of moisture
loss on the measured elastic modulus. This phenomenon
is also observed in regular OPC concrete. Monteiro and
Mehta1 state that concrete specimens that are tested in
wet conditions show about 15% higher elastic modulus
than the corresponding specimens tested in a dry condi-
tion, disregarding any difference in mix proportions or
curing age. Monteiro and Mehta1 mentioned that the elas-
tic modulus decreases because the interfacial transition
zone loses strength due to microcracking. This could also
be the case for the AAC. Yet, a bigger decrease than 15%
is visible in the results on elastic modulus in this
research.

A similar range of decrease of properties due to drying
was also reported by Maruyama et al.22 for various conven-
tional concrete mixtures which, after sealed curing for
2 months, were exposed to different relative humidity condi-
tions. After around 5 months, specimens stored in 40% and
60% relative humidity exhibited up to 30% and 15%
decrease in elastic modulus and compressive strength,
respectively and depending on the concrete mixture and type
of aggregates used. In their research, stiffness and strength
decrease was mainly attributed to crack formation, caused
by the differences in the volume change between the aggre-
gate and mortar.

In presented study, after around 5 months being
exposed to the 50% relative humidity, AAC mixtures S50
and S100 exhibited 34% and 20% decrease in elastic
modulus, which might be, up to a certain extent, in line
with values reported for conventional concrete.22 To
investigate if any difference in microstructure was visible,
it was decided to examine the microstructure of the

FIGURE 8 Crack patterns in reinforced beams, photos taken
after failure. Dotted lines indicate the constant moment zone
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specimens with ESEM. Some ESEM images are shown in
Figure 14. However, the ESEM analysis did not show
clear differences between the samples that were cured for
28 days or 92 days. The images shows small microcracks
(with a width of approximately 5 μm), both in the paste
as well as in the interface between aggregate and paste.
Also, there was no convincing difference between the
microstructure at the edge (hypothetically more drying
occurred there) and the inside of the sample. Some loca-
tions showed more microcracks, some spots almost none.
To conclude, no significant difference in microstructure
for samples with different curing duration and strength/
stiffness development could be found with the ESEM
analysis. However, with ESEM analysis only a very thin
layer of the material (a few μm) is investigated and it
might be that the surface is already affected during the
preparation. Namely, during sawing and grinding, drying
(cracks) may have already occurred in the wet-specimens
that were cured for 92 days, resulting in similar images

that were acquired for the dried specimens that were
taken out of the curing at 28 days.

The acquired results indicate that the observed
decrease of properties might be related to drying (mois-
ture loss), but more research is needed to get a better
understanding of the observed phenomenon. As long as
decrease in properties is not caused by cracking, it might
be that the observed decrease is only temporary (due to
eigenstresses caused by shrinkage gradient), so examin-
ing the material behavior over a longer period of time
could lead to other conclusions. In addition, it might be
that different curing conditions (e.g., sealed curing
instead of water curing) might be more preferential for
these two AAC mixtures.

The observed decrease did not have significant influence
on the structural behavior of the reinforced AAC. This might
be because in the structural tests, only the small surface layer
is affected and this has (almost) negligible effect in the larger
reinforced elements.

FIGURE 9 Development of cracks
during four-point bending tests on S50
beams at 33, 69 and 151 days (a) and
S100 beams at 34 and 70 days (b).
Results on a similar OPC concrete beam
have also been plotted, data from
Huang18
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5 | SUMMARY AND CONCLUSIONS

The main goal of this research was to get insight in the
development of strength and stiffness over time for AAC
containing BFS and FA and its structural behavior over time.
The reason was that sometimes a decrease in properties was
reported in literature for AAC. Based on the test results, the
following conclusions can be drawn from this research:

FIGURE 10 Development of strength and stiffness over time
until 695 days for S50 (a) and S100 (b) alkali-activated concrete
mixtures

FIGURE 11 Development of elastic modulus over time for
alkali-activated concrete. The graph shows the development over time
for both S100 (100% slag) and S50 (50% slag and 50% fly ash)
mixtures

FIGURE 12 Development of elastic modulus over time for
alkali-activated concrete after curing for (20�C and 95% RH) for
respectively 28 days and 92 days

FIGURE 13 Weight loss (a) and relationship between elastic
modulus and weight loss (b) for one S50 and one S100 AAC sample
that has been wet-cured (20�C and 95% RH) for 92 days
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• This research has confirmed that AAC containing BFS
can show a decrease of strength and stiffness properties
over time, at least for the investigated mixtures and cho-
sen curing conditions, implying that samples at the age of
28 days are taken out from the moist room (95%RH and
20�C) and exposed to laboratory conditions (50% RH and
20�C) until the age of testing (up to around 2 years). This,
however, does not imply that every AAC mixture, or dif-
ferent curing conditions would show the same behavior.

• The obtained results show a decrease of mechanical prop-
erties (elastic modulus, tensile splitting strength and

flexural strength) over time, for both investigated mix-
tures cured for 28 days in the moist room curing condi-
tions. Especially for elastic modulus, quite a significant
decrease of around 35% between 28 and 695 days has
been observed for mix S50. 89% of this decrease took part
until the age of 91 days. For mix S100, after the age of
91 days, the tensile splitting strength shows the trend of
increase, but at the age of 695 days it is still lower com-
pared to 28 days value.

• The acquired results from the experiments show that S50
is characterized by a higher degree of decrease over time

FIGURE 14 ESEM images for
S100 (100% slag) and S50 (50% slag and
50% fly ash) concrete. The two columns
have different magnification factors
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than S100 for tensile splitting strength, flexural strength
and elastic modulus. Based on these results, it is not very
likely that the decrease is directly related to the amount of
BFS in the binder.

• The acquired results indicate that the observed decrease of
properties, also reported for regular concrete, is related to
drying (moisture loss). However, more research is needed
to better understand the observed phenomenon, especially
related to the aimed practical application of AAC.

• Four-point bending tests on reinforced AAC beams
showed that generally, structural behavior and develop-
ment of cracks (spacing and width) seem to be compara-
ble for reinforced AAC and conventional concrete.
Furthermore, the decrease of material properties did not
show to have an effect on structural behavior of
reinforced AAC beams.
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