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Alkali-Activated Concrete (AAC) is considered as a promising alternative to conventional Portland Cement
Concrete (PCC) due to its potential to reduce environmental impacts. However, its application in practical en-
gineering is limited by, among others, insufficient understanding of the long-term structural behaviour of
reinforced and prestressed AAC elements. To address this, a series of experiments were conducted on composite
girders to investigate the long-term flexural behaviour. The composite girder is formed by a prefabricated pre-
stressed AAC inverted-T girder with cast-in-situ ACC topping concrete. The midspan deflection of two composite
girders, subjected to self-weight and additional sustained loading, were measured over a 9-month period. Sub-
sequently, flexural tests under four-point bending configuration were performed at the age of 9 months and the
reference age of 28 days. The results showed that the specimens tested at 9 months exhibited reduced initial
stiffness, decreased cracking load and larger crack widths in the precast prestressed girder compared to those
tested at 28 days. The reduction in stiffness likely stems from decreased elastic modulus and structural cracking.
Meanwhile, the lower cracking load arises from prestress losses caused by ongoing (restrained) shrinkage and
creep, consistent with AAC material test observations. Larger crack widths observed in the precast girder may
result from a degradation of bond between AAC and prestressing strands over time. The distinct failure patterns
of the 9-month specimens (anchorage failure for sample subjected to self-weight only and flexural failure for
sample exposed to additional sustained load), highlighted the role of creep on bond behaviour between pre-
stressing strands and AAC, particularly as a function of varying stress levels at the level of strands. Finally,
analytical models were applied to evaluate the prestress loss and flexural behaviour of the specimens. The
effective prestressing force and cracking loads at both testing ages were overestimated when the effects of
(partially) restrained deformations between precast and cast-in-situ AAC were neglected. More accurate
analytical predictions were achieved when these long-term effects and the level of restraint in the composite
girder were considered.

1. Introduction

Concrete is the most widely used construction material in the world,
primarily due to its good functional performance, broad availability and
low cost [1]. However, the production of Portland Cement (PC), a key
ingredient of concrete, is one of the largest contributors to global CO,
emissions, accounting for up to 5-8 % of worldwide CO, emissions [2,3].
As a result, efforts have been made to mitigate the carbon footprint by
developing environmentally friendly alternatives to conventional
PC-based concrete (PCC). Among those alternatives, Alkali-Activated
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Concrete (AAC), based on the chemical reaction between alkali activa-
tors and industrial by-products, has gained significant attention [4,5]. In
addition to the reduced environmental impact and utilization of indus-
trial waste, some AAC mixtures show material properties comparable to,
or even superior to, those of PCC [6]. However, the application of AAC
remains limited due to the knowledge gap between its material prop-
erties and structural performance. These limitations arise from the
challenges in generalizing the behaviour of AAC, which encompasses a
wide range of materials, each with varying precursors and activators.
To enable the safe structural application of AAC, research has
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increasingly focused on the structural behaviour, but mostly limited to
short-term studies, typically up to 28 days of curing. Several studies
have concluded that AAC demonstrates higher bond strength with steel
compared to PCC owing to relatively higher tensile strength of AAC [7].
Furthermore, reinforced AAC and PCC members tested at 28 days have
been found to exhibit similar load-bearing capacity and cracking
behaviour [8-12]. Several researchers have suggested that the analytical
models developed for PCC members can conservatively predict the
short-term bond strength and ultimate load-carrying capacity of AAC
structural elements [7,13]. Contradicting trends were also reported
[14]. Furthermore, only few studies have investigated prestressed AAC
beams [15,16], focusing primarily on their short-term flexural
behaviour.

Analytical models developed for conventional concrete are reported
to conservatively predict the short-term behaviour of AAC members [7].
Still, their validity for long-term behaviour, which is crucial for struc-
tural design, remains unclear. Moreover, unlike PCC, which often gains
strength beyond 28 days, certain types of AACs have shown notable
reductions in key material properties, including compressive strength,
tensile strength, flexural strength, and elastic modulus [11,17,18].
These reductions may be attributed to various mechanisms, depending
on the specific mixture composition, such as carbonation, drying
shrinkage, microcracks and chemical changes in microstructure due to
drying [18]. In addition, some AAC mixtures exhibit higher shrinkage
and creep compared to PCC [19-22]. Understanding the influence of
aforementioned time-dependent material properties and the coupled
hygro-chemo-mechanical effects on the long-term performance of AAC
members, particularly prestressed elements, is critical. However, only
two studies have examined the long-term behaviour of reinforced AAC.
Flexural tests on reinforced beams produced by two types of AAC
(GGBFS-based AAC and FA-based AAC) were carried out up to 151 days,
and the reductions in cracking load, bending stiffness and tension stiff-
ening effects, as well as increased crack width, were reported over time
[11,18]. Additionally, Un et.al [23] monitored the long-term deflection
of reinforced beams using a specific mixture and validated the feasibility
of prediction methods developed for PCC with experimentally obtained
material input. It is also concluded that unlike PCC, where the input
parameters can be estimated from compressive strength through
empirical relationships, the material properties of AAC need to be
experimentally measured. Despite these findings, the long-term behav-
iour of prestressed AAC elements, including prestress losses, remains
fully unexplored. Given the potential of prestressed AAC members for
large-scale construction, investigating their long-term behaviour is
crucial to enable their safe application.

This study investigates the time-dependent flexural behaviour of
prestressed AAC girders with cast-in-situ AAC topping, a common con-
struction system in the Netherlands. The research involved a short-term
flexural test on a composite girder at 28 days. Additionally, the long-
term deflection of two girders subjected to different load levels were
monitored for 9 months, followed by tests under flexure performed at 9
months. The development of material properties for the applied AAC
mixtures was also measured over time. Finally, the structural perfor-
mance of the composite girders under flexure was analysed using
analytical models. The predicted prestress losses, cracking loads, and
ultimate capacity were compared to experimental results. Given the
pronounced shrinkage and creep of AAC, accounting for the effects of
(restrained) differential deformations in composite girder is necessary
for accurate analytical predictions. This investigation provides insights
into the time-dependent performance of prestressed AAC structures,
encompassing both material and structural aspects.

2. Material and tests
2.1. Material preparation

Two types of AAC were used to fabricate the composite girders. Self-
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compacting AAC was used for the precast prestressed girders and is
referred to as self-compacting geopolymer concrete (SCGC) [24]. A
ready-mixed AAC provided by SQAPE B.V, was used for cast-in-situ
topping and is referred to as topping AAC. The composition of SCGC is
listed in Table 1. Topping AAC consists of 400kg of aluminosilicate
precursor, 180 liters of liquid including alkali activators and 2.5 kg of
admixtures per cubic meter.

The material properties of AAC were tested using standard methods
developed for PCC. Compressive strength was measured on 150 mm
cubes following NEN-EN 12390-3. The elastic modulus was determined
on 100 x 100 x 400 mm prisms, according to NEN-EN 12390-13.
Splitting tensile tests were conducted on 150 mm cubes as per NEN-EN
12390-6.

After unmoulding at 1 day, SCGC samples were placed in a fog room
for moist curing (20°C and RH > 95 %) and subsequently exposed to
controlled laboratory conditions (20°C and 55 % RH). One group of
samples remained in the fog room until designed testing ages (i.e. up to
190 days for compressive/splitting tensile strength tests and up to 330
days for elastic modulus tests). Three other groups were exposed to
drying under controlled laboratory conditions after 7, 14 and 28 days.
For topping AAC, compressive strength samples were cured in moist
conditions, while prisms were divided into four groups: one group
received continuous moist curing, and the remaining three were sub-
jected to moist curing followed by exposure to drying after 7, 14 and 28
days.

The volume stability of SCGC was investigated. Autogenous
shrinkage was measured on two samples using an autogenous defor-
mation testing machine (ADTM) until 28 days. The samples were kept
sealed. The curing temperature was controlled at 25°C for 1 day and
then kept at 20°C. Detailed information about the ADTM can be found in
[25]. Free shrinkage and creep were measured on 100 x 100 x 400 mm
prismatic specimens. Free shrinkage was measured at 20°C and 55 % RH
after 7, 14 and 28 days of moist curing according to NEN-EN 12390-16.
Creep tests were conducted at 1, 3 days and 28 days, following NEN-EN
12390-17, under a load level of 17 MPa, representing approximately
estimated stress level after applying prestress.

FeP1860 prestressing strands were used, with a tensile strength of
1915 MPa and a 0.1 % proof stress of 1694 MPa. The relevant elongation
at maximum load and 0.1 % proof stress were 5.95 % and around 1.1 %,
respectively. B500B ribbed reinforcement was used for longitudinal
reinforcement and stirrups.

2.2. Specimen details and fabrication

The composite girders consisted of a precast prestressed girder and a
cast-in-situ topping. The geometry and the layout of prestressing strands
and reinforcement of the precast girder and cast-in-situ topping are
shown in Fig. 1. The precast prestressed girders were 7350 mm long,
with a nominal length of 7000 mm. A total of 16 straight prestressing
strands, each with a nominal diameter of 12.9 mm, were arranged in two
layers. Among these, 4 prestressing strands were unbonded over
1000 mm from each end. The stirrups were spaced variably over
1350 mm from each end (Fig. 1(c)) and uniformly spaced at 250 mm
interval along the remaining 4250 mm of the girder. These precast
girders were designed elastically (fully prestressed), using an allowable

Table 1
Mixture composition of SCGC [24].

Materials Content (kg/m3)
Blast furnace slag 550.0

NaOH solution (50.0 wt%) 36.9

Sodium silicate solution (48.0 wt%) 80.4

Water 191.5

Retarder 1.375

Sand 0-4 mm 762.2

Gravel 4-16 mm 675.0
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Fig. 1. Geometry and strand/steel layout of precast girder/ cast-in-situ topping (Unit: mm).

stress concept [26]. After casting the girder at the precast factory, pre-
stressing was applied by cutting the strands at 3 days. The girders were
then wrapped with moist burlaps and plastic foil for curing. After 31
days, the cast-in-situ topping was cast. The width and total height of the
composite section were 1100 mm and 420 mm, respectively.

2.3. Experimental programme

Flexural tests on composite girders were conducted both at short-
term (at 28 days) and long-term (at around 9 months). Note that the
9-month monitoring period is described as “long-term”, being consistent
with the definition in the literature [23,26-28]. The experimental pro-
gramme is summarized in Table 2.

The composite girder labelled STF was moist cured (covered with
burlap and plastic foil) until testing. Flexural test was carried out at 28
days after pouring the topping concrete. The long-term specimens, LTF
and LTF_LS, were subjected to more severe curing conditions. They were
sealed with plastic sheets for 3 days and then exposed to lab condition
(19°C and 50 % RH) for long-term deflection monitoring. Flexural tests
were conducted after approximately 9 months.

Table 2
Experimental programme.

Specimen Test method Testing Specimen preparation
category age Curing condition Load before
testing
Short-Term Flexural test 28 days Moist cured until  Self-weight
Flexural (STF) testing
Re-tested 240 Exposed to lab
under flexure  days conditions after
(STF_R2) 1st round of test
Long-Term Flexural test 267 Moist cured for 3 Self-weight
Flexural (LTF) days days and
Long-Term Sustained 262 exposed to lab 70 kN for
Flexural loading test days conditions 158 days and
under Flexural test 274 130 kN for
Sustained days 76 days

Load (LTF_LS)

* Note: the testing age was counted from the date when topping concrete was

cast.
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2.4. Test setup and measurement

A four-point bending configuration was used for flexural tests at 28
days and 9 months, as well as for the sustained loading tests (Fig. 2(a)
and (b)). The load was applied over the full width of the girders through
spreader beams. The specimens were supported on a contact area of
350 mmx 280 mm at two ends with hinge and roller supports. The
specimen LTF was subjected only to its self-weight, while LTF_LS was
exposed to sustained loading after 28 days in two stages: initially under
point loads of 70 kN for 158 days, followed by 130 kN for 76 days. The
load level of 70 kN corresponded to approximately 65 % of the calcu-
lated short-term cracking load, which was subsequently increased to
130 kN, representing the serviceability bending moment calculated ac-
cording to Load Model 1 [29]. Long-term deformation monitoring
started 3 days after casting of the topping concrete.

The flexural tests at 28 days and 9 months were conducted in two
phases. In the first phase, the testing protocol included loading/
unloading cycles at predefined load levels for monitoring purposes. Load
control was applied with a speed of 10 kN/min, which was increased to
20 kN/min for the final load cycles in the long-term flexural tests. In the
second phase, when significant non-linear deformations were observed,
displacement control was applied.

2D Digital Image Correlation (DIC) was utilized during the flexural
tests to monitor crack development in the constant moment zone of the
specimens, capturing images from both the side and bottom surfaces of
the girder (Fig. 3(a) and (b)), respectively. Additionally, Linear Variable
Displacement Transducers (LVDTs) were placed at the soffit of speci-
mens to measure deflection at the midspan.

3. Test results and discussion
3.1. Material properties

Fig. 4(a) displays the development of compressive strength of both
SCGC and topping AAC. Under moist curing condition, both materials
exhibited an increase in compressive strength over time. The compres-
sive strength of SCGC was not significantly influenced by curing con-
ditions after 3 months, remaining stable or showing a slight increase at
later curing age. This trend is consistent with previous studies [11,18]
where the GGBFS-based AAC mixture, S100, illustrated an increase in
compressive strength up to 91 days and maintained similar strength
between 6 months and 5 years.

The development of splitting tensile strength of SCGC is shown in
Fig. 4(b). After initial strength development till 7 days, samples under
moist curing showed a slight strength increase over time. When samples
were exposed to drying, an additional increase in strength after exposure
was recorded. The splitting tensile strength of samples exposed to drying
after 7 days increased by 30 % between 7 days and 28 days while

L L L L LI _¥d

(a) Short-term and long-term flexural tests
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samples exposed to drying after 28 days saw a 33.2 % increase between
28 days and 91 days. This increase was more pronounced compared to
that in compressive strength. However, a slight decrease in splitting
tensile strength followed. At 6 months, the splitting tensile strength of
the samples exposed to drying after 7 days, 14 days and 28 days
decreased by 10.5 %, 5.9 % and 11.9 %, respectively, compared to their
peak strength. This apparent strength increase and subsequent decrease
can be partially attributed to eigenstresses caused by hygral gradients
during drying, as explained in [30]. However, part of this reduction is
permanent and due to microstructural changes of AAC [18].The devel-
opment of splitting tensile strength of GGBFS-based AAC (S100) was
published in a previous study [18].The tests were conducted on the
100 mm cubes exposed to drying after 28 days. Different from SCGC
samples (150 mm cubes), S100 samples show a 12 % drop in splitting
tensile strength between 74 days and 91 days, which might be attributed
to the shorter duration of eigenstresses (as hygral equilibrium is reached
faster) in smaller samples [30].

The evolution of the elastic modulus for both SCGC and topping AAC
is plotted in Fig. 4(c). Under standard curing, the elastic modulus of
SCGC reached a plateau after 14 days, while topping concrete continued
to increase slightly until 81 days. However, upon exposure to drying, the
elastic modulus of both SCGC and topping AAC started to decrease. Even
after 28 days of moist curing followed by drying, SCGC specimens
showed a 32 % reduction in elastic modulus between 28 and 330 days.
Meanwhile topping AAC saw an 8.3 % decline between 30 and 81 days.
Similar reduction in the elastic modulus of AAC has been reported in
previous studies [18,31]. The chemical change in the microstructure
under drying condition were reported to induce microcracking of
GGBFS-based AAC [18]. Additionally, carbonation might have contrib-
uted to this phenomenon. SCGC showed higher carbonation depth
compared to S100 in [18]: with approximately 3 mm and 7.5 mm after 3
months and 9 months, respectively. Nedeljkovic¢ et al. [32] reported a
significant decline in elastic modulus measured in carbonated
GGBFS/FA-based AAC paste by nano-indentation. The combined effects
of drying and carbonation likely contributed to the reduced mechanical
properties of SCGC. Since the drying environment of 55 % RH falls
within the optimal range for carbonation (50 %-80 %) [33],
drying-induced cracks might provide pathways for CO, further accel-
erating carbonation.

Fig. 5(a) presents the autogenous shrinkage and free shrinkage of
SCGC. Autogenous shrinkage developed rapidly at an early age, reach-
ing about 650 pm/m by 3 days, which accounts for approximately half of
the value measured at 28 days. Free shrinkage after 2.7 years was 1156
pm/m, 1005 pm/m and 775 pm/m for SCGC samples exposed to drying
after 7, 14 and 28 days of moist curing, respectively (see Fig. 5(b)). This
indicates that prolonged moist curing helps to reduce free shrinkage.
However, a continuous increase in free shrinkage was observed for all
specimens over the 2.7 years period.

d ‘ e
(b) Sustained loading test (LTF and LTF_LS)

Fig. 2. Test configuration of flexural tests on composite girders.
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Fig. 3. Test setup of the flexural test with indicated area for Digital Image Correlation (DIC) analysis (Dark grey represents region of precast girder and light grey

represents region of topping concrete; Unit: mm).

The creep deformation of SCGC, loaded at a stress level of 17 MPa at
1, 3 and 28 days are shown in Fig. 5(c). When loaded at 1 day, creep
deformation reached around 2200 pm/m by 80 days. When loaded later,
at 3 and 28 days, the deformation reached 1700 pm/m and 1150 pm/m,
respectively.

Compared to conventional concrete with a similar strength class,
SCGC showed considerably higher autogenous shrinkage, free shrinkage
and creep [21]. The continuous increase in shrinkage and creep may
result in a long-term reduction of prestress force. To mitigate prestress
losses caused by autogenous shrinkage and creep, prestressing was
introduced at 3 days, rather than at 1 day, which is more typical for the
fabrication of PCC prestressed girders in the Netherlands. In addition,
the specimens were covered with moist burlaps and plastic sheets in the
initial stage to avoid moisture loss.

3.2. Structural behaviour

3.2.1. Time-dependent deformation under sustained loading and self-weight

The long-term midspan deflection of specimen LTF and LTF_LS is
plotted in Fig. 6. Negative values indicate hogging (upward deflection),
while positive values indicate sagging. Initially, both specimens were
subjected to the same loading/boundary conditions, resulting in similar
deflections. The bottom fibre of the girders was under compression due
to prestressing, counteracting the tension induced by their self-weight.
Combined with creep effects, this led to continuous hogging of LTF,
reaching 8.8 mm over 9 months. A similar trend was observed in pre-
stressed monolithic beams made of conventional concrete subject to

sustained loading for five years [26], where midspan deflection
continuously increased over time. This behaviour could not be repre-
sented by a time-dependent function proportional to the creep function,
which is generally used to describe the time-dependent development of
camber for uncracked beams. The phenomenon was attributed to the
presence of non-prestressed steel and a redistribution of stress between
steel and concrete [26]. Note that, the maximum stress level in [26] was
around 42 % of its mean prism compressive strength at the moment of
prestressing, whereas it was around 50 % in the presented research. To
control camber, it was advised to choose the level of prestressing as a
function of the permanent load [26], in order to avoid excessive de-
formations and reduce creep effects.

The deflection of LTF_LS reached a plateau shortly after applying the
load of 70 kN, remaining nearly constant over the following 6 months.
No flexural cracks were observed at the bottom of LTF LS during this
stage. At 186 days, when further loading to 130 kN (corresponding to
SLS moment in the bridge), the deflection first instantly increased to
8 mm due to elastic deformation and then gradually increased to
10.6 mm over the next 3 months. After unloading, partial recovery of the
midspan deflection was observed, with values of 9.5 mm, 10.5 mm and
11.1 mm after 2 hours, 2 days and 4 days, respectively. The residual
deflection after unloading suggests a slight reduction in stiffness.

As shown in Fig. 7(a), a horizontal crack was observed between
precast girder and topping concrete in both LTF and LTF_LS, starting
from the edge of the specimens. Drying cracks were also found on the
topping concrete of both specimens (see Fig. 7(b)). Delamination and
cracking are due to the (restrained) differential deformations between
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Fig. 4. Development of mechanical properties: CM- continuous moist curing; DM- moist curing and subsequently exposed to drying.

precast and topping AAC. Both specimens for long-term monitoring
underwent harsh curing, as they were exposed to lab condition after only
3 days of sealed curing. This likely contributed to drying cracks and
delamination. During the second loading stage at 130 kN, minor cracks
were observed at the soffit of LTF_LS in the constant bending moment
region. The cracked/delaminated section led to a reduction in flexural
stiffness, resulting in an increase in midspan deflection. The long-term
deflection observed in the loaded girders (during loading stage of
130 kN) is consistent with the behaviour of a partially prestressed beam
reported in [26].

3.2.2. Flexural behaviour of short-term and long-term specimens

Fig. 8 shows the load-deflection relationship for the short-term (STF)
and long-term flexural tests (LTF and LTF_LS) as well as the re-test on
STF (STF_R2). The load is defined as the average of point loads applied to
the girder. It should be noted that different loading schemes were
applied: LTF and LTF_LS were subjected to loading/unloading cycles
(see Fig. 8(a)). Given the significant nonlinearity observed after
applying cycles with high load levels, the focus of the comparison among
the three girders is on their load-deflection behaviour and cracking
patterns before 190 kN (Fig. 8(b), right).

There is a significant stiffness reduction in the girder tested at 9
months compared to that tested at 28 days: STF specimen had the
highest stiffness, followed by the stiffness of LTF_LS and LTF. The load
levels when reaching the turning point from elastic to inelastic stage for
specimen LTF and LTF_LS were around 130 kN and 150 kN, respec-
tively, while it was around 190 kN for STF. This is due to reduction of
mechanical properties and structural cracking. Elastic modulus of the
applied AAC exposed to lab condition is found to decrease over time,

which reduces the overall stiffness of the girders. Besides, the delami-
nation and cracking observed during the sustained loading tests likely
contribute to the reduction in flexural stiffness of the long-term
specimens.

To better track the crack propagation on precast girder and topping
concrete, DIC measurement was applied on the bottom and side surfaces
of the samples. Crack pattern on the bottom surface of three samples is
depicted in Fig. 9. Cracks were first observed on the bottom surface of
the precast girders. A minor crack initiated close to the midspan of STF
at 90 kN, which was significantly earlier than the observed stiffness
change (around 190 kN). From the crack pattern of STF (Fig. 9(a)), it can
be observed that at 190 kN, this crack propagated throughout the whole
width of the girder. This likely caused the stiffness reduction observed in
the load-deflection response. Compared to STF tested at 28 days, the
cracking load for LTF tested at 9 months was 44 % lower, due to
prestress loss over time. Shrinkage and creep of SCGC, continuously
increased within the testing period of 9 months. LTF possibly exhibited
more severe shrinkage as it was exposed to lab condition at 3 days after
casting topping concrete. Among the three specimens, LTF_LS had the
lowest cracking load at 40 kN. Minor cracks initiated under the sus-
tained load and reopened during the flexural test.

Unlike STF which showed only minor cracks, LTF exhibited severe
cracking throughout the section at serviceability load level of 130 kN,
resulting in the degradation of overall stiffness of the specimen. At this
load level, multiple cracks could be observed on LTF_LS. These cracks
further extended across the width of the girder at 160 kN, leading to the
stiffness reduction. At 250 kN, spacings between major cracks were
similar in all samples. Still, multiple cracks with smaller crack widths
were captured in STF, which were not observed in 9-month samples. In
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Fig. 10 illustrates the crack pattern on the side surface of the speci-
15 L [ I I [ mens at the indicated load levels. Cracking in all specimens consists of a
: : ::I:: LS combination of vertical flexural cracks and a horizontal debonding crack
10 = P 1 between the precast girder and the topping concrete. Delamination was
. 1" ! first observed at approximately 190 kN in all the specimens, initiating
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5 ), ° topping concrete, and could be considered as one of the main contrib-
2 e VO | utors to the reduction in global flexural stiffness of the specimens.
8 ST Tl i Furthermore, due to debonding, cracking behaviour on precast girder
Self- weight load S ~~o . versus topping concrete were different. On the precast girder, multiple
10+ g cracks appeared in LTF at 130 kN, and in LTF_LS at 160 kN, confirming
the beneficial influence of permanent load in fully prestressed girders.
15 I | | | | Sustained load reduced the compressive stresses at the level of pre-
0 50 100 150 200 250 300 stressing strands, thereby reducing the creep effects. In STF, cracks in the
Age (days) precast girder were observed at 190 kN. Unlike in LTF and LTF_LS, this

Fig. 6. Long-term deflection of the girders subjected to self-weight, LTF and, to
self-weight and sustained load, LTF_LS. Deflection was monitored starting 3
days after casting of the topping concrete (34 days after casting of the pre-
stressed girder).

general, LTF and LTF_LS had fewer cracks with larger crack widths
compared to STF, possibly due to the effect of creep on bond behaviour
between prestressing steel and concrete. Note that quantification of
crack width on the bottom surface of the girders was not feasible due to
out-of-plane movement, which affected the accuracy of 2D DIC
measurements.

cracking at the bottom of precast girder was preceded by flexural
cracking in the topping concrete (Fig. 10 (a)). Compared to the short-
term flexural test at 28 days, the specimens tested at 9 months illus-
trated fewer cracks with larger cracking spacing on the precast girder at
the same load. The total number of cracks recorded in the constant
moment region of the precast girders, just before failure were 17 and 14
for STF and LTF, respectively. Similar observations can be found on the
bottom surface (see Fig. 9). Regarding topping concrete, LTF also
exhibited fewer cracks compared to STF, which might be attributed to
the debonding crack.

Fig. 11 presents the crack width-load response of the girders. For LTF
and LTF_LS girders, only crack widths until 190 kN were considered, as
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Fig. 7. Cracks observed on LTF and LTF_LS during the period of long-term monitoring of deformation.
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Fig. 8. Load-deflection relationship of all samples (load refers to average of point loads).

unloading-reloading cycles were applied at higher load levels. In the
precast girder of STF, the crack width criterion of 0.2 mm [34] was
reached at the load level of 220 kN. This load is significantly higher than
the acting SLS load for a single girder (~130 kN). In contrast, the
maximum crack width in the precast girder specimens tested at 9 months
reached the limit of 0.2 mm at 160 kN for LTF and 180 kN for LTF_LS.

When comparing crack widths at the same load level, the smallest crack
width was measured on the specimen tested at 28 days. Specimen LTF
showed larger cracks compared to LTF_LS.

The global cracking behaviour of the composite girder was affected
by combined effects, including bond between prestressing strands/
reinforcement and AAC, bond between precast girder and topping
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(a) STF (b) LTF (¢) LTF LS

Fig. 9. Crack propagation on the bottom surface of (a) STF tested at 28 days and (b) LTF and (c) LTF_LS, both tested after around 9 months.
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Fig. 11. Maximum crack width-load response on the precast girder of
three specimens.

concrete, material properties, etc. Still, the increase in crack width and
spacing in the precast girder in long-term test (LTF) compared to short-
term test (STF) suggests a possible degradation of bond behaviour be-
tween the strands and SCGC over time. This deterioration might result
from the time-dependent behaviour of SCGC. One of the contributors is
creep effect. Given high creep deformation of SCGC and the role of creep
on the bond between reinforcement and conventional concrete [35],
bond stress distribution might be affected over time. Besides, due to
creep, SCGC tended to contract in the longitudinal direction and expand
in the radial direction. This radial expansion resulted in a drop of radial
stress around the strand and further reduced the bond capacity in the
long term. Additionally, LTF_LS showed more cracks with smaller crack
spacing in the precast girder than LTF (Fig. 10), indicating less degra-
dation in bond capacity between strands and SCGC. This may be owing
to sustained load, which results in a lower stress level and therefore
reduced creep effects in LTF_LS compared to LTF.

The girders exhibited different failure behaviour and load-bearing
capacity. In the short-term flexural test, STF reached a maximum load
of 390.9 kN with a maximum midspan deflection of 119 mm. The
measured strain at the height of prestressing strands was 4.1 mm/m.
Considering that the prestressing strand reaches 0.1 % proof stress at
about 10 mm/m, and a prestressing strain of around 6 mm/m, the ex-
pected yield strain is around 4 mm/m. Although this strain level was
close to the measured strain, the specimen did not fail, as the maximum
stroke of the jack was reached first. Therefore, this specimen was re-
tested along with LTF and LTF_LS. Fig. 12 (a), (b) and (c) illustrate the
failure modes of STF.R2, LTF and LTF.LS, respectively. In LTF,
anchorage failure occurred at the load level lower than the maximum
load recorded at the 28-day test. A sudden drop of load was recorded at
380.9 kN because of significant strand slippage. Subsequently, the load
increased again until the final anchorage failure of the specimen. The
flexural crack under the loading point further inclined and led to local
crushing of concrete. Similar behaviour was observed for the retested
sample (STF_R2), which failed at 372.3 kN, a lower load than the peak
load of STF (390.9 kN). This is likely due to the combined effect of load
cycles with high load levels and long-term degradation of material
properties. On the contrary, LTF_LS exhibited gradual concrete crushing
under the loading point, followed by the development of a nearly flat
crack in the topping concrete (Fig. 12 (c)), indicating flexural failure at
401.8 kN. Strand slippage was less significant compared to LTF. The
different failure modes of LTF and LTF_LS might be attributed to
different bond capacities between SCGC and strands. The Hoyer effect, a
major contributor to bond stress, changes over time because of the time-
dependent properties of concrete [36]. With lower creep effects, the
relaxation of Hoyer effect is less pronounced and a lower reduction of
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bond capacities is achieved. Applying sustained load has a beneficial
influence as it reduces the compressive stress at the strand level. This is
also reflected in the crack pattern of LTF_LS: more cracks with smaller
cracking spacing were observed compared to LTF.

All specimens exhibited significant debonding between the precast
girder and the topping concrete. Note that the horizontal passive rein-
forcement connecting the topping concrete through openings in the web
of the prestressed girder (Fig. 1) guarantees continued force transfer
after horizontal debonding cracking takes place.

Relying solely on 28-day tests for evaluating the structural resistance
of AAC members, as is done with conventional concrete, may lead to
inaccurate predictions. Long-term testing at both material and structural
levels is crucial for ensuring reliable structural design of AAC
components.

4. Analytical analysis of flexural behaviour
4.1. Prestress losses and cracking load

4.1.1. Calculation based on provisions and monitoring measurement

The structural performance of the composite AAC girders subjected
to flexure was analysed using analytical models described in EN
1992-1-1 [34]. Given the complexity induced by (varying) sustained
load, this analysis focused only on STF and LTF. Prestress losses at 28
days and 9 months (59 days and 298 days after casting the precast
girders) were estimated based on the material properties reported in
Section 2. The cracking load was further derived and compared to
experimental results.

The elastic modulus of SCGC used in the analysis are 25 GPa at 3 days
and 27.5 GPa at 31 days. The used volume stability properties of SCGC
are summarized in Table 3. The estimated prestress losses (including
elastic losses, shrinkage, creep losses and relaxation losses) are 459 MPa
for STF and 653 MPa for LTF. The remaining prestress stresses corre-
spond to 67 % and 53 % of the initial prestressing stress applied on the
strands (1400 MPa) for STF and LTF, respectively.

Prestress losses were also predicted by using the data obtained from
Fibre Bragg Grating (FBG) sensors. The influence of geometry of the
girders and thus size effects of drying shrinkage, as well as the change in
stress level due to casting of topping AAC and prestress losses can be
captured by these sensors. Therefore, the time-dependent deformation
at the level of the prestressing strands in composite girders was directly
measured [37]. The strain measured by FBG is shown in Fig. 13 (a),
reflecting the free deformation of the precast girder (i.e. within first 31
days), and the response of composite girders (i.e. after the topping
concrete was cast). However, FBG measurements were available only up
to 94 days. To estimate long-term deformation, a predictive model was
developed using material test data and validated against FBG mea-
surements. This model was based on principle of superposition proposed
by Bazant [38] and used creep compliances measured at 3 and 28 days,
along with the adjustment for size effect of drying shrinkage [38]. In the
initial stage, when only precast girder was present, a mean stress level of
16.3 MPa was estimated based on linear elastic calculations. After
casting topping concrete, the stress level was estimated to reduce to
11 MPa, reflecting the impact of self-weight load of cast-in-situ topping
and prestress losses. Considering further the size effect of drying
shrinkage (i.e. using a cross-sectional thickness D of 300 mm corre-
sponding to the height of precast girder), the predicted value is close to
FBG data (Fig. 13 (b)). The long-term strain development at the level of
prestressing strands can further be estimated. The measured strain,
including the elastic deformation, shrinkage and creep at 28 days after
casting topping concrete is around 2000 ym/m and the predicted strain
at 9 months is around 3300 um/m. Assuming relaxation losses at 28 and
9 months are 10 MPa and 15 MPa, the total prestress losses are calcu-
lated to be 410 MPa and 675 MPa, respectively. The remaining stresses
correspond to 71 % and 52 % of initial prestressing stress.

The cracking moment of the composite girders is then calculated



Z. Qian et al.

Strand invisible

Strand not broken

Construction and Building Materials 484 (2025) 141615

\
\

1
G
’
vy
I

Strand still visible

Strand still visible

(¢c) LTF_LS: Flexural failure
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based on the remaining prestressing force. Flexural tensile strength of
SCGC, estimated from the splitting tensile strength, is used to predict the
cracking load. Fig. 14 gives the relationship between the cracking load
of the girder and the remaining prestress ratio. The experimental results
and analytical prediction at 28 days and 9 months after casting topping
concrete are marked in the figure. The remaining prestress ratio in the
experiments are estimated from the measured cracking load when the
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first crack was observed on the bottom surface of the specimens. The
weight of spreader beam is considered in calculations.

As shown in Fig. 14, the predicted cracking loads based on the ma-
terial tests and FBG measurement at 28 days are significantly over-
estimated compared to experimental results. A similar trend is observed
for the 9-month test, where predictions also overestimate the cracking
load. In these calculations, the interaction between precast girder and
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Table 3
Summary of volume stability properties of SCGC.

Age (days) Total shrinkage Creep Creep coefficient
After casting precast girder (um/m) (um/m)

31 728 1234 1.9

59 864 1565 2.4

298 1246 3157 4.8

topping concrete is neglected and the girders are assumed to deform
freely. This might lead to an underestimation of prestress loss. The ef-
fects of restrained deformation on prestress losses are further discussed.

4.1.2. The influence of restrained deformation

There are two critical mechanisms leading to (possible) additional
prestress losses caused by restrained deformation: (1) restrained
shrinkage of topping concrete (Fig. 15 (a)) and (2) restrained creep of
the precast girder (Fig. 15 (b)).

4.1.2.1. Restrained shrinkage of topping concrete due to the presence of the
precast girder. The shrinkage of topping concrete induces additional
compressive stress in the precast girder, resulting from the combined
effects of axial force and bending moment in the precast girder. This
contributes to further prestress loss. The final interaction between two
parts of the composite member depends on their stiffness difference and
the shrinkage rate of SCGC and topping AAC. Note that the restrained
creep effects of topping concrete were not considered given the low
compressive stress in the topping concrete.

The comparison between autogenous and total shrinkage of topping
AAC and total shrinkage of SCGC after 31 days is plotted in Fig. 16. The
free shrinkage of SCGC in the period before casting topping concrete is
excluded. The curing conditions of STF and LTF were different. Unlike
LTF, STF was covered till testing. Therefore, the differential shrinkage
for STF is taken as the difference between total shrinkage of SCGC and
autogenous shrinkage of topping AAC (178 pm/m). For LTF, it is
considered as the difference between total shrinkage of SCGC and
topping AAC (264 pm/m, by extrapolation). The creep coefficient (¢) of
2.5 according to [34] is used to calculate the effective elastic modulus of
topping AAC.

The stress distribution at the centre of the girder due to differential
shrinkage for STF and LTF is illustrated in Fig. 17. The resultant
compressive stress at the strand level is 0.4 MPa at 28 days and 0.6 MPa
at 9 months. These result in additional prestress losses of 2.8 MPa and
4.1 MPa, respectively. Furthermore, as a sensitivity analysis, different
combinations of creep coefficient and differential shrinkage were used
to calculate the additional prestress loss (Fig. 18). The additional
prestress loss caused by restrained shrinkage of topping concrete is low
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compared to the initial prestressing stress (1400 MPa), even with large
differential shrinkage and small creep coefficient (up to 2 % prestress
loss).

4.1.2.2. Restrained creep deformation of the precast girder due to topping
concrete. Deformation of the prestressed girder due to ongoing creep is
(partially) restrained after topping concrete is cast and starts hardening.
Assuming fully restrained deformations, the residual prestress force F,(t)
due to restrained creep deformation can be calculated as:

Fy(t) = Fpoky(t) 1)

where Fpg is initial prestressing force and k4 can be expressed as a
function of creep coefficient ¢: [39,40]

ky(t) = e (2a)

9
1+ pep(t)

As shown in Fig. 19, the factors k; obtained from the method pro-
posed by Brakel [39] and Trost [40], as a function of creep coefficient,
are similar.

To simulate conditions in the composite girders, the restraint level is
further considered by introducing a factor R:

ky(t)=1 withp =0.8 (2b)
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Fig. 14. Prediction of the cracking load depending on prestress loss (28 days
and 9 months values are given in black and red, respectively). Note: Calculated
Qcr FBG-predictive model 267d refers to the result obtained by aforementioned
predictive model (based on material test and verified by FBG measurement).
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Fig. 16. Differential shrinkage between SCGC and topping AAC: TS- total
shrinkage and AS- autogenous shrinkage.

The results of creep tests on SCGC sample loaded at 28 days are used
to estimate the residual prestressing force. The creep coefficient of
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Fig. 17. Stress distribution in the middle of cross-section due to restrained shrinkage on STF and LTF.
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SCGC, when loaded at 28 days, is 1.2 and 4.3 at 28 days and 267 days
after loading, corresponding to the time when the flexural tests for STF
and LTF were performed. The prestress force at 28 days after casting
precast girder (Fpp) is assumed to be approximately 76 % of the initial
prestress force, based on prestress loss obtained from FBG measurement
(1700 pm/m at 28 days, see Fig. 13 (a)). The restraint level due to cast-
in-situ topping is calculated as 64 %. A summary of the predicted results
obtained from analytical models and tests for STF and LTF are listed in
Table 4. The relationship between remaining prestress ratio and creep

Table 4
Summary of predicted results and test results.

Remaining Cracking load Maximum flexural load
prestress (kN) (kN)
(%)
Age (days) 28 267 28 267 28 267
Material test 67 53 151.8 110.3  425.1 423.1
FBG and predictive 71 52 162.3 1057 4249 422.8
model
Brakel-full restraint 22 1 16.0 / 419.5 417.2
Trost-full restraint 28 2 36.0 / 420.2 417.3
Brakel—64 % 41 28 73.7 33.7 421.6 420.2
restraint
Trost—64 % restraint 45 29 86.6 36.4 422.1 420.3
Experiment 47 33 90 50 390.9 (no 380.9
failure)
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coefficient, considering different levels of restraint, is shown in Fig. 20.

The residual prestress force is highly underestimated when a full
restraint condition is assumed. However, when the restraint level is
taken into account, the remaining prestress ratio at 28 days and 9
months after casting the topping concrete are much closer to the
experimentally obtained values. Overall, the remaining prestressing
force can be well estimated using the modified methods that consider
the level of restraint, with the method proposed by Trost [40] providing
a slightly better prediction than that of Brakel [39].

FBG sensor provides the possibility to measure the strain inside the
girder, which can be used to predict prestress losses. However, the sit-
uation becomes more complex when deformations are restrained. Unlike
imposed loads, restrained deformation (such as shrinkage and creep)
does not exhibit a linear relationship between stresses and deformations
- meaning that even when no deformation is measured, the structure can
still experience stresses. Therefore, careful consideration should be
given to sensor configuration and the analysis of strain measurement
data when dealing with restrained deformations.

4.2. Ultimate state

The ultimate moment resistance in the cross-section at midspan is
determined by an iterative calculation of the equilibrium of forces
generated by the concrete, prestressing and reinforcement steel. Average
values of material properties are applied and no safety factors are
considered. The experimental and analytical maximum flexural load are
listed in Table 4.

The predicted maximum loads are slightly higher than the experi-
mental results for STF and LTF, by 8 % and 10 %, respectively. Note that
although the horizontal debonding cracks were observed in the experi-
ments, this phenomenon is not considered when estimating the
maximum load. Besides, the analytical model for ultimate state predic-
tion follows the assumption of flexural failure while anchorage failure
occurred on LTF.

5. Conclusions

To investigate the time-dependent flexural behaviour of prestressed
AAC girder with cast-in-situ AAC topping, a combined experimental and
analytical study was conducted. Long-term mid-span deflection of the
composite girders subjected to self-weight and sustained load under
flexure was monitored. Flexural tests were carried out on three 7 m span
specimens at 28 days and 9 months, and the material properties of the
AAC mixtures were measured over time. With insights obtained from
material and structural tests, analytical models were further applied to
analyse the flexural behaviour of the composite girders, focusing on the
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prediction of prestress losses. The following conclusions can be drawn:

e The splitting tensile strength of SCGC and elastic modulus of both
AAC mixtures exposed to laboratory condition (20°C and 55 % RH)
decreased over time. Under the same condition, the compressive
strength of SCGC stayed constant after 90 days. No reduction in
mechanical properties was observed for samples that were moist
cured. Furthermore, increased shrinkage and creep deformation
were observed up to 1000 days and 400 days, respectively.

The specimen subjected to sustained load (LTF_LS) reached a plateau
in deflection, while unloaded specimen (LTF) showed a continuous
increase in upward deflection, indicating pronounced ongoing creep
effects up to the testing age.

Compared with the specimen tested at 28 days (STF), the specimens
tested at around 9 months showed significantly lower stiffness and
lower cracking load. Around 44 % lower cracking load was observed
in the specimen tested at 9 months (LTF) compared to 28 days (STF).
The maximum crack width on the precast girders of specimens tested
at 9 months reached the design criteria of 0.2 mm at lower load
levels (160 kN for LTF and 180 kN for LTF_LS) compared to that of
the specimen tested at 28 days (220 kN). The pronounced prestress
loss seems to be a consequence of ongoing shrinkage and creep
effects.

Specimen LTF and LTF_LS exhibited different failure modes. In LTF,
anchorage failure occurred at a lower load level than in STF, when
the maximum stroke was reached. In contrast, LTF_LS displayed
concrete crushing in the topping concrete, indicative of flexural
failure.

The bond behaviour between SCGC and prestressing strands plays a
critical role in the time-dependent structural behaviour of the com-
posite girders. Based on the crack pattern and reduced failure load
(initiated by anchorage failure) in LTF compared to STF, it is antic-
ipated that there is a bond decrease over time. The application of
sustained load resulted in a lower stress level at the level of pre-
stressing strands and therefore a reduced creep effect. Its beneficial
effect on bond capacity is confirmed by the distinct failure mode of
LTF_LS, which exhibited flexural failure at a higher load level than
LTF.

The analytical model based on material test data and strain (FBG)
measurements, underestimated prestress loss and overestimated
cracking load for both composite girders tested at 28 and 9 months.
In this case, the interaction between the precast girder and topping
concrete in terms of restrained shrinkage and creep effects was
neglected. The influence of restrained deformation on composite
girders has to be considered. The compressive stress at the strand
level, and thus the additional prestress losses caused by restrained
differential shrinkage between topping concrete and prestressed
concrete, is low. The effects of restrained creep deformation of pre-
cast girder, however, contribute to significant additional prestress
loss. By considering the restraint level, the predicted results of
prestress losses show good agreement with the experimental results.

It is important to note that relying on structural tests at 28 days or on
design guidelines for conventional concrete elements based on 28-day
material properties is not suitable for verifying the structural resis-
tance of AAC members, particularly for the AAC types used in this study.
Significant time-dependent deformation was observed due to high
shrinkage and creep in prestressed AAC, and this must be included in
structural analysis along with appropriate long-term mechanical prop-
erties. Overall, it is crucial to investigate the long-term material and
structural behaviour of AAC members in future studies.

There are a few limitations of the current study which should be
considered in more detail in future. Firstly, the experiments were carried
out within a period of 9 months and a longer time frame is suggested.
Secondly, the debonding crack between precast girder and topping
concrete observed in the experiments was not considered in the applied
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analytical models. Furthermore, although FBG sensors provided valu-
able measurements of time-dependent deformation inside the girder, the
influence of restrained deformations cannot be captured by the current
sensor configuration. Better design of the sensor layout and detailed
analysis are recommended for future applications in the structural tests
of composite girders.
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