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Abstract

This paper investigates material properties of metakaolin/slag-based geopolymer mortar (GPM), relevant for composite action with conventional Portland
cement-based concrete (PCC). GPM formulations with different workability (soft and stiff-plastic consistencies) were developed and characterized with
regard to their compressive and tensile strength development over time, their shrinkage behaviour during hardening under different ambient conditions,
as well as their thermal expansion. With the experimental data obtained, a coefficient of thermal expansion and equations for predicting the strength
development were calculated. The GPMs exhibited significant autogenous shrinkage and drying shrinkage. Additionally, high very early shrinkage, tested
by a new image correlation method, occurred immediately after setting under dry conditions. Thereby, the observed extent of early shrinkage strongly
depended on the specimens’ thicknesses. Furthermore, the basic characteristics of autogenous and drying shrinkage of GPM were enlightened and

compared to PCC.

Keywords: Geopolymer mortar; Composite construction; Strength development; Autogenous, early and drying shrinkage; Coefficient of thermal expansion

1 Introduction

The deterioration of concrete structures due to the
interaction with chemically aggressive solutions and gases is a
major concern of the construction industry [1-3]. It is
frequently observed that in waste and wastewater
infrastructure ordinary Portland cement-based concrete
(PCC) decomposes with high rates (~1cm/a under highly
aggressive conditions [4-6]). Thus, alternative construction
materials have to be found. In this context, alkali activated
materials (AAM) - often also referred to as geopolymers (GP)
in the literature - show great potential [7-16]. Compared to
existing PCC construction materials, which are formed by the
cement hydration reactions (mainly calcium hydroxide and
calcium silicate hydrates), the AAM matrix is produced by
polycondensation of alumino-silicates [8-11, 17, 18]. Thereby,
alumina silicate powder materials (calcined clays, volcanic
rocks, blast furnace slag, fly ash) are mixed with alkaline
reagent solutions (either sodium or potassium soluble
silicate) and water. This binder paste is further mixed with
aggregates in order to form a material with similar mechanical
properties as PCC. AAM technology avoids the formation of
Ca-rich, acid-dissolvable hydration products, present in
Ordinary Portland Cement (OPC) based materials. The
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absence of these phases is mainly responsible for the high
acid resistance of AAM/geopolymer mortar (GPM) [5, 7, 9].
Furthermore, AAMs are a sustainable alternative to OPC
based materials because of their lower CO, emissions
compared to PCC[9, 13].

Economic considerations and the use of GPM and concrete
for repair measures of existing concrete infrastructure led to
the idea of GPM — PCC composite structures. This composite
technology seems to have a considerable market potential.
The PCC — i.e. standardized normal concrete — provides the
main part of the structural settings and the geopolymer acts
as both, a structural part and a barrier against chemical
attack. To develop such a new composite technology,
material parameters of both, PCC and GPM have to be
understood in detail. In general, composite constructions are
built by bringing the fluid or pasty adhesive (GPM) into close
and continuous contact to the solid adherent (PCC). The final
mechanical strength of the adhesive interface depends
mainly on (i) material properties of both adhesive and
adherent (tensile strength, shear strength, thermal and hygric
deformation coefficients etc.) and (ii) properties and pre-
treatment of the adherent’s surface (roughness, open
porosity, wettability etc.) [19]. If crack formation is decisive
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for the bond strength, it will also depend on the development
of the tensile strength of the adhesive over time (f«(t)) and of
internal stresses (enforcements o, 0, T,). The latter occur
during the hardening process of an adhesive due to
constraints by the solid adherent [19-21], hindering shrinkage
(&) or expansion of the adhesive. Driving forces are changes
in temperature (if the thermal expansion of the bonding
materials differs from each other), or autogenous and drying
shrinkage of the adhesive during the hardening process.
Restraint shrinkage/expansion can result in crack formation
and/or can induce delamination starting at the edge of a
cover layer in the interface, see Fig.1 and [22, 23].

Shrinkage or swelling is caused by a change in the water
balance of a porous building material [22, 24]. A distinction is
made between (i) autogenous shrinkage (AS) due to chemical
reactions during curing in combination with self-desiccation
(i.e. loss of internal water through hydration [22, 25]) and (ii)
drying shrinkage (DS) or swelling, which occurs due to the
desiccation and adsorption of water under changing ambient
conditions. DS depends strongly on temperature and relative
humidity and the proportion of drying surface to the total
volume. In contrast to AS, DS is partly reversible. Additionally,
very early shrinkage (ES) occurs in fresh, still workable
concrete. It is mainly activated by surface forces between the
particles and water - capillary tension respectively - that
increase with drying out of the pores system [20]. This type is
also referred to as "plastic shrinkage" or "solidification
shrinkage". It occurs on the surface and can cause cracks in
the fresh concrete in the first few hours after mixing. Cracks
in all cases occur if stress, induced by restrained shrinkage,
exceeds the concrete’s actual tensile strength [26]. However,
cracks do not occur in a plastic state before setting has
finished, as no stresses can be transferred into the matrix [27,
28]. Setting indicates, that fresh concrete is no longer
plastically deformable. Shrinkage behaviour is reported to
differ considerably for different types of cementitious
materials, with significant differences between PCC and AAM,
often showing a higher shrinkage of AAM compared to PCC
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[29, 30]. Even within the large group of AAM, there are large
differences in shrinkage behaviour depending on the source
materials and their mixing ratios [31-34]. Especially a higher
drying shrinkage [29-36] is reported for ground granulated
blast furnace slag (GGBFS) based AAM compared to fly ash
based AAM. The degree of shrinkage of AAMs depends
strongly on the ambient relative humidity (RH), more than
known from PCC. In particular, the point in time at which the
maximum shrinkage rate (i.e. the gradient of the shrinkage
strain curve over time) occurs varies strongly for pastes of
GGBFS-AAM [30] when stored under different RHs. In
contrast, the maximum shrinkage rate of OPC-pastes occurs
in the first days of drying, regardless of prevailing RH [30]. In
order to reduce AS and DS of AAMs, several mitigation
strategies have been investigated [37, 38]. Therein, the
authors report, that combining two types of geopolymer raw
materials, such as GGBFS and metakaolin (MK), may lead to
potentially reduced shrinkage.

This study focuses on material properties of MK-rich calcined
clay /GGBFS based GPM [39] in terms of strength
development, shrinkage (using different shrinkage test
setups) and the coefficient of thermal expansion. Results are
compared with known shrinkage behaviour of PCC and are
implemented in fundamental equations to predict GPM
shrinkage behaviour and consistency-depending strength
development with time.

2 Materials and methods
2.1 GPM production

GPM was produced by mixing metakaolin-rich calcined clay
and GGBFS binder (“banahCEM”, Table 1) with a potassium
based fluid activator (waterglass). Siliceous sand 0/4 mm was
added as aggregate. Two mixes with different consistencies
(W-GPM/soft consistency for wet cast applications and D-
GPM/stiff-plastic for dry cast) were developed by varying the
volumetric ratio of paste to aggregate (Table 2).
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Figure 1. Stress distribution of enforcements (oy, 0y, Tx) due to constrained hygric shrinkage (€s) depending on ratio I: tc (extent : cover layer-
thickness) of a GPM-PCC composite body. With: fe...tensile strength, fad...tensile adhesion strength, Tad...shear adhesion strength of cover,

li...initiation length, modified after [23].
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Table 1. Chemical composition of the metakaolin/GGBFS binder (“banahCEM”) in wt.%

SiO2 Al;03 K20 Cao Fe203 MgO Na20 TiO2 SO3
339 24.8 0.23 14.0 18.2 3.47 0.24 2.33 0.95
Table 2. Composition and consistency of GPM
unit mix W-GPM mix D-GPM
activator (waterglass, 35 wt.% water content) 270 232
banahCEM 400 344
kg/m?
added water 121 104
crushed sand 0/4 1504 1663
paste volume 1/m3 430 370
effective water/solid-ratio - 0.37 0.37
flow-table spread (without jolts/with jolts) mm 132/165 100/115

Mix-volumes of 1.0 - 1.2 litres were prepared using a 4.5 |
(total volume) planetary lab-mixer according to EN 196-1 [40].
For preparing larger batches (5 litres), i.e. to fill shrinkage
troughs, a 10 | intensive compulsory mixer (“Eirich-RV10”)
was used. It consists of a rotating mixing container, an
eccentrically arranged, counter-rotating high speed stirrer
and a bottom-wall scraper. First, the activator and additional
water were put into the mixer. Then the powder precursor
was added during continuously mixing at the lowest possible
speed for 3 minutes. Subsequently, the aggregates were
added and mixed for another 2.5 minutes at the same speed.
Finally, the mix was homogenized for half a minute at
maximum speed.

a

Figure 2. a) Wet-cast W-GPM and b) Dry-cast D-GPM immediately
after mixing

2.2 Consistency test of GPM

To test the consistency of the GPM according to EN 1015-3
[41], the GPM mix was poured into a Hagermann cone
(100 mm base diameter) on a dry glass plate of a compaction
table. Thereafter, the cone was lifted to allow a free flow of
the mortar. After two minutes, without applying any jolt, two
perpendicular diameters of the concrete were measured.
Subsequently, 15 jolts of the table were applied before
diameters were measured again. For results, see Table 2.

2.3 Compressive and tensile strength

development over time

Prisms of 40/40/160 mm were manufactured of each GPM
mix (soft consistency W-GPM and stiff-plastic D-GPM) and
used for compressive strength tests (n=3) according to EN
196-1 [40], as well as for splitting tensile strength tests (n=4)
according to ONR 23303 [42] (corresponding to EN 12390-6
[43]). The prisms were prepared and stored as follows: (i)
compaction of the fresh GPM in plastic-moulds on a vibration
table for about 1 min, (ii) covering, using a plastic foil, (iii)
storing the moulds in >95% relative humidity (RH) and 20°C
for 3-5 hours, (iv) demoulding and (v) storing the prisms in
>95% RH and 20°C until testing. Strength tests were carried
out after 6 h, 24 h, 7 d and 28 d. According to fib model code
2010 [44], the conversion factor of splitting tensile strength to
(uniaxial) tensile strength is equal to 1.0, unless determined
differently. This is also assumed to be valid for GPM used in
this study. The dry densities of the two mixes were
determined with prisms as normally done in the course of
strength determination by weighing and calculating the
volume using the dimensions of the prisms.

2.4 Shrinkage during hardening under different
conditions

In order to characterize the shrinkage behaviour
comprehensively, several test methods were applied on the
two GPM mixes (W-GPM, D-GPM). They aimed to
characterize material behaviour regarding (i) the autogenous
shrinkage (AS), (ii) the hygric shrinkage or drying shrinkage
(DS) under varying ambient humidity and (iii) the very early
shrinkage (ES) obtained during rapid drying.

Autogenous shrinkage. AS was measured using stainless steel
shrinkage troughs (Schleibinger shrinkage drain [45]) with the
dimensions 40/60/1000 mm. These were filled with fresh
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GPM immediately after mixing. Each trough was lined with a
2 mm thick rubber sheet and a plastic film, which acted as
flexible intermediate layer, so that the GPM sample could
move freely against the trough’s bottom and walls (Fig. 3).
The upper mortar surface was covered with the plastic foil.
One end of the sample was anchored using a barbed hook as
soon as the material gained a certain stiffness during
hardening. At the other end a freely movable stamp was
attached to the sample (using an anchor), so that an inductive
transducer (resolution of 0.3 um, accuracy of <1 um) was able
to record the displacement, representing the change in length
of the entire sample. Special attention was paid to activate
the transducer before the setting of the material was
completed. The sensor continuously recorded the length
change of the GPM samples over a period of 17 days. A
temperature sensor embedded in the middle of each sample
recorded the GPM temperature. The troughs were placed in
a room with defined climate conditions (23°C + 2°C, 50% RH +
5%). AS was determined as the mean value of 3 W-GPM
samples and 2 D-GPM samples.

Drying shrinkage. DS was measured in this study using 2
different methods. Firstly, the shrinkage trough
measurements described above were continued after the
removal of the cover on the 7th day. Since then, the GPM
were allowed to dry under ambient conditions (23°C,
50% RH). Secondly, the length change of prisms
40/40/160 mm was determined according to EN 12617-4
[46]. Therefore, the prisms were manufactured as described
above, with steel-markings embedded in the mortar at both
ends. Prisms were demoulded after 3 h. At this point the initial
length of each prism was determined. Afterwards, the
specimens (n=6) were stored at high humidity of >95% RH and
20°C. The shrinkage deformations were determined as the
difference between the initial length and the length
measurement at a certain time (after 6 h, 24 h, 48 h etc. until
the end), divided by the initial length. As initial length the
specimen’s length minus half of the embedding length of the
steel markings at each end (160-2*6=148 mm) was
considered, according to EN 12390-16 [47]. After this period,
the samples were stored for another 7 days at 23°C and 50%
RH (n=3) or at 20°C and 65% RH (n=3). During that period
measurements of length change were continued. Thereafter,
a b
dial
gauge

1] longitudinal section:

plan view:

dimensions in [mm]
drawing not to scale

prsims with embedded steel
markings at the ends

all specimens were stored again at 20°C and >95% RH until
the end of measurement.

In addition to the shrinkage measurements, the mass change
Am of the prisms was determined by weighing immediately
after each length measurement. The mass change is
expressed as a percentage of the initial mass (i.e. mass after 3
h).

Very early shrinkage. Cylindrical specimens with four
different thicknesses (t=5, 10, 20 and 40 mm) and the same
diameter (d=105+1 mm) were made. These so called discs
were produced pouring the GPM mixes into plastic rings of
the respective heights. The rings were placed on a 2 mm thick
rubber sheet to ensure free movement of the GPM. The
bottom and the inner surface of the rings were waxed to
avoid friction and to prevent the circumference sides of GPM
from drying. Continuous vibration during casting ensured
compaction. After casting, gauge marks were placed on the
surface before the specimens were stored at 23°C and 50%
RH. Deformations of the specimens were measured by using
an image correlation method (optical measuring equipment
from manufacturer “Sobriety s.r.0.” using the “Mercury RT”
software [48]). Therein, two cameras take photographs from
the samples at the same time. The software calculates the
relative movements of the gauge marks, which are further
recalculated into the shrinkage strains. The measurements
were started at the setting time of the GPM and ran for 7
days. Fig. 4 shows the ES test set-up.

2.5 Point in time of stress inducing setting

As long as mortar or concrete is in a plastic state, shrinkage
under external constraints does not lead to stress
development. At a certain point during the setting process, a
continuously solid body forms and the concrete reaches a
level of stiffness, which is the reason for inducing tensile
stresses. This time was determined as the point of maximum
deformation rate in the AS measurements. It refers to as
stress-inducing setting time ts [27, 28]. The time of “final
setting” under dry conditions t;qy however, was measured
additionally with the VICAT device (in accordance to EN 196-
3 [49]) in such a way, that the sample surface was exposed to
drying under 65% RH and 20°C.

| 1000 |

channel wall
neoprene inlay
waterproof foil

movable anchor

displace ment
transducer

Figure 3. Set-up for the measurement of a) length change of prisms 40/40/160 mm according to EN 12617-4 [46] and b) shrinkage in a trough

according to [28, 45].
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Figure 4. Very early shrinkage test: a) cylindrical specimens of mix W-
GPM (upper row), D-GPM (lower row), b) stereo-camera set up.

2.6 Coefficient of thermal expansion

The coefficient of thermal expansion a4 of GPM was
determined for a temperature range of -20°C to +40°C
according to EN 1770 (alternative procedure) [50]. As
aforementioned, prisms (40/40/160 mm) were
manufactured with steel markings embedded at both ends;
three prisms from each mix. After demoulding at 3 h, they
were stored friction-free for 21 days at 23°C, RH 50% to
ensure unhindered and complete drying. Thereafter, they
were carefully wrapped with plastic foil to seal them during
the following storage at different temperatures. Their change
in length, when exposed to a sequence of temperatures of
23°C, 0°C, -20°C, 40°C and 60°C, was determined according to
EN 1770 [50]. The individual measurements were carried out
on three prisms of each mix (W-GPM and D-GPM). For each
measurement, the test specimens were taken out of the
climate chamber for a maximum of 1 min before their length
change was determined. As initial length the specimen’s
length (160 mm) was considered, as specified in EN 1770 [50].
Measurements were carried out in 24 h intervals until length
constancy at each step was achieved. In accordance to EN
1770 [50], only the range from -20°C to 40°C was used to
determine the coefficient of thermal expansion o0 by
linear regression analysis.

3 Results

All presented properties are time-dependent. The time of
mixing the powder into the fluid activator is considered as the
starting point of the chemical reaction. It is therefore specified
as “time zero” of the time axis in all presented plots.

3.1 Point in time of stress inducing setting

Setting time t; - relevant for stress-inducing stiffness of GPM -
was determined as 2.25 h after time zero for both mixes W-
GPM and D-GPM. This result is valid for sealed or high
ambient humidity conditions (>95% RH). In contrast, the
setting time for a drying (unsealed) surface was determined
as toay=1.2 h.

3.2 Compressive and tensile
development over time

strength

Fig. 5 shows the development of the compressive strength
fem(t) and the tensile strength f.m(t) of the GPM mixes W-GPM
and D-GPM over time. The strength values of the two
formulations do not differ significantly from each other. The
28 d compressive strength f., reaches 61.5 N/mm? (as mean
value of both mixes), with a tensile strength f;m of 5.3 N/mm?2.
A fitting function for f.,(t) of GPM was computed by means of
regression analysis on the basis of equation (1) [44].

Ful0=Fexpis- (1) ) ()
Note that time t is used in days and f.n, is an input value of the
equation. In particular, the coefficient s has been re-
calculated. It stands for the strength class of the cement in the
model code 2010 [44]. The regression analysis shows a high
coefficient of determination (R?=0,998) and gives s=0.07 for
the geopolymer binder under investigation. For the tensile
strength fum(t) the same function works well for describing
the development over time. In this case the 28 d tensile
strength fu+n is used as input value (see equation (2)). The
recalculation gives also s=0.07 at the same level of accuracy
(R?=0,998).

Foanf0=Fo - €XD {s-[l—(?)“]} )

In Fig. 5 compressive and tensile strength development of the
GPMs are compared to data of PCC. The PCC-data are taken
from model code 2010 [44] exhibiting a f.,, of 61.5 N/mm?,
which is the same 28d-strength as the GPM has. The tensile
strength of the PCC (f4m of 4.2 N/mm?) was calculated using
the formula for tensile strength from a given compressive
strength f., over 50 N/mm?[44]. In that case (fzn >50 N/mm?),
the coefficient s has to be set to 0.2. The fum/fon ratio is given
by 0.087 of GPM at an age of 28 d, that of PCC is 0.068.

The dry densities of the two formulations were measured on
the prisms before strength tests and did not differ significantly
from each other, i.e. 2309 kg/m? of W-GPM and 2290 kg/m?
of D-GPM as mean values of 6 specimens each.
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Figure 5. Compressive and tensile strength development of GPM versus normal concrete PCC according to model code 2010 (with standard
deviation).
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Figure 6. AS measured under sealed conditions in the first period (0-7 d); DS measured under 50% RH at 23 °C subsequently (7-17 d) with the
unsealed shrinkage trough. Additionally, temperatures of GPM in the core of the specimens and of the inner bottom of the steel trough are

shown.

3.3 Shrinkage during hardening under different
conditions

AS and DS measured with the shrinkage trough. Fig. 6 shows
the shrinkage strain development over time of the two GPM
mixes. AS was measured under sealed conditions in the
period from 0 to 7 d. To show the pure shrinkage strain, the
strain due to changes in temperature of the GPM during
hardening, as well as the longitudinal deformation of the steel
trough caused by its temperature changes were taken into
account. In doing so, the core temperature of the GPM, the
temperature of the steel trough at its inner bottom, the
coefficient of thermal expansion of GPM at the age of 28 d
(see chapter 2.6 and 3.5, i.e. 12-:10°° K) and the coefficient of
thermal expansion of stainless steel (23-10° K'according to
[45]) were used. Since the coefficient of thermal expansion of
the GPM at 28 d may differ from that at early age, this is
considered a first approximation. However, the rise and fall in
temperature during curing ends after 48 hours (see
temperature curves in Fig. 6).

Within the first 24 h the samples W-GPM and D-GPM show
very rapid shrinkage and reach nearly identical values of
approximately 220 um/m after 7 d. After the removal of the
sealant, higher shrinkage rates were observed for the W-
GPM. This DS happens very rapidly in the first few hours after
the removal of the sealant. It asymptotically tends towards a

maximum, which was not fully reached during the measuring
period.

Total shrinkage (AS and DS) measured on prisms during
changing ambient conditions. Similar results were obtained
following the test setup described in EN 12617-4 [46] on
prisms, on which the initial measurements were started very
soon (~0,75 h) after setting time t;, see Fig. 7. During the initial
storage (0-7 d) at 20°C and RH >95%, an average shrinkage of
310 um/m (W-GPM) and 200 um/m (D-GPM) was measured.
In the following period (7- 14 d), 3 specimens of each mixture
were stored at 23°C and 50% RH and 3 specimens at 20°C and
65% RH. The rounded total shrinkage after 14 d was
1240 pum/m (W-GPM) and 1000 um/m (D-GPM), regardless
of whether shrinking took place at 50% or 65% (Fig. 7a).
Interestingly, the obtained mass loss due to drying, was
significantly higher for specimens stored at lower humidity
(50% RH), compared to the ones stored at higher humidity
(65% RH) (Fig. 7b).

In the last period (14-25 d) all specimens were stored again at
RH >95%, which led to an expanding deformation. However,
the expansion was less than the previous shrinkage, leaving
an irreversible deformation after the cycle of desiccation and
reabsorption of moisture. For the specimens exposed to
lower RH conditions (23°C, 50% RH) higher irreversible
deformation was observed (Fig. 7a).



J. Juhart et al., RILEM Technical Letters (2020) 5: 174-185 180
Time (d) Time (d)
a 0 14 21 28 b 0 7 14 21 28
0 L ! 1 m. 0 !
— h 25 ——]
= \ 2 §| ==—D-GPM-65 setting time t, - §
25004 | ine i 5 E 14 _ - — =D-GPM-50
é setting time; t, e = e g% —~ ) 7 -7
= Vi — _ _ " °|= -papmso X 2 7,
= A ~ - - < ', ——D-GPM-65
-E -1000 | - g 2 N
< \ l 7
5 == —— W-GPM-65 < \ ;7
2 W / —— W-GPM-65
O -1500 1 -3 >
(= . N~
o) — =W-GPM-50 e
~ — —W-GPM-50
2000 4
RH>95%  RH = 65%; RH=50% RH > 95% RH > 95% RH > 95%

AS DS

RH = 65%; RH = 50%

AS DS

Figure 7. Hygric shrinkage and expansion during hardening under changing ambient conditions a) free strain and b) mass change Am. In the first
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18
[

Time (h)
2

30 36 42
L I

48

-2000

-4000 —

-6000

Shrinkage (um/m)

-10000

time of final setting (t,, dry) under dry condition

»»»»»»»»» D-GPM 40 mm

— - =D-GPM 20 mm

= = D-GPM 10 mm

--------- W-GPM 40 mm

——D-GPM 5 mm

=+ =W-GPM 20 mm

= = W-GPM 10 mm

—— W-GPM 5 mm

Figure 8. Shrinkage strains due to very early drying of freely moveable layers with different thickness of the wet-cast (W-GPM) and dry-cast mix
(D-GPM). Layers were exposed to 23°C and 50% RH from time of setting on under dry conditions for the first 48 h.

Table 3. Mean values, standard deviation and coefficient of variation of shrinkage strains of disc specimens acquired by DIC system at the time

of 48 h of measurement.

W-GPM D-GPM
thickness [mm] |5 10 20 40 5 10 20 40
shrinkage at 48h (mean of 4 diameters) [um/m] | -9444 -7660 -4965 -4283 -4512 -4255 -3609 -3306
standard deviation [um/m] | 850 373 38 116 126 286 117 32
coefficient of variation % 9.0 4.9 0.8 2.7 2.8 6.7 33 1.0

3.4 Very early shrinkage under dry ambient
conditions

Fig. 8 shows the shrinkage strain curves over time of the disc
specimens with different thicknesses and constant diameter
as a result of surface drying at 23°C and 50% RH. Initial
deformation started after 1.4h, which approximately
corresponds to the time of the final setting of the GPM
material (t;ay,=1.2 h). Considerable higher reduction in
diameter and associated higher shrinkage rates were
observed for the thin discs, compared to the thicker ones.
Additionally, higher shrinkage was observed on W-GPM
specimens, exhibiting higher paste volume, compared to the
D-GPM specimens with lower paste volume. After the high
shrinkage rates during the first few hours, no significant
further shrinkage with time can be observed. It is noteworthy
that the shrinkage strains of the thinnest specimens after 24
h were characterized as about 9000 pm/m for W-GPM and
4500 um/m for D-GPM, which is more than 30 times the
shrinkage strains of the sealed specimens tested in the
shrinkage trough test setup at >95% RH (100-300 um/m).

In Table 3 the mean value, standard deviation and coefficient
of variation (COV=standard deviation/mean value) of the
measured strains of the four diameters acquired by the DIC
system are given. A higher scattering is observed within the
first hours of the measurement (single values of COV up to
twice), settling after 48 h. The values after 48 hours are given
in Table 3.

3.5 Coefficient of thermal expansion

The coefficient of thermal expansion of W-GPM was
determined to be nearly equal to that of D-GPM by linear
regression analysis with 0 540=12-10°K1 (within the
specified temperature range of EN 1770 of -20° to 40°C), Fig.
9. Table 4 shows the -coefficients of the individual
temperature steps. In the range of -20° to 40°C they deviate
less from each other, while above 40°C to 60°C the coefficient
decreases slightly.
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Figure 9. Thermal expansion AL/L depending on temperature and
coefficient of thermal expansion a.20/40.

Table 4. Coefficient of thermal expansion a in different temperature
ranges and coefficient o.20/40 according to EN 1770 [50] by regression
analysis as well as its coefficient of determination R?

W-GPM D-GPM
Temperature range (°C) o (K1/106) | o (K1/10°6)
-20-0 12.05 12.05
0-23 10.62 10.52
23-40 11.88 12.12
40- 60 8.96 9.06
Coefficient of thermal expansion by | 11.88 12.08
regression analysis (ot-20/40)
Coefficient of determination R? for | 0.998 0.996
(0t-20140)

Following the procedure of EN 1770 [50] (i.e. putting sealed
specimens successively under temperatures of 23°C,
0°C, -20°C, 40°C and 60°C and measuring the length change
since it reaches stable values), a change in thermal expansion
over time has not been noticed.

4 Discussion
4.1 Compressive and
development over time

tensile strength

Fig. 5 clearly shows, that the strength development of the
GPM materials differs significantly compared to PCC (OPC-
based). After 3 hours, GPM reaches 50%, after 24 h 77% and
after 7d 95% of its 28 d value. Despite the varied paste
volume used, low variations in compressive and splitting
tensile strength between the two GPM mixes with constant
water/solid ratio are observed. Strength of the presented
GPM formulations developes much faster at early age
compared to a typical PCC [44] with equal 28 d strength. The
fetm/fem ratio of GPM (=0.087) was significantly higher (by 27%)
compared to the PCC (=0.068) from the model code 2010.
Among the wide variety of possible formulations of AAM and
especially GPM, such results are in agreement with existing
literature [8, 9, 51].

To some extent, the observed differences between the GPM
and PCC may be due to “size effects” of mortar compared to
concrete. The used formula of the model code 2010 is
designed for concretes that generally have a larger maximum
grain size and lower hardened paste volume than mortars
(our GPM has a maximum aggregate size of 4 mm).

Additionally, PCC is tested on cylindrical specimens instead of
prismatic ones as used for GPM. This may result in scaling
effects. However, these should be approximately constant
over all test ages. Since GPM is compared here with PCC of
the same 28 d compressive strength, the apparent difference
in strength development up to 28 d cannot be attributed to
"scale effects". The differences within the hardening process
of GPM and PCC is therefore primarily associated with the
reaction kinetics of the different binders used (presented GP-
binder vs. OPC). For the outlined GPM a binder coefficient
5=0.07 was determined by regression analysis whereas a
coefficient s of 0.2 is given in the model code 2010 for OPC
(regarding concrete strength classes > C50/60). The results
demonstrate that the formula given in the model code 2010
[44] can thus be applied to describe the strength
development of GPM over time, if the binder coefficient s is
adapted. Further investigations, such as tests with modified
maximum grain size over a longer period of time and/or tests
recognizing other influences (geopolymer formulation,
influence of storage conditions etc.) are needed to further
strengthen that conclusion.

4.2 Shrinkage during hardening under different
conditions

AS of the GPM, tested in the shrinkage trough at RH >95% is
very pronounced in the first 24 h. Thereafter, shrinkage rates
decrease significantly, approaching nearly identical values
after 7d of ~220 um/m, Fig. 7a. A potentially incomplete
sealing of the specimens in the shrinkage trough and the RH
fluctuation of 95-99% of the prisms in the storing chamber
within the AS measuring period (0-7 days) might have caused
a slight overestimation of AS due to the drying effect.
Nevertheless, the values are higher than for Portland cement
based mortar and concrete as also stated in [35] and are in
the range of ultra high performance concrete (UHPC), which
is known for its high AS [23].

The DS, which was measured in two measuring arrangements
(shrinkage trough and prisms) until an age of 7 d, is also found
to be very pronounced. The drying shrinkage-rate, i.e.
gradient of the DS curve, is initially extremely high, which
means that there is rapid drying within the first hours of the
investigated period (Fig. 7a). Higher total DS is observed on
the W-GPM specimens, exhibiting a higher paste volume,
compared to D-GPM (produced with a lower paste volume).

Fig. 10 presents the evolution of free strains (shrinkage and
expansion) vs. mass change (Am) of the prisms exposed to
different RH. Interestingly, the two different RH conditions
(50% and 65%) resulted in almost equal maximum shrinkage
strains for each mix, but different moisture loss. A moisture
reduction from >95% RH to 65% RH results in the same
volume changes as when reduced to 50% RH. This means that
the drying of the presented GPM only leads to increasing
shrinkage deformations up to a specific moisture content.
This is about 65% RH or an even higher RH. The exact critical
value of RH should be determined in future work. However,
lower RH (than the critical value) leads to less drying
shrinkage, as reported in literature for various slag-based
alkali activated materials formulations [30-36]. Drying
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shrinkage is therefore not proportional to water loss, which is
in contrast to the common understanding of Portland cement
based materials [52, 53].

In the case of water absorption (or re-wetting), the presented
GPM formulations re-expand, showing a hysteresis to the
drying curve (Fig. 10). They no longer reach the initial length,
i.e. an irreversible shortening remains (Fig. 7). The specimens
exposed to dryer condition (23°C, 50% RH) exhibit larger
irreversible deformation and mass change, compared to the
ones exposed to higher humidity levels (20°C, 65% RH).

Am (%)
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Figure 10. Free strains (shrinkage and expansion) vs mass variation
(loss or gain) during length change measurements on prisms under
different RH.

The high drying shrinkage strains and shrinkage rates in alkali
activated slag-based mortars and concretes are well
documented [28-38, 53], but the exact reasons for this
behaviour are still subject of research. The pore structure has
a significant effect on drying shrinkage in AAM and differs to
that of PCC. Possible explanations therefore are as follows:
Increased drying shrinkage of AAM can be attributed to the
finer overall porosity compared to that of OPC based
materials, thereby, the finer pores increase the capillary
tensile stress resulting in higher shrinkage rates [36, 51, 52].
Initial drying is assumed to lead to a structural change at the
nano/microstructural level during the formation of the “geo”-
polymeric network [30, 35, 52, 53]. The drying shrinkage
strain is not directly related to the water loss [30, 52].
Consistently, Collins et al. [36] argued that the pore structure
is more important in determining the shrinkage of slag-based
AAM concrete than the water loss. Ye et al. [37, 54, 55]
concluded that the main driving force for slag based AAM
shrinkage at high RH (> 50%) is capillary pressure and high
visco-elastic/visco-plastic compliance (i.e. low E-modulus and
creep modulus). Thomas et al. [52] stated, that above 45% RH
capillary pressure and disjoining pressure are decisive but
below 45% RH other effects like surface energy effects are
significant for shrinkage in porous materials and therefore
also in AAM. Concluding, we attribute the high drying
shrinkage values and rates compared to normal strength PCC
to (i) a higher overall porosity, (ii) finer capillary pores with
higher capillary tension and (iii) low E-modulus and creep
modulus, creep effects respectively (which has to be
investigated). Additionally, the role of pore connectivity
remains to be clarified.

The tests of early drying shrinkage on specimens of different
thicknesses revealed that thin layers shrink more and faster,
compared to thick layers. This confirms that the deformation
is directly related to superficial desiccation. While the surface
dries and shrinks, the inner part of a thicker layer does not, or

to a lower extent. Thus, the inner part acts similar to a rigid
body, hindering the surface layer from shrinking. Accordingly,
on the surface of the 40 mm thick disc of W-GPM very fine
(< 0.1 mm wide), branched cracks were visible (Fig. 11). Some
sporadic cracks could also be detected on the 40 mm D-GPM
sample, as well as on the 20 mm W-GPM disc. However, the
20 mm thick sample of D-GPM remained intact, as well as all
thin specimens (5 and 10 mm). It thus can be concluded that
the W-GPM mix is slightly more susceptible to cracking
compared to the D-GPM mix. This can further be attributed
to its larger paste volume. Although the crack pattern visible
on the 40 mm W-GPM is not strongly pronounced, it fits very
well to the theoretic knowledge about drying mechanisms
and their corresponding cracking behaviour [20, 56, 57].
Theoretically, under the condition of homogeneous shrinkage
and homogeneous material, hexagonal crack fields, similar to
a honeycomb structure, develop in a (infinitely extended)
shrinking layer, if the deformation of the layer is hindered and
its tensile strength is exceeded. A hexagonal crack pattern
(120° angle between the cracks) results because the
requirement for the smallest crack-surface area
(circumference of the crack field multiplied by crack depth) in
relation to the enclosed volume is fulfilled. l.e. a minimum of
new surface per unit volume is formed [57, 58]. This crack
pattern can be seen in rudimentary form on the 40 mm thick
disc, Fig. 11.

crack pattern

i

\: i : o
Figure 11. Detail of the surface of the W-GPM 40 mm disc with very
fine drying cracks.

In order to get shrinkage values, which are not effected by
thickness-depending moisture distribution, one has to
minimise the thickness of the specimens tested. This was
indeed the initial motivation for designing the outlined special
test setup. It allows to measure the elementary, unhindered
shrinkage behaviour on thin layers. The latter will be needed
as an important input parameter for detailed finite element
simulations of the early age composite action, for example in
the production stage of GPM-PCC-Composite structures.

4.3 Coefficient of thermal expansion

The coefficient of thermal expansion a.zp40=12-10° K of GPM
is in the range of values found for concrete with different
aggregates in the literature [24]. The design value of PCC
according to fib model code [44] with 10-10° K is also in this
range. The coefficient is practically the same for W-GPM and
D-GPM in the range -20°C to 40°C. Above 40°C it decreases
slightly for both formulations. The similarity of the coefficient
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of thermal expansion of GPM and PCC is advantageous for the
composite action of GPM and PCC.

5 Conclusion

In the context of the beneficial use of GPM in composite
construction, two GPM-mixes (based on metakaolin-rich
calcined clay, GGBFS and a potassium based fluid activator)
with different consistencies were investigated with respect to
their strength development and their shrinkage behaviour.
The strengths of the presented GPM formulations develop
much faster in the first few hours than those of PCC, allowing
for early load bearing capacity. The strength development of
GPM seems to have essentially reached its final value after
28 d, which is in clear contrast to PCC. Results showed that
the function given in the model code 2010 calculating the
strength of PCC over time may also be used for GPM. The
much faster hardening of the GPM can accurately be
considered by adjusting the coefficient s only, reflecting the
influence of the binder.

It is shown that the investigated GPM exhibits both,
significant AS and DS. Larger shrinkage deformations occur in
the mixture with a larger volume of paste and softer
consistency (W-GPM) compared to the mix with lower
volume of paste (D-GPM). AS is very pronounced and rapid in
the first 24 h, which is in contrast to the shrinkage behaviour
known from PCC. The DS, which was measured following the
AS after 7 d on the same specimens by changing the ambient
conditions was also very pronounced and showed high
shrinkage rates within the first hours of drying. It is not fully
reversible. At rather dry ambient conditions (RH 50%) less
drying shrinkage occurred compared to higher RH (65% RH).
This observation agrees with literature results for various slag-
based alkali activated materials formulations [30-36, 54, 55].

In addition, very rapid early drying shrinkage (ES) occurs
immediately after exposition of GPM to drying. Its extent
depends on the drying rate which is strongly influenced by
specimens’ thickness. In relatively thick test specimens,
moisture is continuously transported from the inside to the
outer layers. Consequently, the test on the thin layer reflects
the elementary shrinkage behaviour, because the drying
process is almost uniform over the entire volume.

Since the coefficient of thermal expansion of GPM does not
differ significantly from that of PCC, internal stress in the
bonding interface caused by changes in temperature will be
manageable.

As the pronounced and fast shrinkage of GPM layers is usually
hindered in the manufacturing process of composite
constructions, crack formation is very likely to happen. A
suitable way of preventing shrinkage cracks is to delay
shrinkage by appropriate curing measures during the early
phase of hardening (primarily by a drying protection).
However, this is only effective if the enforcements due to
restraint shrinkage will relax in this curing period.

6 Outlook and acknowledgement

Further testing and evaluation has to be done in an ongoing
research project (granted under NR. 871279 of Austrian
research promotion agency FFG). The creep and relaxation

behaviour of GPM under tensile stress as well as the E-
modulus over time, the influence of the surface texture of the
adherent etc. need to be explored. For a deeper
understanding, further investigations on DS under different
RH and of the correlation of microstructural properties of
GPM to its shrinkage is pending to be carried out.
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