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Durability of alkali-activated binders is of vital importance in their commercial application, and depends
strongly on microstructure and pore network characteristics. X-ray microtomography (μCT) offers, for the
first time, direct insight into microstructural and pore structure characteristics in three dimensions. Here,
μCT is performed on a set of sodium metasilicate-activated fly ash/slag blends, using a synchrotron beamline
instrument. Segmentation of the samples into pore and solid regions is then conducted, and pore tortuosity is
calculated by a random walker method. Segmented porosity and diffusion tortuosity are correlated, and vary
as a function of slag content (slag addition reduces porosity and increases tortuosity), and sample age (ex-
tended curing gives lower porosity and higher tortuosity). This is particularly notable for samples with
≥50% slag content, where a space-filling calcium (alumino)silicate hydrate gel provides porosity reductions
which are not observed for the sodium aluminosilicate (‘geopolymer’) gels which do not chemically bind
water of hydration.

© 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The class of binders known as alkali-activated materials, including
‘geopolymers’, provides an environmentally friendly alternative to
conventional cements such as ordinary Portland cement (OPC) [1,2].
In particular, alkali activation technology offers reduced CO2 emis-
sions (by up to 80% relative to OPC), and is primarily based around
the use of industrial wastes or clays, including fly ash (FA), granulated
ground blast furnace slag (GGBFS) and metakaolin, as precursors [3,4].
However, depending on the composition, fineness,mineralogy and par-
ticle morphology of the precursor materials selected, the properties of
the binder can change significantly [5,6]. Alkali-activated cements
with high slag content predominantly form a calcium silicate hydrate
(C-S-H) gel with Al and alkali substitution, whereas those that are pri-
marily based on fly ash or metakaolin form an amorphous aluminosili-
cate polymeric (‘geopolymer’) matrix [7,8]. Blended ash/slag binders
are attracting attention at present due to the favourable combinations
of properties which can be obtained through the coexistence of the
two gel types [8–12], but the exact nature of the gel coexistence regimes
and phenomena are not yet well understood.

Durability is critical to the commercial application and viability of
any construction material, and is closely related to cement and con-
crete microstructure. Tortuous microstructures with narrow, isolated
+61 3 8344 4153.
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pores inhibit the diffusion of aggressive substances, in particular
acids, carbonate or chloride, through concrete. Understanding the mi-
crostructural characteristics of the binder is therefore vitally impor-
tant in enabling the commercial-scale uptake of alkali-activation
technology [8]. Key microstructural properties of a binder include
the porosity, tortuosity and extent of percolation of the pore network
[13,14], but neither of these last two parameters have previously
been able to be experimentally determined for an alkali-activated
binder.

Alkali-activated binders are often highly heterogeneous due to the
variable chemical and physical nature of the particles present in the
fly ash used as a precursor [6], and the complex reaction process tak-
ing place during alkali activation [15]. The hardened binders are be-
lieved to contain pores of characteristic diameters ranging from
below 10 nm up to approximately 10 μm [13,16,17], which can lead
to significant complexities in the pore geometry. The pore networks
in alkali-activated cements and OPC have previously been probed by
conventional techniques such as mercury (or Wood's metal) intru-
sion porosimetry, gas sorption and microscopy, as well as indirectly
by accelerated permeability or penetration testing. However, the
major shortcoming of these conventional techniques is that they can-
not provide the three-dimensional information which is required to
accurately determine tortuosity and connectivity.

X-ray microtomography (μCT) is a technique which has provided
valuable information in the analysis of pore networks in Portland ce-
ment [14,18–24], amongmany other areas of materials and biomaterials
research as reviewed in [25], but which has not previously been applied
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to the analysis of the structure of alkali-activated binders. In particular,
this technique can provide geometrically meaningful measurements of
the tortuosity of hardened cements [14,24].

As with most analytical techniques, μCT has some significant lim-
itations despite its advantages. Perhaps its greatest disadvantage is
the trade-off between resolution and specimen size. Due to a combina-
tion of issues related to X-ray absorption contrast, data handling and
sample manipulation [25], ultra-high-resolution X-ray tomography
(“nanotomography”) data for alkali-activated binders have only been
obtained for very small samples (up to a diameter of several microns)
at present, using specialised synchrotron radiation-based instrumenta-
tion [26]. Alternative approaches such as phase contrast tomography
and focused ion beam tomography are also beginning to find applica-
tion in the analysis of cement binder nanostructures, each providing ad-
vantages and disadvantages when compared with absorption-contrast
tomography [19,27]. Traditional microtomography has been conducted
usingmillimetre-sized Portland cement sampleswith a voxel resolution
as fine as 0.5 μm [14], and a resolution of 0.75 μm is used here. This
means that the identification and characterisation of a large fraction of
the pore network in alkali-activated binders, which consists of
nanometre-sized pores [13,26], are not possible using this technique.
However, larger capillary pores are believed to dominate mass-
transfer behaviour in geopolymer binders [13], and these pores are
more readily observable in μCT.

The aim of this study is therefore to characterise the pore struc-
tures of alkali-activated binders using synchrotron radiation X-ray
microtomography, to understand the evolution of the microstructure
and pore network during the first 45 days of curing. Samples are
synthesised across a range of GGBFS/FA ratios, providing for the first
time information regarding the roles of the two different types of
gel (calcium-dominated and aluminosilicate-dominated), and the ef-
fect of curing time, in determining the porosity and pore tortuosity of
alkali-activated binders.

2. Materials and methods

2.1. Sample synthesis and experimental details

The samples used in this study were generated by alkali silicate
activation of fly ash (FA; Gladstone Power Station, Australia) and
ground granulated blast furnace slag (GGBFS; Independent Cement
& Lime, Australia), with compositions as shown in Table 1. Precursor
blends used were 100% GGBFS; 75% GGBFS/25% FA; 50% GGBFS/50%
FA; 25% GGBFS/75% FA; and 100% FA. Each sample was activated using
solid anhydrous sodiummetasilicate and tapwater, at an activator con-
centration of 7 wt.% (i.e. 7 g Na2SiO3 per 100 g of FA+GGBFS) and a
water to binder ratio (w/b) of 0.40. The activating solution was mixed
by hand with the pre-blended solid precursors to create a uniform
paste, which was transferred to polymeric tubes, sealed, and cured at
23 °C for specified times up to 45 days. To stop the reaction of samples
Table 1
Compositions of fly ash and ground granulated blast furnace slag used in this investiga-
tion, from X-ray fluorescence analysis. LOI is loss on ignition at 1000 °C.

Oxide (wt.%) FA GGBFS

Na2O 0.33 0.15
MgO 1.41 6.13
Al2O3 30.28 14.11
SiO2 47.68 34.17
P2O5 0.93 0.01
SO3 0.14 0.61
K2O 0.47 0.32
CaO 1.84 42.10
TiO2 1.67 0.53
Mn3O4 0.15 0.29
Fe2O3 11.26 0.34
LOI 3.7 1.2
after the desired curing times, the small monolithic samples were im-
mersed in acetone; the sections of the samples used for analysis were
taken from the regions close to the external surfaces of the monoliths,
ensuring that the curing durations given this paper are as accurate as
possible, as the reactions in these regions of the samples will have
been halted themost effectively by the immersion in acetone. One spec-
imen per mix was studied for each curing duration, and one volume of
interest (VOI) per specimen was selected for detailed segmentation as
described below.

Samples of around 1 mm in size were analysed using beamline
2-BM at the Advanced Photon Source, Argonne National Laboratory
[28]. Measurements were carried out using hard X-ray synchrotron
radiation (22.5 keV) in a parallel-beam configuration, with 0.12° rota-
tion per step (1501 steps in a 180° rotation) and 0.4 s exposure time
per step. Samples were mounted in small polymeric cones to enable
alignment; sample size and shape were somewhat irregular, as the
samples were obtained by fracturing larger monoliths, but all samples
fitted within the field of view in the horizontal plane of the detector.
X-ray detection was achieved with a scintillator and CCD camera, cap-
turing 2048×2048 pixels. Tomographic data were reconstructed
using an in-house developed reconstruction algorithm, including re-
centring following visual inspection to ensure optimal reconstruc-
tions, using a voxel size of 0.75 μm (corresponding to the detector
resolution).

2.2. Volume of interest selection and segmentation

The VOI of a tomographic reconstruction, which is the portion of
the full data set chosen for segmentation (and which is, in this inves-
tigation, significantly less than the full sample size to enable data pro-
cessing without severe problems due to memory limitations during
computation) should be selected to be large enough to eliminate
the introduction of errors due to finite size. It has previously been
suggested that the minimum VOI should be at least 100 μm3, or great-
er than 3 to 5 times the size of the largest distinct feature of the sam-
ple for hardened OPC pastes, to eliminate finite size error [29,30].
While these suggestions are reasonable for GGBFS-based binders,
which form a C-S-H phase similar to that found in hydrated OPC, ma-
terials primarily comprised of alkali-activated fly ash display signifi-
cantly different microstructures, including large unreacted fly ash
particles. No μCT data sets have previously been made available for
systematic series of geopolymer samples, meaning that some basic
work in this area is also needed. A method that is expected to identify
representative sizes for these materials involves selecting a volume
that corresponds to the point where the error associated with the
segmented porosity, or any other known geometrical characteristic
of the sample, approaches a minimum value. The investigation of Gal-
lucci et al. [31] uses this technique to study the characteristics of OPC
cement.

The finite voxel size can introduce errors associated with identifi-
cation of the porous network of the material, which is typically
obtained by segmentation techniques. The distinction between pore
space and silicate gel (the calcium silicate or alkali aluminosilicate
binder phase) is much more difficult to determine for larger voxel
sizes. This is a significant limitation of the μCT technique at present
[29].

Segmentation involves selecting a threshold value to distinguish
the pore space from the binder (solid) phase — and in this work, a
simple global thresholding method was applied, with a single thresh-
old value selected per data set. There is still a good deal of ‘art’ re-
quired in the segmentation process [25], and although there are
user-independent segmentation algorithms available, their accurate
application to complex materials remains an area of ongoing re-
search. The identification and use of a ‘transition point’ in the grey-
scale histogram of all voxels in the sample is one method often used
in segmentation, which involves selecting the threshold when the
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cumulative voxel count vs. intensity distribution for any given sample
begins to rapidly increase [32]. However, this method is considerably
limited for the case of a geopolymer sample, as it is unable to deal
with samples that exhibit a gently sloping cumulative distribution,
due to the presence of pores below the available voxel resolution, a
wide range of greyscale intensities due to the presence of a variety
of different unreacted fly ash particles, and/or a low extent of
reaction.

Another method used in segmentation is to select the threshold
using known characteristics of the pore structure. As an example,
the reaction of fly ash particles will occur at the particle surface, and
many fly ash particles also contain internal voids. The pore space
can be more easily distinguished in these regions because the geom-
etry can be inferred from known structures, which can enhance the
accuracy of the chosen threshold. Ongoing dissolution of the surface
of a fly ash particle after the geopolymer binder has hardened is
known to create a distinctive pore space with a characteristic size of
up to a few μm [33]. However, this method does depend on the appli-
cation of discretion to identify features and select an appropriate
threshold, meaning that it is less reproducible between operators
and laboratories.

In this investigation, segmentation was carried out using purpose-
designed routines operating in the MeVisLab 2.0 software environ-
ment. First, an appropriately sized VOI was chosen to eliminate finite
size error [29]; typically 300–400 voxels3, although smaller VOIs
(minimum size used was 251 voxels3) were used in two cases (75%
fly ash/25% slag at 1 day; 100% slag at 14 days) where sample geom-
etry or cracking was restrictive. The porosity and tortuosity data
obtained from these smaller VOIs did not deviate noticeably from
the expected trends, meaning that any additional errors due to the
smaller VOI sizes are minimal. A comparison of the VOI size to the
full tomographic reconstruction is shown in Fig. 1.

Segmentation of the VOI was performed using a combination of
the transition point method and consideration of localised pore struc-
tures [25]. Identification of the transition point directly from the grey-
scale histogram was found to be more challenging in binders with
high fly ash content, in part because the variability in brightness be-
tween the different fly ash particles meant that some showed a
brightness higher, and others lower, than the dense regions of the
newly-formed geopolymer gel. Selection of the threshold for segmen-
tation based on consideration of the local pore geometry was
Fig. 1. A slice through the full tomographic reconstruction of the 45-day 75% GGBFS/
25% FA sample, showing the relative size of the VOI selected.
therefore required, as illustrated in Fig. 2, where the circled fly ash
particle (a cenosphere) in Fig. 2a is seen to be surrounded in part
(on the right-hand side of the unreacted particle) by a porous region,
which is then designated as being pore space for the purposes of de-
termining the appropriate segmentation threshold. Identifying and
analysing several regions such as this within each sample then enable
the selection of the most appropriate threshold value.

However, for the 100% slag and 100% fly ash samples with 7 days
of curing, consideration of the localised pore structure did not conclu-
sively identify the appropriate threshold value. This suggests that the
local ‘pore’ networks (as identified with the 750 nm voxel size used
here) did not uniformly consist of pore space, but rather contained
significant amounts of both pore and solid regions. The data for
these samples are thus likely to be more limited by voxel resolution,
which has in turn influenced their measured segmented porosities.
The uncertainty associated with the segmented porosities chosen
for these samples is significant; changing the intensity threshold for
the 7-day 100% GBFS sample from 125 to 127 (on an 8-bit scale
from 0 to 255) resulted in a 7% increase in the segmented porosity
and a 12% decrease in the diffusion tortuosity. The thresholds used
here were selected on the basis of providing the most visually realistic
depiction in agreement with the current understanding of the micro-
structure of alkali-activated binders, but it is acknowledged that there
is certainly scope for future developments in the implementation of
more accurate and more advanced thresholding procedures, making
use of microstructural features rather than simply using a binary divi-
sion of greyscale intensity, for application to materials such as these.
The use of methods such as edge-detection to identify and classify
100 m

100 m

(b)

Fig. 2. Selection of the threshold by making use of a localised pore network, exempli-
fied here for the 7-day 100% fly ash sample by the porous region surrounding the cir-
cled fly ash particle: (a) original greyscale image, (b) binary segmented image. The
particle marked by the rounded rectangle is a large, complex, unreacted fly ash particle,
as discussed in the text.

image of Fig.�2


Fig. 3. Images of a cubic region of a sample (50% GGBFS/50% FA, 3 days), (a) in grey-
scale and (b) segmented, and (c) illustration of the path taken by one random walker
through the tortuous pore network obtained by segmentation.
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unreacted materials is challenging for materials with such low ab-
sorption contrast in this X-ray energy range, but does provide some
interesting possibilities for future advances in data analysis in this
field.

An additional complicating factor in the segmentation process for
fly ash-containing samples is the correct identification of internal po-
rosity within fly ash particles, as shown in Fig. 2a for the particle
marked with a rounded rectangle (top left-hand corner of the
image). This is a large particle containing multiple hollow regions,
and whose outline is not clearly distinct from the surrounding binder
regions— possibly due to its lower reactivity compared to the particle
marked by the circle, which has continued to react after the binder
has hardened, leaving an identifiable porous region immediately sur-
rounding the spherical fly ash particle. Some regions within the parti-
cle, which are visibly identifiable as pores, appear as patchy, partially
‘solid’ phase regions in the segmented data set. The low X-ray absorp-
tion contrast of the low-elemental number aluminosilicate phases
compared to empty space is probably responsible for this difficulty
in the analysis of the larger void spaces. The presence of such particles
in fly ash-containing samples may also have been a complicating fac-
tor in the determination of the correct threshold value and in analysis
of the total porosity of the materials, although trial calculations with
VOIs either specifically including or excluding such particles did not
show significant differences in transport properties.

2.3. Pore connectivity

Three-dimensional pore connectivity data are obtained through
cluster labelling, applying a modified version of the Mathematica
code of Nakashima and Kayima [34] to a contiguous set of 2D image
slices generated by the segmentation algorithm to represent the
VOI. The connectivity determination algorithm used here is based
on the work of Hoshen and Kopelman [35], and scans through each
voxel in the contiguous image set in a sequential fashion, over the en-
tire three-dimensional sample. For each pore voxel, the algorithm
checks the face-adjacent voxels that have already been scanned. If
the voxel is face-adjacent to another pore voxel it is labelled with a
numerical identifier that is the same as that assigned to the face-
adjacent voxel. If not, the pore voxel is labelled with a new numerical
identifier. Only face-adjacent voxels are considered for pore connec-
tivity; voxels which share an edge or a corner are not considered to
be connected. The scan is then repeated to correct any labelling errors
due to complex pore geometries. This typically requires approximate-
ly 4 h for a VOI size of 4003 voxels using a dual-core desktop PC.

2.4. Tortuosity calculation

The segmented VOIs were then subjected to random-walker sim-
ulation to determine the physical properties of the pore network.
Fig. 3 shows an example of the process undertaken, where an exam-
ple of a reconstructed VOI is shown in Fig. 3a in greyscale, segmented
into solid and pore regions in Fig. 3b, and the path of a randomwalker
through the pore network in Fig. 3c. A minimum of 6000 walkers
were used for each sample, with each walker moving for 400,000
timesteps, which has been determined to be well above the limit
where restricted diffusion begins [36]. The displacements of the
walkers were plotted as a function of the number of timesteps (τ),
and the diffusion tortuosity was calculated from the inverse of the
slope of this curve in the region τ>50,000 to eliminate data points
corresponding to the unrestricted diffusion regime. The random
walker simulation was implemented in Mathematica 7.0 utilising a
modified version of the freely available Rwalk.nb script of Nakashima
and Kayima [34], and a typical computation required around 10 h per
sample.

To perform the simulation, a random pore voxel is chosen as the
initial position of each walker. This inherently confines the walker
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in the associated connected pore network as it can only migrate
across voxels that have been identified as pore space. The diffusion
tortuosity τD is measured as the ratio of the self-diffusion of a walker
in free space to the self-diffusion of a walker in the porous medium, as
defined in Eq. (1) [34].

τD ¼ Do

D tð Þ ¼
a2

d r τð Þ2ð Þ
dτ

ast→∞∪τ→∞ ð1Þ

In Eq.(1), Do is the self-diffusivity of a randomwalker in free space,
D(t) is the self-diffusivity of a walker in the porous medium, r(τ)2 is
Fig. 4. Alkali-activated binder microstructures as a function of age and compositions; each i
graphy: (a) 100% GGBFS, 3 days; (b) 100% GGBFS, 45 days; (c) 75% GGBFS/25% FA, 3 days; (
45 days; (g) 25% GGBFS/75% FA, 3 days; (h) 25% GGBFS/75% FA, 45 days; (i) 100% FA, 3 day
the mean-squared displacement as a function of the number of time-
steps, and a is the length parameter. Setting a=1 gives the dimen-
sionless diffusion tortuosity for a unit length of the sample [34]. By
the use of Eq. (1), the restricted diffusion characteristics of these ma-
terials can be described in a geometrically meaningful manner. Re-
stricted diffusion describes the self-diffusion of walkers for long
time scales; on such time scales, the mean-squared displacement of
the walker increases linearly with the number of timesteps, as it sam-
ples the full geometry of the pore network [34], leading to a constant
calculated tortuosity. Tests were run for values of τ up to 106, and as
many as 20,000 random walkers per sample; no significant changes
in the tortuosity parameters obtained were observed above
mage is a single slice from the reconstructed volume obtained using X-ray microtomo-
d) 75% GGBFS/25% FA, 45 days; (e) 50% GGBFS/50% FA, 3 days; (f) 50% GGBFS/50% FA,
s; (j) 100% FA, 45 days.

image of Fig.�4


Fig. 4 (continued).
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τ=100,000 or using more than 2000 walkers, so the data presented
were obtained at values significantly above this cutoff to minimise
uncertainty.

Fig. 3c displays the path of a single random walker through the
three-dimensional pore network of one of the samples analysed. It
is evident from this image that the pore geometry is complex, and
that the ‘ink-bottle’ effect is likely to be highly significant in any tra-
ditional porosimetric analysis of this material [13], with narrow
pore throats connecting larger, open volumes. The pores are also vis-
ibly irregular in shape, casting doubt on the value of applying simple
geometric modifications to standard expressions as a means of de-
scribing pore networks in alkali-activated binders.

3. Results and discussion

Some of the microstructural information obtained by synchrotron
radiation μCT analysis is shown in Fig. 4, which presents one slice
taken from the VOI for each sample analysed at two different ages:
blends of fly ash and slag in varying ratios from 100% slag to 100%
fly ash, at 3 and 45 days of age. The unreacted GGBFS and fly ash par-
ticles are readily distinguished by their geometry; fly ash is com-
prised of polydisperse spherical particles, whereas GGBFS is visible
as irregular jagged particles [6]. Also, fly ash particles can typically
contain a large interior pore surrounded by a crust of ash, or can be
comprised of solid spheres, some Fe-rich (and therefore brighter in
the X-ray images presented), and others predominantly aluminosili-
cate and thus presenting lower X-ray contrast [33]. The internal
voids within the hollow (including cenosphere and plerosphere) fly
ash particles can be up to several tens of microns in size. The
unreacted particles maintain their characteristic geometry when
activated, but the reaction products generally show a lower bright-
ness (i.e. lower X-ray absorption) due to the presence of bound
water in the Ca-rich gel phases, and the presence of fine pores
throughout the Ca-rich and aluminosilicate-rich gels [37]. In general,
for both fly ash and GGBFS particles, the reaction occurs predomi-
nantly at the particle surface, consuming the precursor material and
forming a porous partially-reacted layer [33]. For GGBFS, this layer
has a lower level of Ca but is enriched in Mg, and fly ash particles
tend to be surrounded either by an entirely porous region, or residual
mullite crystallites, if the particle has continued to react after the
binder has hardened [37]. The gel formed in both cases contains
nanometre-sized pores, and appears homogeneous at the moderate
resolution available here.

The microstructures shown in Fig. 4 are typical of the recon-
structed sample volumes for each composition. As fly ash content in-
creases, so does the visible fraction of spherical fly ash particles in the
reconstructed sample, as expected, with a corresponding reduction in
the amount of irregular GGBFS particles. The formation of large pore
spaces intermixed with dense reaction products, as seen via the
dark regions surrounding the unreacted precursor particles, is visible
in all samples.

It is noted that the reconstructed microstructures shown in Fig. 4
do appear to contain some degree of streaking (dark bands across
unreacted particles) as an artefact from the reconstruction procedure.
These streaks may slightly impact the calculated tortuosity of the
pore networks of the binders, because they result in the apparent
presence of ‘straight pores’ in regions that are in fact solid, thus re-
ducing the tortuosity. While this is certainly undesirable in terms of
the analysis of the data sets, it is noted that a high tortuosity is favour-
able in terms of reducing the permeability of the material, and so if
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the tortuosities calculated here are in error due to this phenomenon,
they will fall on the conservative (low) side of the actual values with
regard to durability predictions. It appears that the streaking
Fig. 5. Greyscale histograms for the VOIs in each sample; labels (a)–(j) correspond to
the same data sets as in Fig. 4. Dashed vertical lines correspond to the threshold select-
ed for each VOI.
phenomenon has minimal impact on the thresholded gel microstruc-
ture, as it is most prominent in regions of very low greyscale gradient
(i.e., large homogeneous particles), and the gel regions do not show
visible formation of long straight pores due to this effect.

Greyscale value histograms corresponding to the VOIs in each of
the panels in Fig. 4 are shown in Fig. 5. It is notable that there is effec-
tively no separation of peaks in the histograms for any of the samples
studied; this is different from the situation observed in the literature
for Portland cement [31], where distinct peaks due to the different
phases present are observable. The samples containing higher con-
centrations of fly ash show the presence of more voxels at an intensi-
ty of 256 (i.e. white voxels), which is attributed to iron-rich phases in
the ash.

Although it is not straightforward to distinguish unreacted slag
from newly-formed binder by a simple thresholding procedure due
to the overlap in greyscale values, the visual selection of a threshold
which appears to give correct classification of unreacted slag particles
gives an approximate volume fraction of 35% anhydrous slag in the
sample at 3 days, and only slightly lower (34%) at 45 days. Assuming
a slag density of 2900 kg/m3, this gives an approximate extent of re-
action of 23% at 3 days, and very slightly more than this at 45 days.
This is consistent with literature data for systems with w/b 0.45 and
a metasilicate activator as measured by chemical attack [38], which
showed a sharp deceleration in hydration after the first day, with
23% hydration after 3 days and 25% after 7 days. Extent of reaction
data are much more difficult to extract from the fly ash-containing
samples due to the lack of contrast between unreacted particles and
the newly formed binder regions; more sophisticated particle-
detection algorithms need to be adapted to this task, which is by no
means a trivial one, and is not attempted here.

3.1. Porosity

The data presented in Fig. 6 show that the segmented porosity de-
creases as the sample age increases. This trend held for all samples
with the exception of two anomalies: the 100% slag and 100% fly
ash samples each reported a slightly higher segmented porosity
than the respective 3 day samples. These are the two samples identi-
fied earlier as presenting the greatest difficulty in greyscale threshold
identification, which indicates that the manual threshold selection
procedure which was required for these samples seems to slightly
overestimate porosity.

Collins and Sanjayan [39] also found that the porosity of an alkali-
activated 100% GGBFS binder with a w/b ratio of 0.5 decreased signif-
icantly over the first 90 days of reaction. This compares well with the
trends observed in the current study, and is expected because hydra-
tion of slag-rich alkali-activated binders causes tortuosity to increase
Fig. 6. Relationship between segmented porosity and curing time for all five sample
compositions studied.

image of Fig.�5
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Fig. 7. Relationship between the diffusion tortuosity and curing time for all five sample
compositions studied.

Fig. 8. Relationship between the segmented porosity and diffusion tortuosity for all
samples studied. The dashed line is an inverse relationship, asymptoting to the perco-
lation threshold of 0.18 and a tortuosity of 1, as detailed in the text.
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and porosity to decrease [39]. Sindhunata et al. [40] observed no sig-
nificant change in the porosity of fly ash–NaOH and fly ash–Na silicate
binders by nitrogen sorption porosimetry during the first 28 days of
curing, but Park and Kang [41] observed a very marked decrease
(from 32% at 1 day to 22.6% at 28 days) in fly ash–NaOH systems
using mercury intrusion porosimetry. This may be related to the
well-known difficulties associated with the accurate application of
mercury intrusion to materials with complex, tortuous pore systems
[13,42,43], where the tortuosity of the pore network plays a signifi-
cant role in determining the measured porosity and pore size distri-
bution. The nitrogen sorption study [40] also showed a refinement
of the pore size, whereas the mercury intrusion study did not show
any pore size refinement. The data presented in Fig. 6 agree more
closely with the nitrogen sorption data of Sindhunata et al. [40] in
that the overall difference in porosity between 3 and 45 days is only
slight.

The substitution of fly ash for slag is seen in Fig. 6 to lead to higher
porosity, with a monotonic increase observed when moving from
100% slag to 100% fly ash at every sample age studied. This is consis-
tent with the results of nitrogen sorption analysis [13], and the nu-
merical porosity data obtained by segmentation here are also
similar to the values obtained in that study for samples with similar
mix design, differing by less than 2 vol.% in absolute porosity for com-
parable mixes.

Such an increase in porosity with fly ash addition can also be pre-
dicted by consideration of the binder chemistry; the slag-rich systems
predominantly form a C-(A)-S-H gel with a significant bound water
content, while the fly ash-rich systems form N-A-S-(H), with a
lower bound water content [1]. It has been suggested that the pres-
ence of more bound water, induced by the presence of extra Ca, will
provide more pore-filling capacity — but previous data have not
been fully convincing in supporting this point, particularly where
the additional Ca was supplied from a Class C fly ash, and the domi-
nant effect appeared to be pore refinement rather than an overall po-
rosity reduction [13]. The results presented here show that, at least on
the length scale of porosity which is able to be analysed at the voxel
resolution available here, the coexistence of the Ca-rich and ‘geopoly-
mer’ type gels seems to provide significant benefits over the alumino-
silicate geopolymer gel alone, as the segmented porosities of the
binders with GGBFS content of 50 wt.% or greater were significantly
less at 45 days than those with a lower GGBFS content.

3.2. Tortuosity

Fig. 7 presents the calculated diffusion tortuosity of each sample as
a function of age; the diffusion tortuosity increased with increasing
sample age and as FA content decreased. The deviations from this
trend were in the 100% slag and 100% fly ash samples after 7 days,
which were problematic in the segmentation process as previously
discussed (and even so, the 7-day 100% fly ash sample only shows a
very slight decrease in tortuosity compared to the 3-day sample),
and also the 50% slag/50% fly ash sample at 3 and 7 days. The reasons
for the difference in behaviour of this last mix design are not clear;
there are no immediately visible issues in the reconstructed data
sets which could cause the tortuosity to deviate from the expected
trends.

Fig. 8 shows the relationship between segmented porosity and
tortuosity for the sample set analysed here. There is a direct relation-
ship between these two parameters; tortuosity appears to vary in-
versely with porosity across these samples. The dashed line shows
such an inverse relationship, with a horizontal asymptote at a tortu-
osity value of 1 (i.e., no resistance to diffusion at high porosity), and
a vertical asymptote at a porosity value of 0.18, which is the percola-
tion threshold obtained by Bentz and Garboczi [44] in their seminal
modelling study of Portland cement (i.e., resistance to diffusion be-
comes infinite when the pore network is depercolated, assuming
that the ‘solid’ phase in the segmented data sets is in fact solid —

this will not actually be the case for a nanoporous gel binder, but pro-
vides a first approximation here). The assumption that the pore per-
colation threshold in alkali-activated binders is not too dissimilar
from that of Portland cement remains to be tested, but appears useful
here. The inverse relationship appears to describe the tortuosity of
the pore network of the entire alkali-activated binder set very well,
regardless of the marked difference in microstructure observed in
Fig. 4 between the slag-rich and fly ash-rich binders, and may prove
to be useful as a first approximation for estimating tortuosity values
for use in diffusional transport simulations when only porosity data
are available.

As tortuosity data for geopolymer binders have not previously
been published, it is not possible to provide a direct comparison be-
tween the results presented here and any other results for similar
samples. However, the diffusion tortuosity results are able to be com-
pared with data obtained in a recent synchrotron radiation μCT study
on OPC, carried out by Promentilla et al. [14]. In that study, two
methods of segmentation are applied, which significantly impact
the results obtained. The two methods are the transition point meth-
od, as previously discussed, and also the use of the Powers and
Brownyard model for cement hydration to predict a theoretical po-
rosity, which was then used to define the chosen threshold value. A
summary of the results from both methods, and those obtained in
the present study for the 100% GGBFS system, is shown in Table 2.

image of Fig.�7
image of Fig.�8
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The same trend is observed in the diffusion tortuosity over all
three data sets — the tortuosity decreases as segmented porosity in-
creases. However, the diffusion tortuosities obtained by Promentilla
et al. [14] by the transition point method were much higher than
those calculated here, whereas those obtained by using the theoreti-
cal hydration model were similar. This is because the segmented po-
rosities of OPC binders obtained by the transition point method were
close to the percolation limit, while the theoretical segmented poros-
ities were well above the percolation limit [14], and are more compa-
rable to those obtained in this study. Based on the similar orders of
magnitude of chloride diffusion coefficients and gas and water per-
meabilities between OPC and alkali-activated binders, as shown
throughout the literature, it seems more likely that a more accurate
comparison is to be obtained by comparing the segmented porosities
of alkali-activated binders obtained in this study with the ‘theoretical’
(Powers and Brownyard model-derived) data for OPC. Comparing
these values with the data plotted in Fig. 8 shows that the 2-day
and 7-day data points would be in good agreement with the trend ob-
served for alkali-activated binders, but the 28-day tortuosity of OPC
binders is significantly higher than the tortuosity of alkali-activated
binders of similar porosity.

In the current sample set, the pore network in the VOI of every
sample analysed contained a single percolating pore that accounted
for over 95% of the segmented porosity, with the majority being on
the order of 99%; much of the remaining pore space is inside hollow
fly ash particles and thus inaccessible. Thus, the threshold values
used here are well above the percolation limit. The identification of
a single percolating pore network in the VOI is likely to be important
in determining the binder characteristics, as transport through a per-
colated pore system is far more facile than when transport through
the gel itself is required for diffusional transport to proceed [44].

3.3. Implications for durability of alkali-activated concretes

In general, as summarised in Table 3, alkali-activated binders with
high GGBFS content show a greater extent of reduction in segmented
porosity with extended curing duration, and a correspondingly great-
er increase in diffusion tortuosity, than do binders with high fly ash
content. In particular, the pore volumes of high-FA binders did not
vary much beyond 7 days of curing. This has a pronounced effect on
the observed porosity and tortuosity values — GGBFS-rich binders
show a considerably lower porosity and higher tortuosity than fly
ash-rich systems, especially after longer curing durations.

As the porosity and tortuosity parameters obtained from the to-
mography data here provide an indication of the pore network geom-
etry and microstructure, these data show that there will be more
restriction on diffusion through GGBFS-rich binders than in FA-rich
binders. This will be essential to the protection of embedded steel
reinforcing from corrosion induced by loss of alkalinity (either due
to alkali leaching by soft water, acid ingress, or carbonation), which
is critical in the case of alkali-activated binders due to the absence
of portlandite as a pH buffering phase within the binder when com-
pared with hydrated OPC [12]. Binders rich in GGBFS are therefore
expected on this basis to have a higher durability than FA-based
Table 2
Comparison between the results (porosity φ and tortuosity τD) of the current study for
silicate-activated GGBFS with w/b=0.4, and literature data [14] for OPC pastes pre-
pared with w/b=0.5.

100% GGBFS
(current study)

OPC, transition point [14] OPC, theoretical [14]

Age (days) Φ τD Age (days) φ τD Age (days) φ τD

3 0.28 6.1 2 0.18 18 2 0.40 3
14 0.27 7.5 7 0.15 26 7 0.34 5
45 0.26 8.4 28 0.14 118 28 0.31 9
binders; however, any differences in the strength of chemical binding
of alkalis, carbonates and chlorides between C-(A)-S-H type gels and
N-A-S-(H) gels may become significant in determining the actual rel-
ative performance, and such comparisons remain to be explored in
detail in the literature.

The results of the tomographic analysis presented here indicate
that the restriction of the pore structure is highly time dependent,
particularly for binders with ≥50% GGBFS (and therefore a micro-
structure dominated by C-S-H type gels). From these data, it is possi-
ble to identify that the shift from N-A-S-(H) (low bound water) to
C-(A)-S-H (high bound water content) occurs in this system between
25% and 50% GGBFS content. This is in good agreement with porosi-
metric data obtained for samples synthesised using the same fly ash
at lower water/binder ratio and 28 days of curing [13]; in that data
set, the 25% GGBFS sample showed a porosity similar to that of the
100% fly ash binder, and a marked decrease was obtained when mov-
ing to 50% and then 100% GGBFS. These data sets then provide a key
piece of information regarding gel coexistence in blended alkali-
activated systems; in this case, with less than 50% GGBFS added, it ap-
pears that there is not enough Ca present to induce the formation of
specific Ca-rich gel phases, which suggests that there must be at
least some extent of incorporation of Ca into the N-A-S-(H) gels
formed at low calcium content. However, the strong distinction be-
tween the 25% and 50% GGBFS binders is not observed at early ages; it
seems that the evolution of the space-filling nature of the C-(A)-S-H
gel structure requires a reasonably extended period of curing in these
systems. This is consistent with the well-known sensitivity of alkali-
activated binders to curing conditions, and in particular to the availabil-
ity of a sufficient supply ofwater (via sealed,wet or steamcuring) in the
first few weeks.

4. Conclusions

Alkali-activated binder composition and curing time have both been
shown to have a significant impact on the microstructural and pore net-
work properties of the hardened material, as determined by synchrotron
X-raymicrotomography for a set of sodiummetasilicate-activated ground
granulated blast furnace slag/fly ash pastes. Longer curing times and
higher slag content gave an increase in pore network tortuosity and a de-
crease in total porosity, and this was particularly notable at slag con-
tents of 50% or higher. This indicates that the formation of space-
filling C-(A)-S-H gels begins to dominate the alkali-activated binder
system between 25% and 50% slag content, where samples with 25%
or lower slag contents are instead dominated by N-A-S-(H) gels,
which do not chemically bind water and therefore do not provide the
same extent of pore network obstruction.

This study has provided the first ever systematic three-dimensional
analysis of alkali-activated binder structures by high-resolution X-ray
microtomography, and provides the first steps towards a complete un-
derstanding of the pore network geometry in a way that is not achiev-
able using two-dimensional techniques such as electron microscopy.
There remain difficulties in the accurate identification of pore and solid
regions in alkali-activated binder systems due to the low elemental
number, and therefore lowX-ray absorption contrast, in thesematerials.
Phase contrast tomography does provide the potential for advances in
this area, but is also non-trivial to implement. The voxel resolution of
even highly advanced synchrotron microtomography instruments is
also significantly coarser than the intrinsic (nanoscale) porosity of the
binder phases, necessitating further developments in the application of
nanotomography before a fully representative picture of the pore net-
works can be generated. Nonetheless, the suite of data presented here
provide valuable information regardingporosity, pore geometry and tor-
tuosity within a large systematic set of samples, and provide a strong
basis for future developments in this area as both the available instru-
mentation and the understanding of alkali-activated binder structure
are developed further in the future.
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