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ABSTRACT 
 
The pore structure of cement-based materials has not been properly quantified at sub-micron resolution in 3D 
despite its importance to transport properties and long-term durability of concrete. In this contribution, laser 
scanning confocal microscopy (LSCM) was combined with serial sectioning to reconstruct the 3D pore 
structure of blended cement pastes containing different supplementary cementitious materials and cured up 
to different ages. The pore structure was extracted from the LSCM images and quantified using BoneJ, 
maximal ball-based pore network extraction, cluster-labelling and random walker. Results-to-date show that 
LSCM is a feasible tool for imaging the 3D pore structure of cement-based materials and that the different 
algorithms are feasible for quantifying the pore structure. 
 
 

1.   INTRODUCTION 
 
The importance of the pore structure on the 
durability of concrete has long been recognised 
since the pore structure provides the main channel 
for the ingress of deleterious species such as 
chloride and sulphate ions, CO2 and water. The use 
of pozzolanic supplementary cementitious 
materials (SCM) such as ground granulated 
blastfurnace slag (GGBS), pulverised fly ash (PFA) 
and silica fume (SF) to partially replace CEM I in 
concrete has been on the rise as these materials 
not only enhance the durability of concrete but also 
reduce carbon emissions. It has generally been 
accepted that the inclusion of GGBS and PFA 
increases the porosity of concrete at early ages 
(Zeng et al., 2012). This is because they react 
much later than CEM I to produce hydration 
products in the originally-water filled pores. At later 
ages, the general consensus is that both GGBS 
and PFA can lead to refinement of the pore 
structure although their effects on the porosity 
remain unclear. Silica fume, on the other hand, has 
generally been known to have densification effects 
on the pore structure from the very early ages 
(Zhang & Gjørv, 1991).   
 
The most commonly used technique to 
characterise the pore structure of cement-based 
materials is mercury intrusion porosimetry (MIP). 
This is an indirect method and requires careful 
interpretation of the results due to the “ink-bottle” 
effect (Diamond, 2000) that causes pore sizes to 
be substantially underestimated. By contrast, 
backscattered electron microscopy (BSE) is a 
direct method that is able to perform multi-scale 
imaging of the real pore structure from nano to 
millimetre scales. Nonetheless, BSE images 

describe only 2D characteristics of the pore 
structure such as the total volume and the surface 
area derived from stereology. In reality, the pore 
structure evolves and forms a complex connected 
network. Information on the degree of connectivity 
and the geometrical complexity of the actual 
pathways for fluids are only attainable from 3D 
images of the pore structure. 
 
In this contribution, we use LSCM combined with 
serial sectioning to reconstruct the 3D pore 
structure of blended cement pastes containing 
GGBS, PFA and SF at sub-micron resolution. 
Different image analysis tools and algorithms such 
as BoneJ, maximal ball-based pore network 
extraction, cluster labelling and random walker 
were used to quantify the pore structure so as to 
understand how these SCMs improve the pore 
structure in 3D. 
 

2. Experimental 

 

Sample 
 

Four different mixes were prepared using ordinary 
Portland cement (CEM I), SF, PFA, GGBS and tap 
water at a water/binder (w/b) ratio of 0.45. Mix 
proportions for all samples are shown in Table 1. 
The mixes were cast in cylindrical moulds of 100 
mm diameter × 25 mm thick, demoulded after 24 h 
and cured in a fog room at 20oC up to 7 and 90 d. 
After each curing age, a small block of hardened 
paste (40 × 20 × 8 mm) was sectioned vertically 
from the middle of the cylindrical discs for 
microscopic examination. The samples were dried 
at 55% RH until constant mass, vacuum 
impregnated with fluorescein-doped epoxy and 
finally ground and polished to a 0.25 µm finish. 
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Table 1. Mix proportions. 

Mix ID 
CEM I 
(kg/m3) 

SF 
(kg/m3) 

PFA 
(kg/m3) 

GGBS 
(kg/m3) 

Water 
(kg/m3) 

CEM I 1290 - - - 581 

CEM I + 9% 
SF 

1158 115 - - 573 

CEM I + 
23% PFA 

965 - 288 - 564 

CEM I + 
60% GGBS 

505 - - 758 568 

 

LSCM 

 
The pore structure of the samples was 
reconstructed using the method described in Yio et 
al. (2015), which combines LSCM with serial 
sectioning done by mechanical grinding. The 
grinding time for each sectioning was varied from 1 
to 4 s per direction to remove an average of 2 - 3 
µm thick material. A Leica TCS SP5 with a 40× (NA 
1.25) oil immersion objective (spatial XY resolution 
of 0.156µm) was used for imaging. An argon laser 
with a wavelength of 488 nm was applied to excite 
the fluorescein in the pore structure. The pinhole 
was set to 0.3 Airy Unit to achieve the maximum Z 
resolution of 0.534 µm. The voxel size was set to 
be 0.105 × 0.105 × 0.1 µm. Based on the Nyquist 
theorem, the smallest feature that can be resolved 
by LSCM is either 2.3× the pixel size or the spatial 
resolution, whichever is larger. A correction factor 
of 1.05 was applied to the voxel depth to correct for 
the axial distortion in Z caused by the mismatch of 
refractive indices (RI) between the immersion oil 
and the epoxy resin (Van Elburg et al., 2007). 
Nevertheless, this does not correct the distortion 
caused by other mineral phases and the elongation 
nature of point spread function, both which stretch 
the pore structure in Z. Thus, a further generic 
correction factor of 0.75 was applied to compress 
the voxel depth. This factor was obtained by 
measuring the aspect ratio of 40 spherical PFA 
particles in the XZ and YZ planes of the 
reconstructed 3D image of CEM I + 23% PFA at 7 
d. The correction factor was varied from 1.0 to 0.6 
until the optimum correction factor (i.e. 0.75) which 
gave the average aspect ratio of closest to 1 
(indicating a perfect circle) was found.   
 

Image analysis 

 
Sub-volumes of 100 µm3 were cropped from each 
3D image for analysis. The pore structure was 
segmented globally based on a threshold in the 
greyscale which corresponds to the transition point 
in the cumulative brightness histogram of the entire 
3D image. The process is analogous to that of the 
‘Overflow’ pore segmentation method proposed by 
Wong et al. (2006) for BSE images. Two linear 
lines were drawn tangentially to the start and the 
end of the cumulative plot until they intersected 
with each other to act as a cursor to the position of 
the transition point (Figure 1). This process can be 
seen as simplifying the curve into a bilinear 
segment. By drawing another linear line from the 

intersection point perpendicularly to the diagonal 
segment from the start to the end of the cumulative 
plot, the transition point and the corresponding 
threshold greyscale can be determined.  

 
Figure 1. Diagrammatic illustration of the process for 
determining the threshold in the greyscale which corresponds 
to the transition point in the cumulative brightness histogram.  

 
In addition to the original image, a contrast limited 
adaptive histogram equalised image (to enhance 
the local contrast of fine features) was also 
segmented using the same procedure. Both 
images were then added together to give the final 
segmentation. The segmented pore structure was 
then dilated and eroded by 1 voxel in 3D to ensure 
that all pores are well-connected. Finally, a 3D 
median filter with a radius of 1 voxel was applied to 
remove noises and to smooth the edges of the 
pore structure. The pore structure was quantified 
using the image analysis tools and algorithms 
described in Table 2.  
 

Table 2. Image analysis (IA) tools and algorithms for 
quantifying 3D pore structure. 

IA tool / 

Algorithm 
Description 

Quantified 

Parameters 

BoneJ (Doube 
et al., 2010) , a 
plugin for 3D 
bone image 
analysis in 
ImageJ. 

The key functions are: 

 Purify – to find the 
largest connected 
pore based on Euler 
characteristic. 

 Skeletonise 3D – to 
transform the pore 
structure into a 
topology-preserving 
medial axis skeleton. 

 Isosurface – to convert 
the pore surface into a 
mesh consisting of 
many triangles using 
marching cubes. 

Connectivity = 
Volume of the 

largest 
connected pore 

/ total pore 
volume 

 
Tortuosity = Sum 
of actual length / 
sum of Euclidean 

distance of all 
skeletonised 

branches 
 

Specific surface 
area (SSA) = 
Surface area / 
volume of the 

largest 
connected pore 

Pore network 
extraction – 

Max Ball (Dong 
& Blunt, 2009) 

This algorithm fits 
maximal balls of 
different sizes into the 
pore structure which are 
then classified into 
pores and throats based 
on a grading system. 

Connection 
number of pore 
(coordination 

number Z) 
 

Pore & throat 
radius and 

volume 
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Cluster-
labelling & 
Random 
Walker 

(Nakashima & 
Kamiya, 2007) 

 Cluster labelling – to 
label pore clusters 
containing face-
contact voxels. 

 Random walker – to 
simulate the diffusion 
of non-sorbing species 
in the pore structure 
based on discrete 
lattice walks. The 
mean-square 
displacement of the 
walker is recorded as 
a function of time.    

Connectivity & 
SSA (same as in 

BoneJ) 
 

Tortuosity = 
Diffusion of non-
sorbing random 
walkers in pore 
structure / those 

in free space 
 

 

3. Results  

 
Figure 2 shows sub-volumes of 100 µm3 cropped 
from the reconstructed pore structures for each 
sample at 7 and 90 d; porosity is green. Note that 
CEM I + 9% SF and CEM I + 23% PFA at 90 d are 
still under reconstruction and hence are not 
presented. At 7 d, the sample with PFA appears to 
be the most porous with highly connected pore 
structure. The sample with GGBS shows less 
connected pore structure, but the pores appear to 
be relatively large. The sample with SF shows the 
most refined pore structure whereas the plain 
cement paste has topologically similar, but coarser 
pore structure. At 90d, both the plain cement paste 
and the sample with GGBS appear to be 
substantially less porous than their counterparts at 
7 d. In particular, the sample with GGBS no longer 
contains large pores. The pore structure also 
appears to be less connected compared to that of 
the plain cement paste. 
 
These visual observations are corroborated by the 
image analysis results presented in Figure 3. The 
tortuosity calculated from skeletonisation in BoneJ 
is not shown as the differences in the values 
between different samples are trivial. At 7 d, the 
sample with fly ash has the highest degree of pore 
connectivity and the lowest tortuosity. The pore 
specific surface area (SSA) and the average pore 
and throat size are similar to those of the sample 
with GGBS. This is largely because the pore sizes 
in these samples are relatively large. Despite that, 
the sample with GGBS has the lowest connectivity, 
indicating that the pozzolanic effects of GGBS 
might have initiated. In general, the pore 
characteristics of the plain cement paste are 
slightly worse than that of the sample with GGBS. 
Overall, the sample with SF has the highest SSA 
and tortuosity, and the lowest pore and throat size, 
supporting that SF is able to refine the pore 
structure from very early ages. At 90d, the pore 
structure of the sample with GGBS has a lower 
connectivity and higher tortuosity compared to that 
of the plain cement paste. Although the SSAs for 
both samples appear to be similar, the size of the 
pore and throat of that with GGBS are consistently 
smaller than those of the plain cement paste. 
These results suggest that the replacement of 
CEM I with 60% GGBS in cement paste isolates 
pores, increases their geometrical complexity and 

reduces the overall pore size. These can be 
attributed to the pozzolanic effects of GGBS which 
generate a substantial amount of hydrates to fill the 
pores at later ages.  

  
(A) CEM I 7d (B) CEM I + 9% SF 7d 

 

 

 

 
(C) CEM I + 23% PFA 7d (D) CEM I + 60% GGBS 7d 

 

 

 

 
(E) CEM I 90d (F) CEM I + 60% GGBS 90d 

  

Figure 2. Examples of sub-volumes (100 µm3) cropped from the 
reconstructed 3D pore structure for each sample at 7 and 90 d. 
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(A) Connectivity and connection number 
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(B) Tortuosity by random walker in the X, Y and Z 

directions. R represents scalar tortuosity. 
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(C) Specific surface area 
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(D) Pore & throat radius and volume by pore network 

extraction 

 
Figure 3. Quantified connectivity, turtuosity, specific surface 
area and average pore/throat radius and volume for different 
samples at 7 and 90 d. Note that these results are based on 
only one sub-volume from each sample.  
   

3. Conclusions 
 
In this study, LSCM was combined with serial 
sectioning to reconstruct the pore structure of 
blended cement pastes cured up to different ages. 
The reconstructed pore structure was quantified 
using BoneJ, maximal ball-based pore network 
extraction, cluster-labelling and random walker. 
Results so far show that SF and GGBS are able to 
increase the tortuosity and reduce the connectivity 
of the pore structure. In addition, the average pore 
and throat sizes also become smaller compared to 
those of plain cement paste. Work is on-going to 
investigate the effects of PFA on the 3D pore 
structure. Overall, the study demonstrates that 
LSCM and the different quantification algorithms 
are feasible for characterising the pore structure of 
cement-based materials.  
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