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Abstract: In order to investigate the effects of two mineral
admixtures (i. e., fly ash and ground slag) on initial defects
existing in concrete microstructures, a high-resolution X-ray
micro-CT ( micro-focus computer tomography) is employed to
quantitatively analyze the initial defects in four series of high-
performance concrete ( HPC) specimens with additions of
different mineral admixtures. The high-resolution 3D images of
microstructures and filtered defects are reconstructed by micro-
CT software. The size distribution and volume fractions of initial
defects are analyzed based on 3D and 2D micro-CT images. The
analysis results are verified by experimental results of water-
suction tests. The results show that the additions of mineral
admixtures in concrete as cementitious materials greatly change
the geometrical properties of the microstructures and the spatial
features of defects by physical-chemistry actions of these mineral
admixtures. This is the major cause of the differences between the
mechanical behaviors of HPC with and without mineral
admixtures when the water-to-binder ratio and the size
distribution of aggregates are constant.
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part from coarse or fine aggregates in concrete, the

cracks, voids and porosities ( collectively called de-
fects) are the most remarkable weak components in concrete
microstructures. Furthermore, spatial distributions and vol-
ume fractions of initial defects are essential for agent trans-
port, mechanical performance and durability of concrete or
concrete structures'' . Most of the investigations on micro-
structures of hardened concrete are only based on compari-
sons of different 2D slice images captured by an optical/
electrical microscope. ASTM-C457"' recommends the mi-
croscopic determination method to measure the air-voids
system in hardened concrete. Unfortunately, the spatial pa-
rameters have to be determined from a series of regularly
spaced lines traversed on finely ground slices of hardened
concrete'"! . However, only 2D parameters of defects in con-
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crete microstructures are not enough for a comprehensive
understanding and prediction of micro-crack growth and its
influence on properties of bulk concrete. Since the experi-
mental methods for detecting the three-dimensional micro-
structure data were not advanced enough in past decades,
previous researches in this field employed numerical model-
ing to understand and predict the bulk failure response of
concrete based on simulated microstructural data'*™®' .

In the last decade, X-ray computer tomography( CT) has
been employed for scanning concrete microstructure and for
analyzing air voids or cracks. The detailed CT principles can
be found in Ref. [7]. Flannery and coworkers'® developed a
matched algorithm to reconstruct three-dimensional X-ray
micro-tomography images. Landis and coworkers" took the
first step on quantitative analysis of three-dimensional crack
geometry in concrete by the use of X-ray CT. Wong and
Chau'"! used the X-ray CT to examine the evolution of air
voids inside high-performance concrete under uniaxial com-
pression based on reconstructed 2D CT scan images, but
they did not show 3D distribution images and diameter dis-
tributions of defects inside hardened concrete. Zhang and co-
workers''”’ made many researches on fracture energy of con-
crete using 3D X-ray micro-CT images, and improved on the
analysis method of 3D micro-CT images to investigate the
defect properties in a more powerful way.

However, all of the previous researchers did not further
discuss the effects of material admixtures(e. g. ground slag
and fly ash) on the spatial information of defects existing in
concrete microstructures.

Therefore, this paper aims at investigating the effects of
fly ash and ground granulated blast-furnace slag on 3D pa-
rameters of initial defects inside hardened high-performance
concrete (HPC). It is known that the image resolution gov-
erns the accuracy of analysis results of these defects. A high-
resolution X-ray micro-CT is employed in the present work
to scan each concrete specimen and reconstruct 3D images in
about 300 s. The 3D image reconstruction is conducted by
the combination-weighted Feldkamp-based reconstruction al-
gorithm“” , the noise filter arithmetic, and the internal geo-
metrical compensation technique.

1 Experimental Preparation
1.1 Specimens

Concrete cubes with 100 mm side lengths are cast for four
different batches(RC, S5, F3 and F2S3). RC is the reference
concrete without any mineral admixtures. S5 is the concrete
with a 50% mass fraction of ground slag in total cementi-
tious materials. F3 is the concrete with a 30% mass fraction
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of fly ash in total cementitious materials. F2S3 is the con-
crete with a 20% mass fraction of fly ash and a 30% mass
fraction of ground slag in total cementitious materials. As
shown in Tab. 1, the material components are a little differ-
ent among the four batches. But the water-to-binder ratio
(the ratio of water and total cementitious materials by
weight) of 0. 35, the sand percentage( sand to total aggregate
ratio by weight) of 0. 38, and the coarse aggregate to binder
ratio (the ratio of coarse aggregate and total cementitious
materials by weight) of 2.4 are kept constant by weight for
all batches of concrete. The main cementitious material used
in this research is CEM I /A 42. 5 Portland cement. Class F
of fly ash with a density of 2 380 kg/m’ and S95 ground
slag with a density of 2 860 kg/m’ are mixed into three bat-
ches as a part of the cementitious materials. The specific sur-
face area is 665 m’/kg for fly ash and 372 m*/kg for ground
slag. Natural river sand and crushed basalt aggregate are
used as fine and coarse aggregates, respectively. The size
range is from 0. 15 to 4. 75 mm for sand and 5 to 20 mm for
coarse aggregates with a continuous grading. The tap water
with a pH value of 8 to 10 is used for casting the concrete.
The dosage of naphthalene super-plasticizer in concrete is
0.5% to 1% of the total weight of cementitious materials.

Tab.1 Mix designs of four concrete series kg/m’

Content RC S5 F3 F2S3
Cement 460 230 322 230
Water 161 161 161 161
Fly ash 0 0 138 92
Ground slag 0 230 0 138
Natural river sand 676 676 676 676
Crushed basalt aggregate 1104 1104 1104 1104

The slumps of the fresh concrete pastes are controlled to
be in the range of 8 to 12 cm by adjusting the dosage of su-
per-plasticizer. All cubes are cast in steel moulds in the lab
at a temperature of 20 ‘C and air-cured for 24 h. Then they
are demoulded and cured at (20 +2) ‘C with more than 90%
relative humidity for three months. Since the fly ash and
ground slag are mixed into the concrete as a part of the ce-
mentitious materials, the specimens with a hydration age of
90 d are ordered for mechanical tests according to Test Code
for Hydro-Concrete ( DL/T 5150—2001). The compressive
strengths and the 4-point flexural strengths for the four con-
crete series with hydration age of 90 d are presented in Tab.
2. The compressive strengths of series RC and F3 are higher
than 80 MPa, and those of series S5 and F2S3 are around 70
MPa. The flexural strength of F3 is the highest among the
four concrete series. Other performances of HPC with fly ash
or ground slag under different mechanical loads or environ-
mental effects were also reported in published litera-
ture'? ™", From these research results, it has been confirmed
that the mechanical behavior of concrete is obviously
changed by the admixtures of ground slag and fly ash when
the water-to-binder ratio and size distribution of aggregates
are constant. Since the matrix-aggregate interfacial transition
zone (ITZ)is the most complex and weakest constituent in
concrete microstructures, the mechanical behavior of con-
crete is greatly influenced by the properties( such as density
and tensile strength) of the matrix-aggregate ITZ. Further-

more, the microstructures of this ITZ change with the type
and dosage of mineral admixtures and they also change with
the water-to-cement ratio. In the present study, the water-to-
cement ratios of the four concrete series are constant and
equal to 0. 35. Therefore, the additions of different mineral
admixtures with various dosages in concrete are the only
probable reasons for any changes in the mechanical behavior
of HPC. After adding FA and GGBS in the concrete as a
part of cementitious materials, the densities of the matrix-ag-
gregate ITZ with them are changed because of the micro-fill-
ing effect (contributed by the fine shape and high stiffness
of FA grains) of FA as well as the pozzolanic effect ( suppor-
ted with the reaction of SiO, in FA/GGBS grain with
Ca(OH), in solution) of FA and GGBS""'. Furthermore, the
compressive strength and the tensile strength of HPC also
change with the dosages of FA and GGBS.

Tab.2 Compressive strength and flexural strength of concrete

with hydration age of 90 d MPa
Item RC S5 F3 F2S3
Compressive strength 82.0 69.8 82. 1 70.1
Static flexural strength 9.8 8.8 10. 5 8.9

Since the effects of 3D concrete microstructures with ad-
ditions of FA/GGBS on the mechanical behavior of HPC
have to be comprehensively investigated, the two specimens
of 50 mm in length, 50 mm in width and 20 mm in thickness
are cut from the central part of each tested concrete speci-
men for the following micro-CT scan. In order to avoid in-
ducing damage in the concrete bulk by sawing vibrations,
each concrete specimen is tightly fixed to the sawing table
and is cut slowly by an adamantine saw.

1.2 Micro-CT system and main parameters

A micro-CT system is usually composed of seven main
groupwares, i. e. radiation source, detector system, manipula-
tion system, electrical cabinet, radiation protection enclo-
sure, host computer and matching software to capture and
analyze 3D scan images. The settings for this study are: 180
kV, 0.4 mA (X-ray tube current), 3D cone-beam radiation
source with a circular source trajectory, a high-resolution
planar equispaced detector with a number of 1 024 x 1 024
elements, and reconstructed 3D image of 1 024 x 1 024 x
1 024 pixels in X-, Y- and Z-axis, respectively. The latest mi-
cro-CT software and defect detection software are employed
for CT system operation, 3D image reconstruction and quan-
titative analysis. The resolution of each voxel (3D picture el-
ement)is 0. 06 mm x 0. 06 mm x 0. 06 mm.

The locations of the radiation source and the planar detec-
tor are fixed. Aluminum ( Al) and copper ( Cu) filters are
placed in front of the X-ray source to reduce artifacts. The
concrete specimens are installed on the turntable before be-
ing scanned. Rotating the turntable in 360°, 1 440 projec-
tions( projected images) are obtained for one specimen in the
vertical direction. The 3D image of one specimen is recon-
structed in 200 s using the combination-weighted Feldkamp-
based reconstruction algorithm and the noise filter arithmetic
as well as the internal geometrical compensation technique.
The gray level in reconstructed images depends on the densi-
ty contrast among different components: the higher the gray
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level, the denser the material. The automatic detection mode
of defects is three-dimensional.

2 Results and Discussion

2.1 Projections and reconstructed 3D images of speci-
men and defects

During the 360° turning of specimen on the turntable,
1 440 projections in the vertical direction are captured with
high resolution by a planar equispaced detector and stored as
bitmap files in a host computer. By the combination-weigh-
ted Feldkamp-based reconstruction algorithm and the inter-
nal geometrical compensation technique, the 3D images of
concrete specimens are reconstructed based on the 1 440 pro-
jections. An example of a 3D image and a real specimen of
S5 are shown in Fig. 1. Except for reflecting different com-
ponents in the concrete, the 3D image also discovers the het-
erogenous density distributions of coarse aggregates. Because
the computed tomography is established based on the princi-
ple of density contrast, some small defects nearly filled with
hydration products cannot be separated from the surrounding
matrix.

il
(b)
Fig.1 Reconstructed 3D image of S5 specimen and the

specimen used for micro-CT scan. (a) Reconstructed 3D im-
age of S5 specimen; (b) S5 specimen used for micro-CT scan

The Feldkamp reconstruction of cone-beam data can be
formulated as a weighted filtered backprojection''. First, the
cone-beam projections are individually weighted and ramp is
filtered corresponding to the positions of the radiation
source. Secondly, the 3D image is reconstructed by the inte-
gral algorithm based on weighted projections. The computa-
tional cost of a 3D image depends on the projection num-

bers, pixel numbers in the 3D image and some implementa-
tion details such as complexity of the interpolation''".

A threshold of gray level is automatically chosen for
searching defects after comparing the gray level distributions
of defects and surrounding materials. Meanwhile, in order to
improve the image contrast between defects and surrounding
materials, all defects are dyed in a red color. All defects
dyed in a red color are solely visualized by filtering the gray
levels of the surrounding materials. The spatial images of de-
fects in four tested series are shown in Fig. 2. Since the sand
and basalt aggregates are close-grained, the defects shown in
Fig. 2 are those existing in the matrix and the aggregate-ma-
trix ITZ. It can be noted that most of the defects in the F3
specimen are fine. Two big flat defects with an irregular
shape shown in the spatial image of the F2S3 specimen are
cracks in the aggregate-matrix ITZ.

(e) (d)
Fig.2 Filtered spatial images of defects in four hardened
concretes. (a)RC; (b) S5; (¢)F3; (d)F2S3

As shown in Fig. 2, the maximum diameters of all notice-
able defects in concrete microstructures are obviously differ-
ent among the four concrete series. The analysis on size of
defects is the primary and crucial step for understanding the
influences of mineral admixtures on the microstructural and
mechanical behaviors of concrete(see Tab.2).

2.2 Defect size distributions

Search and statistical analysis of initial defects in harden-
ed concrete are conducted by the routines in the defect de-
tection software based on the projections of specimens. As is
well-known, the quality of projections indeed governs the
definition of 3D reconstructed images. Meanwhile, the search
and statistics of defects on each projection are helpful for lo-
calization and further analysis of each defect in reconstructed
3D images. In order to evaluate the accuracy of micro-CT
analysis results, the number and volume distribution of de-
fects are compared with those derived by other methods. Ac-
cording to the volume distributions of defects on different
projections, the defect size distributions of the four concrete
series are deduced and shown in Fig. 3. It is clearly shown



86

Guo Liping, Andrea Carpinteri, Sun Wei, and Qin Wenchao

that the number of defects with a size smaller than 2 mm’ is
the major part. For the four tested specimens, the cumulative
percentages of the defects with a size smaller than 2 mm” are
60% to 75% of the total noticeable number of defects.

100

80

Cumulative percentage/ %

-4 107* 100 100! 100 10! 107
Defect size/mm
Fig.3 Defect size distributions of four tested series
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As shown in Fig.3,52% and 60% of the total volumes of
defects in the F3 specimen correspond to defects with a size
smaller than 0. 001 mm’ and 0. 01 mm’, respectively. These
are the highest results in the four tested series. Similarly,
42% and 58% of the total volumes of defects in the S5
specimen correspond to defects with a size smaller than
0.001 mm® and 0. 01 mm’, respectively. For defects in the
RC and S5 specimens, the cumulative percentages of defects
with a size smaller than 2 mm”’ are similar. The volume frac-
tions of defects with a size smaller than 0. 001 mm® in RC
and S5 specimens are around 30% of the total defect vol-
umes. The cumulative percentages of defects in the RC spec-
imen with a size from 2 mm® to 10 mm’obviously increase. It
is obvious that the admixtures of fly ash and ground slag in
concrete significantly increase the volume fractions of de-
fects with a size smaller than 0. 001 mm’.

2.3 Volume fractions of defects

The volume fractions of defects in the four concrete series
are conveniently calculated and listed in Tab. 3. It should be
noted that the defects detected by the threshold-based meth-
od include the microscopic cracks and voids in the hardened
concrete. Therefore, it is noted that the volume fractions of
defects in hardened concrete are different from the air con-

tents in fresh paste of concrete!".

Tab.3 Analysis results of defect volume fractions

based on 3D images %
Noticeable defect size/mm?> RC S5 F3 F2S3
=0. 000 2 1.52 1.65 1.85 2.34

Combining 3D defect images in Fig. 2 with volume frac-
tions of defects in Tab. 3, it is obvious that the qualitative
observation on the defect density is consistent with the quan-
titative analysis results of defect volume fractions. More-
over, based on the results in Fig. 3 and Tab. 3, we can also
conclude that: 1) Addition of 30% fly ash makes the defects
finer than those in RC, but the defect volume fraction is
slightly higher than that of RC; 2) Addition of ground slag
with a 50% mass fraction of total cementitious materials
does not greatly increase the volume fractions of defects, but
the amount of defects with a size smaller than 0. 001 mm’ is

greater than that in RC; 3) The combined addition of fly ash
and ground slag in concrete obviously decreases the total
number of defects in hardened concrete, but the amount of
defects with a size larger than 2 mm’ is increased.

Since the whole analysis on defects is performed by quan-
tification of voxels distributed in 3D images, the volume
fractions of defects can be linked to the analysis results of
thin sections on 2D images'"”. In order to confirm the accu-
racy of previous analysis results, the volume fractions of de-
fects on a series of 2D images are also analyzed with the
recommended method in ASTM-C457". All of the defects
are detected from 2D images by Matlab-R2006a code based
on the threshold gray value of defects. Ten continuous slices
of constant thickness in each specimen are taken to reduce
the statistical uncertainty of this method. Moreover, in order
to further evaluate the accuracy of the calculation results of
noticeable defects based on 3D/2D images, the porosities of
concrete specimens used for CT scanning are conducted by
water-suction tests with a negative pressure of 4 kPa for 24
h. The mean volume fractions of noticeable defects in the
four series specimens respectively calculated by CT soft-
ware, Matlab program and water-suction tests are plotted in
Fig. 4.
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Fig.4 Volume fractions of noticeable defects based on
3D/2D image analysis and suction pressure test

It can be deduced from Fig. 4 that the defect volume frac-
tions of hardened concretes( except RC), performed by 3D/
2D image analysis and water-suction tests, are similar to
each other. The differences in the results of RC are less than
5% . The results of defect volume fractions in RC based on
2D images are about 3% higher than those of the water-suc-
tion test. For the other specimens, the results based on the
3D/2D image analysis are slightly less than those based on
the water-suction test. One of the reasons for these differ-
ences is that the gray value of some voids in the 3D images
is influenced by filled hydration products inside (see Fig.
5). These filled hydration products can decrease the auto-
matic analysis results of the total volume fractions of defects
using CT software based on the mean gray value of cracks
and voids. Furthermore, because the porosities with a diame-
ter of more than 0.5 nm can be permeated by water mole-
cules', the micro-porosity with a size of less than 0. 06 mm
x 0. 06 mm x 0. 06 mm(i. e. the resolution of a voxel in 3D
image of proposed micro-CT) in this case can be measured
with water-suction tests. However, because the volume frac-
tions of defects with a size smaller than 0. 06 mm x 0. 06
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mm x 0. 06 mm in concrete are greatly fewer than those of
larger defects in concrete, the volume fractions of noticeable
defects in the four specimens tested by water-suction tests
are only slightly higher than those analyzed with 3D/2D im-
ages. Unfortunately, though the water-suction test is a simple
and cheap method compared with the functions of the 3D
micro-CT system, the diameter distributions and spatial ima-
ges of defects in the hardened concrete microstructure cannot
be displayed. It is the uppermost disadvantage of this test.

«. s A 4‘
Fig.5 An example of voids nearly filled by hydration
products( see square marks)

3 Conclusion

The experimental findings shown in the present paper
have identified that the micro-CT system is helpful in inves-
tigating the effects of mineral admixtures on the concrete in-
ternal features as well as to comprehensively understand the
influences of spatial distributions and volume fractions of
defects on the mechanical behavior of concrete structures.
The differences among the spatial information of defects in
the four series of specimens are mainly caused by the mate-
rial components in the concrete matrix when the water-to-
binder ratio and the size distribution of aggregates are con-
stant. Furthermore, the analysis results of defects are helpful
in proving that the additions of Class F fly ash and S95
ground slag obviously change the mean size and the volume
fraction of defects in hardened concrete by their grain-filling
effect and pozzolanic effect. The additions of fly ash and
ground slag increase the number of defects with a volume of
less than 0. 001 mm’. For the concrete with combination of
fly ash and ground slag, the cumulative volume fractions of
defects with a volume larger than 2 mm’ obviously increase.
Since the concrete fracture is not only controlled by the spa-
tial distribution of defects but also by the strengths of the
matrix and matrix-aggregate interfacial zones, the differences
in the mechanical properties of HPC with different dosages
of fly ash and/or ground slag can be quantitatively explained
to a certain extent by the defect analysis results shown in the
present paper.

Although the volume fractions of defects tested by the wa-
ter-suction method and the X-ray micro-CT system are quite
close to each other, the latter method is un-substitutable by
the former one for precise research on the effects of the spa-
tial geometry and diameter distribution of defects on the me-
chanical behaviors of hardened concrete.
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