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Abstract Alkali–silica reaction (ASR) is one of the most

important weathering processes in cement-based materials.

The damages caused by ASR have been qualitatively

investigated with a number of different techniques. In this

study, we present a procedure to obtain quantitative mor-

phological parameters of the ASR reaction effects using

synchrotron X-ray microtomography data. We found three

different kinds of voids due to the effect of three different

mechanisms: (i) cracks from ASR expansion, (ii) irregular-

shaped voids due to the aggregate particles dissolution, and

(iii) bubbles due to the cement paste preparation. We were

able to separate them using morphological parameters

(such as surface/volume ratio and aspect-ratio) calculated

for each object, thus obtaining, e.g., volume fractions for

each kind of voids. From the orientation data, we also

studied if any shape preferred orientation was present in the

sample, concerning the fractures network, and we found no

appreciable preferred orientation. The new analysis pro-

cedure we applied in this study proved to be an effective

approach for the quantitative characterization of the effects

(cracks and porosity development by aggregate weath-

ering) of the ASR reaction in mortars.

Introduction

In the last decade, synchrotron radiation computed micro-

tomography (SR micro-CT) has been fully recognized as

an extremely valuable technique for characterizing the

microstructure of materials. The high contrast and spatial

resolution obtained on the images coupled with the possi-

bility of directly handling three-dimensional data, as well

as the non-destructive nature of this kind of analysis, makes

SR micro-CT well suited for an extremely broad scientific

community. Examples of applications of this technique

range from medical sciences (e.g., the characterization of

bone tissue scaffolds, as in [1, 2]), to earth sciences (e.g. to

describe the texture of volcanic products, as in [3]), pale-

ontology (see, e.g., [4]), food science (e.g., to characterize

the voids distribution in bread as in [5, 6]), and materials

science (e.g., to describe the structure of metallic foams, as

presented by [7]).

As a whole, by X-ray micro-CT data analysis we can

extract microstructural information, allowing to better

understand the main physical phenomena occurring during

the formation or the alteration of materials. In particular,

SR micro-CT proved to be a powerful tool for the char-

acterization of cement-based materials: [8] performed

an investigation of the cement hydration processes,

whereas [9] and [10] investigate the cement porosity

and the leaching process affecting cement-based materi-

als, respectively. The same approach can be successfully

applied to monitor the effect of weathering processes such

as alkali–silica reaction (ASR).
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Despite its importance as a weathering process, ASR has

not been extensively studied by means of X-ray micro-CT and

few examples are found in literature [11, 12]. The ASR

weathering of cement-based materials can be described as a

chemical reaction between alkalis Na and/or K and OH-

supplied by the cement paste with certain silica phases (i.e.,

opal, chalcedony, and a-SiO2) in some aggregate lithologies

[13], producing an amorphous and hydraulic silica gel. This

gel expands after reaction with water, inducing cracks and

fractures in the surrounding concrete [14]. Deleterious ASR

was first recognized by Stanton in 1940 [15]. Since then, ASR

damage reaction has been identified in many kinds of struc-

tures around the world [16]. The investigation of the concretes

affected by ASR by means of SR micro-CT allowed gathering

an excellent 3D rendering of the reactive aggregate dissolu-

tion as well as of the micro-fracture system growth in the

weathered structures, thus supplying a major step in the

understanding of the ASR mechanism [11]. SR micro-CT

proved to be an ideal tool for cement-based materials affected

by ASR also because, in contrast with many other techniques,

including scanning electron microscopy (SEM) and mercury

intrusion porosimetry, it can directly provide 3D information

about the weathered samples in a non-destructive analysis.

Hence, when combined with 3D image analysis techniques,

quantitative data can be extracted.

With respect to the [11] work, the aim of this study is to

go a step further, trying to obtain quantitative morpho-

logical parameters of the voids in the sample, so the effect

of the weathering could be also quantified. In particular,

starting from the qualitative study of the ASR phenomenon

presented in the article cited above, we applied state-of-

the-art quantitative analysis software tools [17, 18] to

extract information about the microstructure evolution, i.e.,

pores, microcracks, and aggregate dissolution, in mortars

affected by ASR. More specifically, we propose a method

aiming to relate the morphological parameters of voids

with the evolution of the ASR weathering.

Experimental

Preparation and sampling

The specimen for the SR micro-CT experiment was prepared

by mixing Ordinary Portland Cement (CEM I-42.5) with a

known content of water and aggregate, the latter constituted

by chert and partly silicified mudstone fragments. The sili-

ceous aggregate is angular in shape, with a low crystallinity

and with a few fossils whose hollows are preferentially filled

with cryptocrystalline quartz and chalcedony. Mechanical

sieving was used to separate the aggregate fraction with a

size between 0.5 and 1 mm, in order to have a significant

number of aggregate fragments in the sample.

The mortar sample, approximately 50 mm high and

5 mm in diameter, was prepared with an aggregates-to-

cement paste ratio of 70:30% by volume and a water-to-

binder ratio of 0.5 by weight. Cement and aggregates were

mixed by hand for few minutes, then injected with a syr-

inge into a mold. The sample was then cured at 20 �C and

25% R.H. throughout the day, and subsequently at 50%

R.H. during the following 27 days. After curing, the sam-

ple was removed from the mold and immersed into 1 M

NaOH solution at 80 �C. Then, it was picked up after

14 days of aging. The sample for micro-CT was obtained

by sawing one end of the mortar bar to obtain a

5 9 5 9 20 mm prism.

Expansion testing

The aggregate reactivity has been tested according to RI-

LEM AAR-2 [19]. Many of the experimental details have

been provided in the reference [19], so that only a brief

summary will be presented hereafter. The aggregates used

for testing have been crushed down to sand-size (grain size

ranging from 125 lm and 4 mm), and graded according to

the specified size outlined in RILEM protocol.

Three mortar prisms were prepared by mixing aggregate

and cement OPC (CEM I-42.5) with a ratio of 2.25 and by

considering a water–cement ratio of 0.47 by mass. Three

mortar bars of 25 9 25 9 28.5 mm have been compacted.

They were cured for 24 h in an environmental chamber at

95% RH and 20 ± 2 �C, then were submerged at 80 �C

1 M sodium hydroxide solution for 14 days. The relative

amount of expansion of mortar prism was calculated and

expressed in %; the result presented in the ‘‘Results’’ sec-

tion refers to a mean of expansions of three prisms after

14 days of aging.

Optical microscopy (OM)

Thin sections of the weathered mortar samples were pre-

pared to verify what actually has been expanding in the

mortar prisms aged according to RILEM AAR-2 since

throughout literature, it is well-known that ‘‘low expan-

sion’’ is not per se synonymous to ‘‘non-reactive’’. In

particular, thin sections were studied with an AusJena

Jenapol large petrographic microscope in transmitted plane

polarized light and crossed polarized light using 5 9

10 9 20 9 50 9 objectives. Micrographs were acquired

using a Nikon Coolpix 990 digital camera at 2272 9 1704

(=3.8 Megapixel) resolution.

Scanning electron microscopy

Secondary electron images were performed using a Cam-

bridge Stereoscan 360 SEM with an acceleration current of
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15 kV, a beam size of *100 nm and a working distance of

11 mm. The image resolution is of 1024 9 730 and 1.5 lm

corresponds to 1 pixel.

Synchrotron radiation computed microtomography

The hard X-ray imaging experiments were performed at the

SYRMEP beamline of the third generation Synchrotron

Light Laboratory (Elettra) located in Trieste (Italy).

At SYRMEP, the X-ray source is a bending magnet and

the beamline provides, at a distance of about 23 m from the

source, a monochromatic, laminar-section X-ray beam with

a maximum area of about 160 9 6 mm at the sample stage.

The monochromator is based on a double Si(111) crystal

system working in Bragg configuration that can be tuned in

an energy range of 8.3–35 keV with an energy resolving

power of about 10-3.

Due to the small angular source size and the simple

design of the beamline, the photon spot in the experimental

hutch is characterized by a good level of spatial coherence

(transversal coherence length of about 10 lm at 15 keV)

then allowing to perform phase-contrast imaging by using

free space propagation. For this study, the tomographic

images were acquired in edge detection mode [11, 20] to

take advantage of phase-contrast effects, which enhance

the smaller features present in the samples.

For the measurements, samples were mounted onto a

high-resolution rotation stage and illuminated with a

monochromatic radiation (energy = 25 keV). For each

tomographic scan, 1440 projections of the sample were

acquired for equally spaced rotation angles and measure-

ment time of about 1 s over a total rotation of 180�. The

projections were recorded with a 12 bit water-cooled CCD

camera (4008 9 2672) px, (9 9 9) lm pixel size. In this

case an active input area of 18 (h) 9 12 (v) mm is imaged

on the sensor. To optimize the phase-contrast effects, the

sample-to-detector distance was set to 200 mm.

In order to reconstruct a 3D image of the sample, the

tomographic projections were elaborated using a custom-

developed software written in IDL� language and based on

the filtered backprojection algorithm [21]. The 2D recon-

structed slices were visualized by using the ImageJ free-

ware software [22] while the 3D renderings were obtained

by the commercial software VGStudio MAX� 2.0.

Digital image processing

The first step for the 3D analysis is the selection of a

Volume of Interest (VOI) from the data set. The resulting

volume was 450 9 343 9 300 voxels. We chose the

largest possible subvolume from the original data set to

have the more statistically meaningful data. Due to the

large size of the aggregate particles it is difficult to say how

large a true representative elementary volume needs to be

anyway the data showed an acceptable consistency by

checking the porosity variation for each slice. The mean-

ingfulness of the morphological parameters we are more

interested in depends mainly on the number of objects (the

voids, in the case) and since these objects are small with

respect to the VOI size, and their total number is in the

order of magnitude of 103, we can assume a satisfactory

statistical consistency. Once the subvolume was selected,

by using the Pore3D software [18] we applied a 3D bilat-

eral filter [23] to reduce the noise of the data set before

choosing a proper value for thresholding, in order to obtain

a binary volume where the voids were separated from the

solid phases. Once the binary volume has been obtained,

the morphological characteristics of the voids were deter-

mined using the Blob3D software [17]. In Blob3D, voids

can be separated manually by a procedure based upon 3D

eroding and dilating cycles. In the sample, very little

intervention was needed because of the already good sep-

aration of the voids. For each object, its volume, surface,

aspect-ratio, and orientation were measured. Volumes and

surfaces were then used to calculate the sphere-normalized

surface/volume ratio that gives a better idea of the surface

complexity of the object than the simple surface-to-volume

ratio. With this parameter a sphere, of whatever size, would

have a value equal to 1, then the more irregular the object,

the higher this parameter would be. So the surface/volume

ratios cited in this work have all been normalized with

respect to a sphere of the same volume, for each object.

Voids cut by the subvolume surfaces were not considered

for the morphological parameters extraction, but of course

were considered when calculating the total volume of the

voids to provide the total porosity of the sample. The

choice of those morphological parameters was planned to

separate the three kinds of voids present in the sample: the

original voids of the cement paste (mostly spherical bub-

bles), the voids due to the dissolution of the aggregate

particles (very irregular in shape, with a large surface/

volume ratio), and the fractures (characterized mainly by

their large aspect-ratio). We also decided not to consider

objects smaller than 70 voxels for the calculation of the

morphological parameters, since objects described by a

small number of voxels would lead to artifacts, so a total of

3198 objects were used in the analysis. Objects described

by a low number of voxels are also likely dramatically

modified in shape by filters such as the ones used for

smoothing, we decided to keep filtering to a minimum,

using only a simple 3D bilateral filter, but we decided

nevertheless not to consider the smallest objects. Shape

Preferred Orientation (SPO) parameters (orientation of the

axes of the ellipsoid fitting each object) were calculated to

check if any preferred orientation of cracks was present in

the sample. Preferred orientation of cracks was studied
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selecting the 500 voids with the higher aspect-ratio values

and calculating an orientation distribution function (ODF)

with a series of custom-made Matlab� scripts [24] based on

the MTEX library [25]. Once the ODF is obtained, pole

figures (PFs) of the maximum and minimum elongation

axes of the objects can be plotted.

Results

It is widely accepted that ASR can cause serious expansion

and cracking in cement-based materials with the formation

of the ‘‘soft and fluid hydrated alkali silicate’’ gel [26]. This

gel increases in volume when in contact with water and

exerts an expansive pressure inside the materials, causing

spalling and loss of strength of the concrete.

The ultra-accelerated mortar bar tests according to

RILEM AAR-2 [19] show 14-day expansion of the sample

exceeding the predefined 0.1% l/l limit, with an average

value (since 3 mortar bars were used) of 0.45% l/l. In

particular, an average length change of the three mortar

bars exceeding the predefined\0.1% l/l limit after 14 days

testing is generally accepted as expansive.

Cement-based materials affected by ASR are usually

characterized by means of light or electron microscopy,

relying on the presence of a reaction rim at the cement and

aggregate boundary as well as on a widespread micro-

cracking, which develops in the aggregates and then

propagates in the cement paste. In the studied mortars,

typical features associated with ASR are observed, such as

dark rim around siliceous aggregate, cracks filled with gel

extending into the cement paste and connecting aggregates

particles, cracks passing through aggregates and through

cement paste (Fig. 1). Hence the SEM images observa-

tions, coupled with qualitative local EDS chemical analy-

ses, pointed out the presence of a Na-rich ASR gel

surrounding siliceous aggregates.

As a whole, the feedback that it is possible to obtain

from conventional imaging techniques, such as OM and

SEM, highlights some disadvantages: all these techniques

require a sample preparation that may lead to artifacts. For

instance, during the thin section preparation, the polishing

might produce artificial cracking and an additional porosity

within the ASR-weathered samples. In addition, OM and

SEM investigations exhibit severe limits due to the lack of

information in the third dimension. These main drawbacks

can be overcome by performing micro-CT experiments,

which provide a 3D visualization of the investigated sam-

ples. In particular the micro-CT combined with the 3D

image analysis allows extracting directly volume infor-

mation within the samples: for instance, it is now possible

to extract the real size as well as the spatial distribution and

their connectivity of air voids and microcracks within the

ASR-weathered materials.

XR micro-CT data analysis

The volume rendering of the VOI selected from

the weathered sample used in our analysis is reported in

Fig. 2, emphasizing that the ASR promotes the siliceous

Fig. 1 Micrographs showing

cracks within the cement paste

and aggregate dissolution in the

ASR-weathered mortar:

a optical micrograph (crossed

polars), with some of the larger

cracks highlighted by an arrow
and b backscattered electron

image

Fig. 2 Volume rendering of the VOI used for the analysis
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ASR-reactive aggregate dissolution: in particular the dis-

solution starts at the boundary cement paste-aggregate as

well as on the aggregate surface, giving a total porosity of

12.0%. Hence, microcracks are clearly visible within the

cement paste as well as at the boundary aggregate-cement

paste. The cracks, micrometric in size, seem to be isolated

within the cement paste as well, as they appear intercon-

nected each other within the cement paste or connected

with air voids.

A closer examination of the 3D reconstructed volumes

allows the extraction of some quantitative parameters for

defining the weathering products (i.e., microcracks and

other air voids) within the ASR affected samples. A simple

segmentation based on the gray level value (i.e., ‘‘thres-

holding’’) isolates voids partly due to sample preparation

and aggregate dissolution and partly due to the microcracks

growth within the weathered samples. These voids can

be easily differentiated by their morphological features

(Fig. 3): the voids occurring during the sample preparation

are mostly spherical bubbles of air entrapped during the

mixing of the cement powder with the water; they are

usually quite large spherical bubbles, showing a small

surface/volume ratio (normalized to a sphere) and a small

aspect-ratio as well. The second group includes the voids

that are created because of the aggregate dissolution: the

alkaline solution dissolves the reactive particles, the ASR

gel fills, totally or in part, the voids created by the process

and then dries, resulting in groups of spongy-like voids

characterized mainly by their high surface/volume ratio.

The aspect-ratio of these voids due to the dissolution pro-

cess is usually small. Finally, the third group comprises

cracks due to the expansion of the ASR gel: their surface/

volume ratio is expected to be medium to medium–high

and their aspect-ratio values are high by the definition of

the term ‘‘crack’’ itself. Cracks are often partially filled

with the ASR gel, and their size is often not very large,

making them sometimes difficult so identify. Therefore, by

considering these morphological features, we can identify

and separate three kinds of voids occurring in the ASR-

weathered samples.

If we consider the volumes of the single objects

extracted after the segmentation process in the weathered

samples, a volume frequency histogram can be calculated

as reported in Fig. 4a. This graph shows that there are a

large number of small objects associated with few bigger

ones (mainly the original bubbles of the cement paste plus

some of the most weathered and largest aggregate parti-

cles). More interesting is the histogram in Fig. 4b where

the voids surface/volume ratio (again, normalized to a

sphere) versus frequency is plotted. It is possible to see

that, at values close to 1, the objects are almost spherical in

shape, and are likely the bubbles created during the sample

Fig. 3 Volume rendering of

subvolumes to highlight the

morphological features of the

different kinds of voids in the

sample: bubbles due to sample

preparation, cracks due to ASR

expansion mechanisms, voids

due to aggregate dissolution and

gel drying. A thin slice from the

VOI is provided to highlight the

three typical voids features

within the sample
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preparation. Moving to higher values, we get the voids due

to the cracking and the aggregate dissolution processes;

indeed, a significant number of objects with the highest

surface/volume ratios are clearly recognized and can be

ascribed to the dissolution of the aggregate particles,

leading to the largest spongy-like voids. Many of the voids

crated by the aggregate dissolution are in any case sepa-

rated by the dried gel and form groups where the surface/

volume ratio is smaller and likely to overlap with the ones

due to the cracks. These smaller voids frequently appear in

the weathered mortar, thus contributing to the total porosity

of the sample.

To sort out cracks form the voids due to both dissolution

and sample preparation, the frequency histogram of the

aspect-ratio values for the voids is plotted (Fig. 4c). It is

quite clear that the majority of the voids show low values

(bubbles and dissolution voids are the majority), but there

is a remarkable amount of objects with high aspect-ratio,

and we found the value of 6 the most proper to separate

cracks from other voids.

To summarize, by analyzing these plots we are able to

identify and quantify three different kinds of voids in the

weathered mortars according to their morphological fea-

tures in a quite straightforward way. For this purpose, we

need to set arbitrary parameters (i.e., the aspect-ratio value)

to separate these three kinds of voids. The choice of these

parameters is of paramount importance and needs to be

expressed in the results for several reasons: (i) to the

knowledge, no fixed rule for setting the values of the above

cited parameters exists in literature. For instance, the

aspect-ratio value for separating cracks and voids is usually

set arbitrarily by the authors; (ii) the same value of the

parameters should be adopted when a comparison among

different samples is performed. In so doing, from a total

number of 3198 objects we decided to set a limit in the

aspect-ratio of the objects to separate cracks from other

voids. In particular, we found that 6 is a reasonable limit

and so we felt that the 111 objects with aspect-ratio C 6

can be safely considered cracks. To separate the remnant

objects (bubbles and voids attributed to the aggregate dis-

solution) the best strategy is to set a limit on the surface/

volume ratio. Since bubbles in this sample are almost

perfect spheres we decided to set a value of 1.75, so all the

voids with a shape quite close to a sphere would be con-

sidered as bubbles due to the sample preparation. Setting

this limit, 476 bubbles (and therefore 2611 voids attributed

to the sample dissolution) are found. It is then straight-

forward to correlate these numbers with the total volumes

of the objects to find some more interesting information. As

expected, cracks have a very small impact on the sample

total porosity: cracks account for the 3.5% of the total

number of the objects, and even less, only the 2.9%, of the

total porosity. Cracks are very thin, and therefore their

contribution to the porosity is almost negligible. The

bubbles associated with air entrapped during mortar prep-

aration are 14.9% in number, but correspond to the 21.8%

of the total porosity. Again, these values confirm what we

were expecting since the air bubbles are usually fairly large

(as also seen in the volume rendering figures). Finally, we

can see that the voids due to dissolution are 81.3% in

number, thus contributing for the 75.6% of the total

porosity (reminding that for this sample we found a total

Fig. 4 Plots showing the results of the morphological study of 3198

voids. In a, the volume frequency plot is shown; b the sphere-

normalized surface/volume ratio frequencies are plotted; c the aspect-

ratio frequencies are shown. Gray arrows show the limits set for the

different kinds of void separation. All plots are shown with the

‘‘number of objects’’ axis in log scale
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porosity of 12.0%). These results are summarized in

Table 1.

The results on the frequency histogram confirm the

preliminary observations edited in the past study [11]: the

ASR-weathered sample is characterized by voids due to

dissolution rather than microcracks, thus suggesting that

the ASR, in these experimental conditions, promote the

aggregate dissolution in spite of microcracks. This is

somehow in contrast with the observations performed by

means of OM and SEM. In particular, the investigations on

different weathered samples by means of the conventional

imaging techniques pointed out an increase in the micro-

cracking as the weathering time proceeds whereas this is

not the case for the 3D experiments where a clear decrease

of the number of microcracks is observed, thus suggesting

that the coalescence mechanism is predominant. The main

reason for this difference is that microcracks may seem

disconnected in 2D while they are connected in 3D [8].

Another microstructural feature we decided to check is

if voids and cracks, in particular, show any SPO. Once

obtained the direction cosine matrix (DCM) of each object

it is possible to calculate an ODF. This function can be

calculated choosing the object classes we are interested in.

For example, the PFs plotted in Fig. 5 represent the texture

by number (TbN), where each object has the same weight,

independently by its volume (see, e.g., [27]). It is clear that

no evident preferred orientation is present, as expected in a

material subject to no restraint (free expansion). The three

PFs plotted in figure represent the three axes of the ellip-

soid fitting the object (short, medium, and long axes,

respectively, in figure). To further confirm that the pre-

ferred orientation is almost absent, we get a ‘‘texture fac-

tor’’ F2 value = 1.06. This value ranges from 1 for

perfectly random distribution to ?? for a single crystal-

like distribution (again, see [27]). Since the PFs plotted in

Fig. 5 (top) represent the 3198 largest objects, to check

cracks preferred orientation we decided to calculate an

ODF and the PFs from the objects with the characteristics

typical of the cracks: so we chose the 500 objects with the

higher aspect-ratio. The PFs obtained are plotted in Fig. 5

(bottom). It is possible to see that PFs maxima are higher

than the previous PFs; also the texture factor F2 is a little

higher, reaching a value of 1.32. This could suggest that

some preferred orientation is present, even though it is very

Table 1 Fractions of the three

kinds of voids in the weathered

sample, obtained by considering

their morphological features

(sample total porosity is 12.0%)

Volume (mm3) Number of objects Number of objects (%) Volume (%)

Cracks 0.020 111 2.9 3.5

Bubbles 0.151 476 21.8 14.9

Dissolved aggregate 0.521 2611 75.3 81.6

Total 0.692 3198 100 100

Fig. 5 Pole figures obtained from ODFs calculated from the orien-

tation parameters of the ellipsoids used to fit each object. PFs for all

the voids considered and for the 500 objects with larger aspect-ratio

are shown. Intensity values are in multiples of random distribution

(m.r.d.). Circles represent the mean orientation. Equal area projection
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weak. This is only partially true since the ODF calculated

with a lower number of objects can provide a ‘‘sharper’’

texture because of the poorer statistics of the objects dis-

tributed in the ODF cells. This is likely the reason of the

higher values obtained. This effect also affects PFs min-

ima, giving too low values, while maxima values are much

less affected by this problem. Nevertheless from the PFs it

is possible to see that two weak maxima are evident in the

PF relative to the short axes of the ellipsoids fitting the

objects. For cracks, this is the most important direction

since it is the one perpendicular to the crack surface. From

these assumptions, we can see that two weakly oriented

systems of fractures are present, but it seems to be due

chiefly to the cracks systems surrounding the bigger

aggregate particles. These particles are so large if com-

pared with the investigated volume that can simulate a sort

of preferred orientation. Considering all these aspects, it

would be safe to state that our sample voids do not show

any appreciable preferred orientation, considering either all

the groups of voids or the cracks alone.

As a whole, this method proved to work well and it

could be successfully applied, even if some drawbacks

should be considered. First of all, a representative volume

of the studied sample should be considered for extracting

microstructural features with statistical significance. Ide-

ally the objects of interest should be described by an ade-

quate number of voxels (thus requiring the higher

resolution possible), but also a significant number of

objects must be present (thus increasing the actual size of

field-of-view needs). Being the field-of-view and resolution

inversely related, the user is forced to choose the best

compromise for the specific analysis. In our case very small

features (B70 voxels, equivalent to *5 9 10-5 mm3) had

to be neglected, thus loosing the smaller features. A mea-

surement with a resolution good enough to consider those

features would have forced us to have a VOI with only a

couple of aggregate particles, thus leading toward very

unrealistic values, e.g., of the porosity. For this reason, we

have found that the resolution we are using is an adequate

compromise to obtain results that are reasonably significant

also for the whole mortar sample. Indeed, the quantitative

parameters of SPO can also suffer of poor statistics since a

few thousand objects are usually required to get completely

reliable results; with fewer objects the minima of the PFs

and the texture factor F2 become less reliable. PFs maxima

are still significant and the patterns of the PFs can highlight

any preferred orientation (or the lack of) nevertheless.

Finally, another important issue to consider for this kind of

study is the choice of the values to set as limits of the

morphological parameters, for the separation of the three

kinds of voids. We have set limits that seemed the most

proper, considering the frequency distribution plots. This

choice will significantly affect the results and no fixed rule

is available, so the analyst must give the value of the limits

he used in order to make significant comparisons possible.

Conclusion

In this study, a method for the extraction of quantitative

parameters in ASR-weathered mortars, investigated by

means of SR micro-CT data, is presented. In particular,

three different kinds of voids (bubbles due to the sample

preparation, irregular-shaped voids attributed to aggregate

dissolution, and cracks from ASR expansion) have been

identified and separated by a characterization of their

morphological parameters such as surface/volume ratio

normalized to a sphere and aspect-ratio. The separation of

the different kinds of voids allows obtaining important

parameters for the weathering effects characterization, such

as their volume fractions. Moreover, we were also able to

study the SPO of the objects classified as ‘‘cracks’’ and

found no evident preferred orientation.

As a whole, the results highlighted a promising new

procedure, to apply on micro-CT data, for obtaining a

quantitative characterization of the microstructural features

in ASR-weathered mortar samples.

To the knowledge, the quantification of the ASR

weathering effects by X-ray micro-CT in mortars has never

been done before; therefore, we feel the procedure pro-

posed in this study could be a useful tool for the scientific

community involved in the research dealing with the

weathering of cement-based materials.
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