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A survey is given of stereology-based two-dimensional (2D) and three-dimensional (3D) approaches to
shape assessment of embedded or non-embedded particles. Firstly, the development is outlined of global
parameters characterizing geometric structure of cementitious materials. Secondly, these parameters are
combined to yield effective shape estimators to be applied to section images of embedded particles or to
projection images of non-embedded particles. This application can be just 2D, denoted as quantitative

image analysis, giving information on what is displayed of the particle(s) in the section or projection
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mation on structure.

image plane only. However, the researcher should strive for geometrical-statistical (stereological)
extrapolation of the 2D observations to the real world’s third dimension. This is demonstrated superior
over the 2D approach, however, requires a careful sampling strategy for providing representative infor-

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Quantitative characterization of geometric features of material
structure is nowadays more common because of the recognition
that material performance depends on material structure. The
most obvious parameter in such approaches is material density;
the investigator is interested in how much of a certain component
(here: aggregate) is incorporated in the relevant material system.
Stereological methods render possible deriving three-dimensional
unbiased estimates of material density (or of more complicated
geometric features) from observations on representative two-
dimensional section or projection images.

The next question raised could be: “how to optimize density”?
This question is on engineering level commonly quite crudely ap-
proached by investigating the effect of the aggregate sieve curve
on maximum density of the aggregate. In doing so, it is assumed
that sieve opening can be associated with particle size. Optimum
density of particles in blended Portland cement binders can result
in significant physical (in addition to chemical) contributions to
mechanical performance of (super) high performance concrete sys-
tems [1-3]. This is achieved by carefully designing such binder
mixtures on the basis of size ranges of particle components [4].
Hence, size is an important geometric measure of particles. This
is not a trivial measurement. Size can be unambiguously fixed for
spheres, of course. But for arbitrarily shaped particles, determina-
tion of size would require agreement on the applied definition.
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An argument to introduce a paper on shape by starting with size
is the intimate relationship that exists between these geometric
features. Supposedly, the size distribution of an aggregate is stud-
ied in section or projection images. It must be quite obvious, how-
ever, that the two-dimensional size distribution function that can
be obtained in such section or projection planes can only be
transferred to the three-dimensional level when particles are of a
similar shape. So, size and shape assessment are related topics, in-
deed. And both affect the density in the jammed state of aggregate
grains.

The underlying crude size assessment method (sieving) makes
it impossible, unfortunately, experimentally assessing shape ef-
fects on compaction density [5]. Yet, when crushed rock would
be employed as aggregate, the rough surface texture and irregular
shape will hamper achieving the same packing density as achieved
with river aggregate [6]. As a consequence, porosity characteristics
that govern durability performance are influenced [7]. So, particle
shape and surface texture should be considered important geomet-
ric features in concrete technology. Of course, this is a sole example
of the technological relevance of these parameters. Methods for
assessing surface roughness of aggregate grains, mostly considered
part of shape analysis, are readily available. Local values of surface
amplitude are determined along traces at the surface of the grain.
The root mean square value of surface amplitude data with respect
to a smooth reference surface is directly linked up with the surface
roughness. Stereological methods are based on scanning represen-
tative profiles in section or projection images with a sweeping test
line system [8,9]. Next, the profile roughness, Ry, is related to the
surface roughness, Rs [9-11].
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Hence, this leaves the complicated problem of assessing the
shape of particles, in the first place of aggregate grains, but also
of binder particles, when relevant in the technological approach.
As to assessment of geometric properties, “this is the most indeter-
minate subject of all” [8, p. 195]. Or, in the words of Kendall, et al:
“Everyone knows what is meant by ‘shape’. However, it is not a
trivial matter to define shape in a manner that is susceptible to
mathematical and statistical analysis” [12, Preface]. As argued ear-
lier, size and shape both vary simultaneously in practice. Only
when both geometric parameters are unambiguously defined, we
can explore technological problems more thoroughly, whereby size
and shape both play a role.

This problem has been studied more extensively outside the
field of concrete technology, so one could profit from experiences
and resulting progress achieved in such fields. As with particle size,
the problem has two faces. In the first case, loose particles are
available for further study. Generally, projection images are pre-
pared from the particles. Dimensions can range from mesoscopic
to microscopic ones. Shape can be derived from simple measure-
ments, when certain conditions are fulfilled. The second problem
arises when such particles are embedded in an opaque cementi-
tious matrix. So, two-dimensional section (or thin sections projec-
tion) images are available for the assessment of shape
characteristics. The 2D section and projection images can be
employed in a direct approach, whereby so called descriptors of
particles are obtained. Alternatively, the obtained data are
‘extrapolated’ by stereological methods into 3D space; hence, ster-
eological methods allow correlating descriptors derived from 2D
images to descriptors pertaining to 3D space. The 2D approach of-
fers the more intuitive and, hence, the more frequently used route.

Stereological methods will be of innovative nature for many
researchers. Nevertheless, the stereological approach to shape
assessment will be demonstrated later being more versatile and
more sensitive so can be considered superior over the 2D ap-
proaches. Hence, using stereological methods for shape assessment
would be a step forward over the more pragmatic methods em-
ployed nowadays [13]. Not the last step though; Fast Fourier Trans-
form offers additional and even more promising possibilities [13].
We will come back to this advanced approach in a next publication.

Shape assessment starts by describing particles as revealed in
2D images, either obtained from sections or from projections. We
will present lists of such descriptors that could play a role in char-
acterizing shape. Next, a list of descriptors pertaining to 3D space is
presented that could be employed in a 3D shape assessment ap-

proach. Both types of descriptors can be correlated by stereological
relationships that will be presented and briefly discussed next. Fi-
nally, shape analysis concepts of 2D and 3D nature will be pre-
sented in which several of the aforementioned descriptors are
combined. Applications to section images of embedded particles
are more common in the literature than to projection images. So,
this paper will present as illustrative material an example of shape
assessment on the basis of projection images of loose particles of
river aggregate and crushed rock, respectively.

2. Descriptors of particles in 2D and 3D

Embedded particles show up in random 2D sections as dis-
persed areas of various sizes separated from the surrounding ma-
trix by their perimeters. The same holds for loose particles in the
2D projection images, matrix being void, of course (Fig. 1). The ob-
served perimeters are resorting under the more general category of
lineal features or traces in the two-dimensional plane. Also cracks
lead to lineal traces in the section plane. So, traces may form
closed, isolated areas, as in the present case of aggregate particles,
but in general can also form network elements. Researchers may
be interested in geometric characteristics of these lineal features,
such as total trace length, or trace length of network elements,
and planar orientation distribution. Also, planar spacing could be
a feature of interest. Descriptors will deal specifically with the
closed perimeter loop of a particle, whereby enclosed area (A), loop
length (L,), linear extension in a certain direction (H), length of a
straight randomly on the loop superimposed line (L), local curva-
ture (k;), or degree of orientation (w-,) can be measured. Descrip-
tors are averaged over the various particles in section or
projection images. However, without bestowing extra efforts on data
extraction, also three-dimensional structure information can be
obtained. Instead, extra attention should be paid to the sampling
strategy that should provide the representative images subjected
to data extraction [14-17]. We will come back to this crucial issue
in the framework of presenting the stereological methods.

2.1. Descriptors that can be obtained from 2D section images of
embedded particles

e A (mm?) - average area of particle sections (Fig. 2a);
e L, (mm) - average perimeter length of particle sections (Fig. 2a);
e H, (mm) - average tangent height of particle sections (Fig. 2b);
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Fig. 1. Assessment of length of lineal features (perimeters of particles) in plane (left) and of specific surface area (of aggregate grains) in space (right), both by line scanning

and intersection (or intercept) counting.
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Fig. 2. Descriptors obtained from section image.
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Fig. 3. Descriptors obtained from projection image: particle in cube is projected
onto bottom surface. Perimeter length can be obtained through Eq. (2). Random
lines form intercepts, L, and yield intersection point densities, P.. The projected
area of the particle can be determined through Eq. (1) by point sampling.

. éz (mm) - average intercept length of particle sections (Fig. 2b);
e k. - mean curvature of particle perimeters;
e (1, - average degree of orientation of particle perimeters.

2.2. Descriptors that can be obtained from 2D projection images of
loose particles

e A’ (mm?) - average area of particle projections (Fig. 3a);
. Zj’, (mm) - average perimeter length of particle projections (Fig. 3a);
e H, (mm) - average tangent height of particle projections

(Fig. 3b);
. @'2 (mm) - average intercept length of particle projections (Fig. 3b);
e ki - mean curvature of particle perimeters;
e (), - average degree of orientation of particle perimeters.

Note that projected features are indicated by a prime (’).

2.3. Descriptors of spatial nature that can be obtained from section
and/or projection images

(mm?) - average volume of particle(s);

(mm?) - average surface area of particle(s);
H; (mm) - average tangent height of particle(s);
e L3 (mm) - average intercept length of particle(s);
e ks — average mean curvature of particle surface(s);
e (03 — average degree of orientation of particle(s).

© <

3. Stereological relationships between descriptors pertaining to
2D and 3D, respectively

3.1. Volume fraction of particles V,

Behavior and performance are always governed by ‘how much’
of the component at issue (particles) is incorporated in the cemen-

titious material. The experimental methodology to find out is
based on superposition of line or point grids on field images of
(part of) sections. The fraction of such lines, L;, or points, Pp, cover-
ing the component of interest (here, particle sections) is an unbi-
ased estimator of volume fraction [18]. So, for an embedded
aggregate we have

An=DPp=1L =Vy (1)

in which the bar on top of the symbols denote proper averaging pro-
cedures. This is accomplished on a representative set of images pro-
vided by the selected sampling strategy. For loose particles, more
direct methods are available for volume fraction determination.

3.2. Specific surface area of particles Sy

Superposition of a line grid on a field image additionally allows
determination of the number of intersections with the traces
(perimeter) due to particles. Trace length per unit of the sampled
area, L, is directly related to the average number of intersections
per unit of grid line length, Py, by

2
PL=2La 2)

This formula goes back to Cauchy [18] and was used for the
present purpose by Steinhaus [19]. Its three-dimensional equiva-
lence relates Py, or the average number of intercepts per unit of test
line length, Ny, to Sy
PL=2N, = %SV 3)

The planar and spatial averaging procedures on which the unbi-
ased estimates rely (see Appendix A) lead to the constant factors in
Eqgs. (2) and (3). Efficiency of the approach is high [20,21].

When loose particles are projected in parallel light (Fig. 4), the
mean projected area of particles, A, can be assessed. The surface
of a single (convex) aggregate particle, S, is related to A’ by the Cau-
chy expression

4 =S (4)

3.3. Rose-of-intersections P(0), or total projections L' (0)

The sweeping test line approach to field images leads to a so-
called rose-of-intersections, or rose-of-intersection densities, P(0).
Since according to the total projection rule,

S=24°

Fig. 4. Assessment of surface area by areal analysis, i.e., by subjecting the projection
image to methods of Eq. (1). In the case of a closed convex surface of a particle, total
projection of its surface will be twice the measured area A’ So, the expression
4A’ = S is commonly used. For non-convex particles, one has to additionally account
for total projections when using this formula.
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P(0) = 14(0+3) (5)
roses-of-intersection densities Py(0) and of total projected length
per unit of area L, are similar, however rotated 90° with respect
to each other [23]. The rose would approximate a circle when con-
fronted with ‘randomly’ dispersed surfaces in space (here: aggre-
gate of spherical particles). The rose will get elongated for
surfaces with preferred orientation. Of course, smooth shaped roses
are only obtained for representative samples. For individual fields,
the roses have an irregular shape.

The average radius of the rose-of-intersection density is, in
agreement with Eq. (2), proportional to the total perimeter length
of particle sections. Maximum and minimum values are used to
define the average degree of orientation of the traces in the plane,
@,. The spatial value of the degree of orientation, @s3, can be based
on the same two measurements, however. For specific information
the reader is referred to the relevant literature [18,21]. The degrees
of orientation depend obviously on the non-spherical shape char-
acteristics of the aggregate particles.

The same approach can also be used to define the shape of a
single object or of a series of objects (e.g., loose particles).
The two-dimensional shadow image is therefore subjected to a
directed secants analysis. The ratio of maximum and minimum
rose dimensions is as in the section case related to particle shape.

3.4. Tangent height H, in 2D

The tangent height of a particle in a direction 0 is the projected
length of the particle’s perimeter in a perpendicular direction. The
following relationship exists

Hy(0)Na = N (0 + t/2) (6)

in which N, is the number of particle sections per unit of area, and
Ny is the number of such sections hit by a system of parallel lines. H,
is the shadow height perpendicular to this line system. This opera-
tion can be repeated for various values of 0 to yield a rose of tangent
heights, which is related to the shape of the aggregate. Averaging
over 0 gives
_ N,
H, = A (7)
This expression correlates the number of particle sections hit by
random secants per unit of test line length, the number of particle
sections per unit of area, and the average size of particle sections.
For embedded or loose particles, this approach is used to define
shape. To that end, the ratio of maximum and minimum values
of Hy(0) is employed. We will come back to this later.

3.5. Tangent height Hs in 3D

This parameter is used in an analogous way as its two-dimen-
sional equivalent. For single particles (or a group of non-embedded
particles with similar shape, but eventually with different sizes), a
random set of shadow pictures is produced and maximum and
minimum values of tangent height assessed. The ratio can be used
as shape parameter as we will see later. Average tangent height is
related to size of particles by a relationship analogous to Eq. (7)

- Na
Ha =y (8)

in which Hs; = d, the average particle diameter, when also N, is
averaged over a set of randomly oriented sections. Problem is that
Ny cannot easily be determined unless confronted with a translu-
cent matrix.

3.6. Mean intercept lengths L, in 2D and L3 in 3D

These parameters are primarily used to define size of non-
spherical particles. The indices L, and L; refer to application in
two-dimensions (plane) and in three-dimensions (space), respec-
tively. The mean intercept length is the total length of random
intercepts divided by the number of intercepts. We have
R ©)
in which L is the total intercept length per unit of test line length,
and Pp the point ratio of particles hitting the section area to the total
number applied, and N is the number of intercepts per unit of test
line length. This concept is directly related to ASTM grain size num-
ber [25].

3.7. Equivalent area circle

_ The average section area of dispersed particles is denoted by
A(= Aa/Na). The equivalent circle has the same area. So,

1 e
4
This defines two equivalent length measures, diameter deq and

perimeter length of the equivalent circle Lpeq, respectively. They
are both applied in shape analysis, as we will see later.

A= md, (10)

3.8. Average mean curvature

The local mean curvature, ks, is the local average of principal
curvatures (in orthogonal planes) at the surface, ie. ks=
3 (k1 + k). The integral mean curvature is the value of ks integrated
over the total surface area of a particle, S, or of a group of embed-
ded particles, S. It is found that the average mean curvature for
surfaces in space (3D approach) is given by [22]

_ TtiNA
2N,
The same operation can be accomplished in the 2D case for traces
(perimeter of particles) in a plane with the solution (with zero value
for either k; or ky) [22]
= 2Na
ky =—

L N,

ks (11)

(12)

3.9. Sampling strategy

Averaging operations in 2D (section or projection images)
should be accomplished by randomly changing orientation. When
the 3D assessment of characteristics of structure is targeted (based
on similar 2D section or projection images), the randomization
operation should be extended in 3D space. This is very unpractical
for embedded aggregate, but can easily be accomplished for loose
particles, of course. Note that images of which orientation is de-
fined by {«, B} require randomization of g and sino [18]! See also
Appendix A.

Fortunately, in many cases it is possible defining an axis of sym-
metry as to the dispersed surfaces of the aggregate grains. Under
such conditions, the image analysis operations can be restricted
to only vertical sections, i.e. sections parallel to the axis of symme-
try. This is significantly simplifying the procedure, of course. Still,
superposition of lineal grids should be avoided. Instead, a grid sys-
tem of staggered cycloids should be used for intersection counting.
This accounts for the sine-weighed orientation distribution in-
volved in the spatial averaging operation, as stipulated earlier
[18]. Alternatively, further assumptions can be made as to the
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spatial dispersion of surfaces, as conventionally applied by
Stroeven [23], following a suggestion by Saltikov [24]. This further
simplifies the quantitative image analysis procedure to two orthog-
onal measurements with directed secants in the vertical section.

4. Shape analysis

As argued earlier, shape is one of the most difficult features to
define. And, without definition, quantification is impossible. Differ-
ent procedures are therefore followed for arriving at more particu-
lar solutions. The ASTM grain size chart is an example of linking up
three-dimensional grain shape discretely with for the field of appli-
cation relevant series of typical section shapes [25]. For a single
non-embedded particle, shape can be defined, but averaging for an
aggregate would require doing so for volumes and surfaces of par-
ticles. Since these operations are scale dependent, this will gener-
ally not lead to manageable solutions. Most of the research on this
topic has been focusing on characterizing by stereological means
two-dimensional sections through embedded particles, a situation
that can be considered pertinent for cementitious materials. A spe-
cial case is serial sectioning with the objective of three-dimen-
sional reconstruction; an extremely labor-intensive approach for
opaque materials like concrete. Anatomists and biologists have
extensively developed this technique for translucent samples. Less
frequently accomplished is shape characterization of non-embed-
ded particles by projected images. An alternative option is the gen-
eration of mathematically defined two-dimensional sections or
three-dimensional surfaces as a reference for estimating shape of
actual geometric elements of structure.

4.1. Shape analysis on 2D section images

The following are some simple shape parameters, whose useful-
ness depends on the problem at issue. They can be used for single
particles or an aggregate of similarly shaped particles, whereby the
particle size distribution function will be accounted for as dis-
cussed later.

e [/W - length to width ratio (L and W in oblique directions);

e Lp/L, — average perimeter length divided by the average inter-
cept length;

e [2/A - average perimeter length squared divided by the average
cross sectional area;

o Ak? - average cross sectional area times the average line curva-
ture squared;

o Lp/Lpeq - ratio of average perimeter length and perimeter length
of the equivalent circle;

o L/, - ratio of average intercept length and average intercept
length of the equivalent circle;

e Note that iZeq = L]_/N]_ = 4V\//SV

4.2. Shape analysis on 2D projection images

Shape estimates can also be based on projected images or silhou-
ettes of non-embedded particles. They can be used for single particles
or an aggregate of similarly shaped particles, whereby the particle
size distribution function will be accounted for as discussed later.

e L'/W' - Elongation ratio (L' and W’ in oblique directions);
o (L,)?/(4m« A') - Circularity;

o A'/(Area of bounding rectangle) - Rectangularity;

e H,_ . /H, . — Aspect ratio;

2 max 2min
o A'/(Hypax * Hymin) — Fullness.

2min

where H, ., and H,,, are maximum and minimum values of tan-

gent height or Feret diameter, respectively (Fig. 5).

'

2min

Fig. 5. Maximum and minimum values of tangent height in the projection plane.

The above-mentioned parameters are self-explanatory. The cir-
cularity and rectangularity describe the extent of approximation of
the particle shadow profile to circle and to rectangle, respectively.
However, these shape descriptors cannot regenerate the original
shape of the projection profiles since these parameters contain
no information as to the boundary variations of the profiles. The
study of Yamamoto et al. [26] revealed that conventional parame-
ters such as circularity are far from efficient descriptors of irregular
geometrical shapes. Based on the assumption that aggregate parti-
cles from the same source should have more or less similar shape
characteristics, a global parameter reflecting the correlation be-
tween mean thickness and measurable dimensions (e.g., breadth)
of the particles has been introduced in a quasi-stereological (hence,
3D) approach to projection images. Kwan et al. [27] proposed a glo-
bal flakiness ratio (/) defined as the weight-averaged ratio of thick-
ness to breadth of the aggregate particles. The total volume (V) and
the mass (M) of the particles can be expressed as

V = (thickness x area) = 7 x » _(breadth x area) (13)

i=1 i=1

M

A= p x S, (breadth x area) (14)

where p is the specific gravity density of the aggregate grains, and n
is the number of aggregate grains in the sample. The parameter A
may serve as a flakiness indicator and its value can be calculated
via Eq. (14) since total mass of the sample (M), breadth and projec-
tion area of each particle can be determined by image analysis. This
allows defining the following quasi-3D parameters based on quan-
titative (projection) image analysis

Flakiness ratio (1) = Thickness/breadth

Sphericity ratio = 3\/ J(breadth/length)?

Shape factor = //breadth/length

4.3. Stereological approach to 3D shape assessment

Shape factors or shape indices can be formed (and have been
used) from combinations of the earlier listed stereological descrip-
tors. The proper combinations should be attuned to the problem at
issue. For aggregate particles, the approximate size distribution
function, fi(d), can be derived from the sieve curve. For examples
of the Fuller and constant volume fraction mixes, see Stroeven
[28]. Moments of the size distribution function are obtained from

_YdYfi(d)
Mald) = S5y (12)
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in which the histogram of particle sizes encompasses m classes. The
three-dimensional stereological descriptors are related to the
appropriate moments of the common particle size distribution
function. This can be formulated in the following way:

V =s3M;

S=sM,

H3 =siM; or L3 =s;M;(d)
ks =s M4

in which s3, 55, 51, 57 and s_; are dimensionless form factors. Under-

wood presented combinations of such form factors as shape indices
[29]. The most relevant for the present case is (see also Appendix B)
s2 4P7 My(d)Ms(d)

22 _ 16
5153 NaPp M%(d) ( )

Eq. (16) only requires counting measurements [18]. Therefore,
this shape factor has been widely applied, including various mod-
ifications. Modern stereological tools [30] allow determination in a
fairly easy way of Ny, but the approach is based on the production
of two parallel sections on close distance. This can be realized by
scanning tunneling microscope, or is readily realized in translucent
materials. In concrete technology this would require significant ex-
tra labor of high quality. Of course, when particle size is already
known, Ny can easily be estimated by means of Eq. (8).

5. Illustrative application to different types of aggregates

Two types of aggregate, fluvial gravel and crushed rock, respec-
tively, were investigated for illustration purposes in this study.
Since examples of image analysis approaches to sections are most
common in the international literature, we have selected the pro-
jection image approach for this illustrative example. For each type
of aggregate, 18 particles were selected and subjected to conven-
tional image analysis, and to stereological estimations in this pa-
per. The selected particles are within a narrow size range around
18 mm (see Fig. 6) so as to eliminate the effect of size variations.
The measurement results are averaged over the 18 particles for
each aggregate group. The projection profiles are measured by auto-
matic image analysis and the shape parameters listed in Section
4.2 are calculated (Table 1).

The circularity is 1 for a circle in a plane (2D), and higher (>1)
for irregular shapes. The circularity of the particle projection pro-
files for the fluvial gravel (1.257) is lower than that of the crushed
rock (1.359), indicating that the boundary of the fluvial gravel par-
ticles is more conforming to ellipse type. The sphericity ratio is 1
for a sphere in space (3D), and lower (<1) for irregular shape. The
sphericity ratio for the fluvial gravel is slightly higher than that
of the crushed rock, confirming that the latter aggregate type is

Table 1
Shape parameters obtained by quantitative analysis of projection image

Aggregate type Fluvial gravel  Crushed rock

Area (cm?) 2.427 2.823
Perimeter (cm) 6.120 6.914
Max axis length (cm) 2.067 2.293
Breadth (cm) 1.563 1.812
Arithmetic mean of elongation ratio 1.330 1.281
(LENGTH/BReadth)
Weighted mean of elongation ratio 1.315 1.276
Aspect ratio (Fimax/Fmin) 1.367 1.355
Circularity [Perimeter?/(4m x Area)] 1.257 1.359
Rectangularity (area/area of bounding rectangle)  0.730 0.682
Fullness [area/(Fmin % Fmax)] 0.733 0.712
Flakiness ratio 2 (thickness/breadth) 0.393 0.325
Sphericity ratio 0.607 0.591
Shape factor 0.342 0.290

more angular than the other. The quasi-3D shape parameters at
the bottom of Table 1 (in particular, flakiness ratio and shape fac-
tor) reveal relatively high sensitivity, since differences in outcomes
between the two aggregate types are of the order of 20%.

The stereological methods described in Section 4.3 were also
applied to the particles. In fact, the average tangent height H,
equals the Feret diameter averaged over all orientations. To sim-
plify the procedures, Hs is averaged over thickness, length and
breadth. Since size distribution of aggregate particles is not taken
into consideration in this paper, only near mono-sized particles
are analysed. This means that moments of the particle size distri-
bution defined in Eq. (15) are simplified to

Ms(d) = (H3)’, Ma(d) = (Hs)*, Mi(d)=H; (17)

This allows easy calculation of the shape indices s}, s, and s3 (Table
2). However, it should be noted that the stereological descriptors
introduced in Section 4.3 are readily applicable to more complicated
cases of multi-size particle samples (e.g., coarse aggregate conforming
to Fuller-type size distribution, or cement particles conforming to
Rosin-Rammler size distribution).

The investigated two groups of aggregate particles are in the
same size range, so the size parameters, such as the average tan-
gent heights in 3D H3, and the specific surface area, are expected
to be similar (see Table 2). The shape factors s3 and s, are 0.524
and 3.14, respectively for spheres. The closer the measurement to
these values, the more the investigated particles approximate
spheres. Table 2 reveals that the fluvial gravel comes closer to
the spherical shape. This confirms that the coarse aggregates of flu-
vial origin can be reasonably replaced by spherical particles in
computer simulation of particle packing in concrete [31,32];
however, a simulation based on ellipsoids will surely provide

Fig. 6. Representative particles from fluvial gravel (left) and from crushed rock (right); the particles are numbered as indicated in the table.
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Table 2
Shape parameters obtained by stereological methods

Aggregate type Fluvial gravel Crushed rock

Mean volume per particle V (cm?) 1.590 1.673
Area of projection profile A (cm?) 2.427 2.823
Perimeter of projection profile Lp (cm) 6.120 6.914
Specific surface area S/V (cm™1) 3.211 3.118
Mean surface per particle S (cm?) 5.105 5.216
I = 4V/S (cm) 1.246 1.283
H; (cm) 1.411 1.571
H, (cm) 1.814 2.039
Surface curvature %s (cm™') 0.866 0.770
S3 0.566 0.431
Sz 2.564 2.113
51 0.883 0.816

better results. The ratio between the crushed rock and the fluvial
gravel for sj, s and s3 is 0.92 (=0.816/0.883), 0.82 (=2.113/2.564)
and 0.76 (=0.431/0.566), respectively. The difference between the
two aggregate types is increasing with the involved dimensions.
This implies that a higher order shape parameter (in this case s3)
is more suitable for the purpose of distinguishing aggregate types
in terms of shape, since it contains more shape information (in
three dimensions) of the investigated particles. The Underwood
shape parameter in Eq. (16) only distinguished the aggregates by
values about 4% different.

Note that a second publication will complete the presented
methodology by discussing more pragmatic methods used for
shape assessment. Further, it will introduce innovative and effi-
cient but less intuitive methods for shape assessment based on
Fourier transformation. The illustrative example dealing with
shape assessment of two different types of non-embedded aggre-
gate particles presented herein will be extended to such ap-

dScosa

dS=1Isinadadp

Fig. 7. Principles of geometric global averaging applied to surface area in 3D space,
requiring randomization of angle  and of sino.

proaches. This will allow making more general comparative
statements as to reliability, sensitivity and efficiency of shape
assessment approaches.

6. Conclusions

The traditional quantitative image analysis approach to shape
assessment is 2D, and can handle non-embedded particles, or par-
ticles embedded in a cementitious matrix. The illustrative example
reveals systematic differences between the two aggregate types.
The quasi-3D shape parameters at the bottom of Table 1 (in partic-
ular, flakiness ratio and shape factor) reveal relatively high sensi-
tivity, since differences in outcomes between the two aggregate
types are of the order of 20%.

Stereology offers powerful relationships based on geometrical
probability theory that offer possibilities for estimating in an effi-
cient and sensitive way 3D shape of particles. Of course, the re-
searcher should strive for the assessment of 3D shape parameters
because of their more realistic nature. The methods are versatile;
the solution strategy can be attuned to the application. Ref. [33],
for example, presents an interesting application of stereological
estimation based on quantitative image analysis in concrete
technology.

To efficiently provide unbiased representative information on
3D particle shape, the sampling strategy should be carefully de-
signed. In the given example, the ratio between the outcomes for
crushed rock and for the fluvial gravel for the shape indices s;, s,
and s3 is 0.92, 0.82 and 0.76, respectively. Hence, the difference be-
tween the two aggregate types is increasing with the involved
dimensions. This implies that a higher order shape parameter (in
this case s3) is more sensitive in distinguishing aggregate types
in terms of shape, since it contains more shape information (in
three dimensions) of the investigated particles. This single param-
eter is also superior to the Underwood shape parameter given by
Eq. (16).

Appendix A. Global averaging of geometric features

Since the probability of intersection of a grid line and an infin-
itesimal small trace element in a plane (2D approach), or an infi-
nitely small surface element (3D approach) is proportional to
their extensions perpendicular to the grid line (Fig. 7), we have

B /2 d
P = LAW :%LA and
[T
T2 T/2 :
B —S, Jo” Jo'~ cosasinadadp %Sv

[ %2 sin adadp

These are the constants in Egs. (2) and (3), respectively.

Appendix B. Additional 3D shape indices
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These indices contain the stereological parameter Ny that is difficult
(though not impossible) to determine for aggregate embedded in a
cementitious matrix, so could only suitably be used for loose
particles.
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