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The watershed analysis has been widely used to segment contacting particles in volumetric images obtained
from X-ray Computed Tomography (X-ray CT). However, the watershed analysis cannot discriminate between
contacts of two particles and “necks” of peanut-shaped particles. Then, peanut-shaped particles are mistakenly
oversegmented as two particles. To addresses this issue, this study developed an improved watershed analysis,
which defines a dimensionless parameter α to discriminate contacts and necks. An image morphological recon-
struction technique was developed to modify the distancemap based on the parameterα. The watershed trans-
formwas performed on amodified distancemap to overcome oversegmentation. The accuracy and effectiveness
of the proposed technique were validated by six sand specimens. The influence of oversegmentation on particle
size and shape characterizations were also demonstrated. The results showed that the improved 3D watershed
analysis can effectively segment 3D particle contacts while preserving the continuity of necks for different gran-
ular soils.

© 2019 Elsevier B.V. All rights reserved.
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1. Introduction

The image-based characterizations of soil particle shape and
soil fabric are shifting from two-dimensional (2D) analysis to three-
dimensional (3D) analysis. This trend has been witnessed by remark-
able increases in studies that used 3D imaging techniques in the last
five years. Many 3D imaging techniques have been adopted by geotech-
nical engineers for analyzing 3D particle sizes and shapes of granular
soils, such as X-ray Computed Tomography (X-ray CT) [1–6], laser scan-
ning technique [7–9], optical interferometer [10,11], stereophotography
[12–14], and structured light technique [15]. Among these techniques,
theX-rayCT technique gained themost extensive usage by geotechnical
and material engineers because it can penetrate solids to capture inter-
nal structures of granular soils.

Druckrey et al. [1] and Kong and Fonseca [6] used X-ray CT to in-
vestigate 3D inter-particle contacts and the morphology of sands.
Lim et al. [2], Jerves et al. [16], Zhou et al. [4], and Zhou and Wang
[5] used X-ray CT to scan a limited number of soil particles and
used the morphology characteristics of the scanned particles to gen-
erate realistic 3D particle analogs for discrete element modeling.
Kawamoto et al. [17], Vlahinić et al. [18], and Fonseca et al. [19]
ing@iastate.edu (J. Zheng),
performed X-ray CT scan on soil specimens during triaxial tests to in-
vestigate fabric evolutions of the specimens. Alam et al. [20], Imseeh
et al. [21], and Mahbub and Haque [22] investigated the evolution of
fabric anisotropy of sands during oedometer tests, and Soriano et al.
[23] used X-ray CT to analyze the fabric of fiber-reinforced sands.
Particle breakage characteristics of sands during uniaxial compres-
sion tests were also evaluated using X-ray CT by Cil and Alshibli
[24] and Cil et al. [25]. Wiebicke et al. [26,27] investigated the effects
of X-ray CT image resolution on particle contacts and their long axis
characterizations.

The X-ray CT generates a volumetric image of a soil specimen, in
which air voids have low grayscale values, and solid particles have
high grayscale values. A threshold technique, such as Otsu's algorithm
[28], can be used to convert the grayscale image to a binary image to
separate the air voids and solid particles. In the binary image, the air
has a voxel value of zero, and solid particles have a voxel value of one.
However, soil particles are contacting with each other. Therefore,
segmenting the contacting particles and identifying boundaries of indi-
vidual particles are the prerequisite to further analysis. The aforemen-
tioned X-ray CT studies commonly used a watershed analysis to
segment contact particles.

The basic concept of watershed analysis is to detect the constrained
areas in volumetric images based on the assumption that the
constrained areas are contacts between two particles. Then, the water-
shed analysis segments the constrained areas as shown in Fig. 1. The
watershed analysis can effectively separate a majority of natural sands
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Fig. 1. Oversegmentation of peanut-shaped particles by original watershed analysis: (a) a volumetric image containing two natural soil particles that are contacting with each other,
(b) oversegmentation of peanut-shaped particle by original watershed analysis.
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with regular-shaped (i.e., spherical) particles. However, natural and
crushed sands contain many peanut-shaped particles with constrained
areas, which may be considered as the “necks” of the particles as
shown in Fig. 1(a). Thewatershed analysis cannot discriminate between
contacts and necks, and therefore, mistakenly segments peanut-shaped
particles into two parts or even more parts as shown in Fig. 1(b).
Without proper corrections, the oversegementation will adversely
affect the subsequent analysis on the particle size and shape character-
izations, fabric anisotropy, and inter-particle contacts, leading to
misleading results [29].

Researchers have developed various techniques for eliminating
oversegmentation of watershed analysis in 3D volumetric images.
Faessel and Jeulin [30] proposed a stochastic watershed technique to
eliminate the oversegmentation. A probabilistic density function was
used to determine key parameters in the segmentation. Faessel and
Jeulin [30] showed that this technique could ensure correct segmenta-
tions for regular-shaped particles, but they did not validate this tech-
nique on the soils with peanut-shaped particles. Alam and Haque [31]
developed a cluster analysis marker controlled watershed method that
used a cluster evaluation framework to segment contact particles. This
technique can segment most regular- and peanut-shaped particles but
was unsuccessful for some very elongated particles. To solve the prob-
lem, they also introduced a semi-automatic method to manually select
and segment these unseparated particles. Alam and Haque's [31]
method demonstrated a significant improvement of the original water-
shed analysis toward overcoming oversegmentation, butmanual efforts
were still required. In volumetric images containing a large number of
particles, it was challenging to inspect and identify very elongated
particles.

Notable progress has been made by Kong and Fonseca [6] very re-
cently. They developed an adaptive watershed analysis to overcome
oversegmentation of peanut-shaped particles in shelly carbonate
sands. The basic principle was to perform a series of iterations that en-
abled the segmentation to become progressively more refined. This
technique showed remarkably accurate segmentation results for shelly
carbonate sands containing many peanut-shaped particles. However,
this method was complicated, computationally demanding, and re-
quires operators to have a high level of image processing background
to implement.

The motivation of this study is to develop a simple, fast, and ac-
curate method to solve the oversegmentation issue of the watershed
analysis. The key is to develop a dimensionless factor α to discrimi-
nate peanut-shaped particles and real contacting particles. Small α
values are observed for peanut-shaped particles, while large α values
are observed for contacts. Therefore, a threshold α value is searched
by evaluating a large number of peanut-shaped particles and
contacting particles. Then, a morphological reconstruction technique
is introduced to improve the watershed analysis based on the thresh-
old α value. The effectiveness and accuracy of the newly improved
watershed analysis are validated by six sand specimens with various
particle shapes.
2. Introduction to the watershed analysis and oversegmentation

The watershed analysis was proposed by Beucher and Lantuejoul
[33]. The watershed analysis contains two steps: distance map trans-
form and watershed transform. For an explanation of the idea, three bi-
nary spheres are used as an example in Fig. 2(a). The spheres A and B
together represent a peanut-shaped soil particle. The sphere C repre-
sents a spherical particle. The peanut-shaped and spherical particles
are contacting with each other. Fig. 2(a) has a size of 150 × 150 × 300
voxels. The points inside the particles have a voxel value of one, and
the points outside the particles have a voxel value of zero.

In the first step, a 3D Euclidean distance map is computed. For each
voxel inside the particles, such as the point located at (x, y, z) in Fig. 2
(a), the shortest distance to the background (the zero voxels) is com-
puted as D(x, y, z), which is a decimal floating-point number. After cal-
culating the shortest distances for all the points inside the particles, a 3D
Euclidean distance map can be obtained, as shown in Fig. 2(b).

In the second step, the watershed transform is performed on the
Euclidean distance map. The Euclidean distance map can be considered
as a topographic map consisting of ridges and basins as shown in Fig. 3
(a). The points with themaximumdistance value create localminima of
the basins, while the shallower points between two local minima create
the ridges. The ridges corresponding to contacts are defined as contact
ridges, and the ridges corresponding to necks are defined as neck ridges
as shown in Fig. 3(a). The watershed transform can be thought of as
gradually injecting water into the basins through the local minima
points. The water table rises uniformly as shown in Fig. 3(a), and the
water from two basins eventually meet at the ridges as shown in
Fig. 3(b). Each constrained region generates a ridge resulting in a seg-
mentation. The watershed transform separates particles at all of the
ridges in the image as shown in Fig. 3(c).

The constrained regions could be contacts between two particles or
necks of peanut-shaped particles. Both types of constrained regions can
generate ridges, so the watershed analysis cannot discriminate these
two types of ridges, leading to oversegmentation at necks as shown in
Fig. 3(b) and (c). To effectively avoid oversegmentation, neck ridges
(false contacts)must be distinguished from contact ridges (real contacts
between particles).

3. Discrimination between necks and contacts

By looking at the contacting particles in Fig. 3(c), an observer can
easily discriminate between necks and contacts. In human's cognitive
process, we essentially compare the sizes (or areas) of constrained re-
gions: the contacts usually have relatively smaller constrained regions
than the necks. Based on the inspiration of the human cognitive process,
this study developed an automated algorithm to discriminate between
necks and contacts of particles.

Two spheres with radii of R1 and R2 are used to illustrate the concept
in Fig. 4(a). Those two spheres could be either two contacting particles
or a single peanut-shaped particle. The constrained region is a circle



Fig. 2. Illustration of the distance transform: (a) two contacting particles (spheres A and B composite a peanut-shaped particles, and sphere C is a spherical particle), (b) the 3D Euclidean
distance map by the distance transform.

Fig. 3. Illustration of thewatershed transform: (a) converting the 3D Euclidean distance to
a topographic map; (b) illustration of watershed transform by injecting water into the ba-
sins through the local minima points; (c) oversegementation caused by watershed
analysis.
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with a radius of r. A dimensionless factorα is defined to quantify the size
of the constrained region:

α ¼ h
R2

¼ 1−
r
R2

ð1Þ

h ¼ R2–r ð2Þ

The h is the difference between the radius of the constrained circle r
and the radius of the smaller sphere R2, which is essentially the height of
ridge relative to the shallower minima. The α varies from 0 to 1 as
shown in Fig. 5(a) to (f). The radius of constrained regions decreases
as increasing α values. Therefore, for small α values, two spheres look
more like a peanut-shaped particle. For large α values, two spheres
look more like two contacting particles.

Natural soil particlesmay not be spherical shapes, so the constrained
regionsmay not be a circle. Therefore, the particle sizes (R1 and R2) and
constrained region size (r) should be redefined for soil particles with ir-
regular shapes. Thereweremanyways to define these values. For exam-
ple, the R1 and R2 could be generalized as the radii of the maximum
inscribed spheres or the minimum circumscribing spheres of two
contacting particles or two parts of a peanut-shaped particle. The R1
and R2 could also be generalized as the radii of spheres having the
same volumes or surface areas as two contacting particles or two parts
of a peanut-shaped particle. The r could be generalized as the radius of
the circle having the same area as the constrained region, or the radius
of the circle having the same perimeter as the constrained region, or the
radius of themaximum inscribed circle of the constrained region, or the
radius of the minimum circumscribing circle of the constrained region.

In this study, the R1 and R2 values were defined as the radii of the
maximum inscribed spheres of two contacting particles or two parts
of a peanut-shaped particle because of the easiness of determining
these values. The R1 and R2 values can be determined from the
Euclidean distance map. The maximum values of the distance map (or
the local minima of the basins in the topographic map) of irregular
soil particles identify the R1 and R2 values. The r was defined as the ra-
dius of a circle with the same area as the constrained region because
we found that this definition yielded best results for discriminating
necks and contacts.

To investigate α values of peanut-shaped particles and two
contacting particles, we manually selected 5000 peanut-shaped and
elongated particles in the range of 2.0 to 35.0 mm from ten different sil-
ica sands including five crushed sands and five natural sands. An
EinScan-SP 3D laser scanner was used to scan the selected particles.
The maximum scanning volume of EinScan-SP scanner is 200 × 200
× 200mm, and the scanning accuracy is 0.05mm. Having the 3D geom-
etries, the α values of those 5000 particles were computed.



Fig. 4. Definition of the dimensionless parameter α: (a) the definition of α based on idealized spheres, (b) the definition of α based on realistic particles.
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The spherical particles without necks have α= 0 as shown in Fig. 5
(Particles #1, #7, and #13). The necks of most peanut-shaped particles
were smaller than 0.16. Six peanut-shaped particles having α = 0.07
and 0.16 are shown in Fig. 5 (Particles #2, #3, #8, #9, #14, and #15).
We also scanned various contacting particles and computed their α
values. The results showed that α values of most contacts were larger
than 0.20. Nine pairs of contacting particles having α = 0.20, 0.50, and
1.0 are shown in Fig. 5 (Particles #4 to #6, #10 to #12, and #16 to #18).

We observed that some peanut-shaped particles had α values as
large as 0.20 while some contacting particles had α values as small as
0.16, such as particles No. 19 and No. 20 in Fig. 5. However, these
cases are very rare in silica sands. Therefore, in this study, the α0 =
0.16 is selected as the threshold value to discriminate between necks
and contacts. It should be noted that α0 = 0.16 is applicable to discrim-
inate necks and contacts for commonly used silica sands. We did not
evaluate α values of other special sands, such as shelly carbonate
Fig. 5. The α values of some evalua
sands containing a large amount of marine organisms (e.g., shells and
skeletal particles). The readers should calibrate a new α0 for these spe-
cial sands. Having discriminating necks and contacts, the next question
is how to eliminate segmentations at necks and preserve segmentations
at contacts.
4. Improving watershed analysis to overcome oversegmentation

As established above, neck ridges in the distance map can cause
oversegmentation during thewatershed transform. Therefore, if the dis-
tance map could be modified to eliminate those neck ridges,
oversegmentation would be eliminated. One possible method is to ele-
vate the local minima until the heights of neck ridges become zeros.
Then, only contact ridges show up in the distance map. The watershed
transform will only segment contacts.
ted soil particles in this study.



299Q. Sun et al. / Powder Technology 356 (2019) 295–303
The particles in Fig. 6(a) is used to illustrate the idea. The slice of the
distance map that cuts through centers of three spheres is shown in
Fig. 6(b). Three local minima and two ridges are observed. The ridge 1
is the neck ridge with α = 0.10, which is below the threshold 0.16.
The ridge 2 is a contact ridge with α = 0.63, which is larger than the
threshold 0.16. Due to the existence of the two ridges, thewatershed al-
gorithm will segment these particles into three particles. The peanut-
shaped particle will be oversegmented.

The oversegmentation can be eliminated by elevating the local min-
ima in the distance map following the equation:

ΔR ¼ α0R if R was not used to compute the α of any ridge
min α0R;αRð Þ if R was used to compute the α of any ridge

�
ð3Þ

where ΔR is the increment by which the bottoms of local minima is el-
evated; R is the depth of the local minima, which is equal to radii of
spheres; the α is computed using Eq. (1); and the α0 = 0.16 is the pre-
viously determined threshold value between necks and contacts.

The local minima in Fig. 6(b) are uplifted using Eq. (2). The compu-
tational process is following. The localminimum R1 is not used for calcu-
lating the α of any ridge. Therefore, the elevation of R1 is ΔR1 = 0.16R1.
The local minimum R2 is used to compute α1 in Fig. 6(b) Therefore, the
R2 is uplifted by ΔR2 = min(0.16R2, 0.10 R2) = 0.10 R2. The local mini-
mum R3 is used to compute α2 in Fig. 6(b). Therefore, the R3 is uplifted
byΔR3=min(0.16R3, 0.63R3)=0.16 R3. Then the distancemap ismod-
ified in Fig. 6(c).

In the modified distance map, neck ridge (ridge 1) disappears, and
the contact ridge (ridge 2) is unaffected. Therefore, the peanut-shaped
particle (particle 1) has only one local minimum. If the watershed
Fig. 7. Illustration of the 3D image morphological reconstruction algorithm for modifying
the distance map: (a) the distance map replotted from Fig. 6(b), (b) the vertically flipped
distance map, (c) mask and marker images determined by Eq. (3), (d), (e), and
(f) morphological reconstruction process, (g) the reconstructed distance map, (h) the
vertically flipped reconstructed distance map.

Fig. 6. The basic concept of the improved watershed analysis: (a) contacting particles
oversegmentated by watershed analysis, (b) one slice of the 3D Euclidean distance map,
and (c) the modified distance map based on eq. (3).
transform is performed on themodified distancemap, it will only iden-
tify the contact ridge (ridge 2) and will not oversegment the peanut-
shaped particle.
Fig. 8. The improved watershed analysis to eliminate the oversegemetation.



Fig. 10. Validation of the improved water

Fig. 9. The improvedwatershed analysis to eliminate the oversegemetation in natural soil
particles.
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5. 3D image morphological reconstruction

The morphological reconstruction can be used to modify the dis-
tance map based on the Eq. (3). The two particles in Fig. 6(a) and their
distance map in Fig. 6(b) will be used herein to illustrate the concept
of 3D image morphological reconstruction. The distance map in Fig. 6
(b) is replicated in Fig. 7(a) and then flipped vertically to generate a
“mask” image in Fig. 7(b). The mask image multiplies (1 − α0) (α0 =
0.16 as previously established) to generate a “marker” image in Fig. 7
(c). Every point on the marker image dilates horizontally until it en-
counters the mask as shown in Fig. 7(d). Such dilation process will not
change the amplitudes of the peaks. Therefore, a “discontinuity,” DE, is
generated, which is magnified in Fig. 7(e). Due to unimpeded dilation
from right, the DE will continue to dilate horizontally from left to right
shed analysis by six sand specimens.



Fig. 12. Effects of oversegmentation on the particle size distributions.

Fig. 11. Illustration of the principal component analysis (PCA).
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until it encounters the marker as shown in Fig. 7(f). The reconstructed
distance map is shown in Fig. 7(g). The vertically flipped reconstructed
distance map is shown in Fig. 7(h), which is identical to the target dis-
tance map in Fig. 6(c). The watershed transform can now be performed
on the reconstructed distancemap. As expected, only one segmentation
occurs at contact as shown in Fig. 8.

The 3D morphological reconstruction was used to modify the dis-
tance map of the particles showing in Fig. 1. The watershed transform
was performed on the modified distance map. The result is shown in
Fig. 9. Two particles were correctly segmented at their contact. The
oversegmentation has been successfully eliminated.

6. Validation of the improved watershed analysis

Six sand specimens are used in this study to validate the proposed
improved watershed analysis as shown in Fig. 10. They included
crushed limestone (very angular particles), crushed granite (very angu-
lar to angular particles), Griffin sand (subangular to sub-rounded parti-
cles), Douglas lake sand (sub-rounded particles), Ottawa sand (rounded
towell-rounded particles) and glass beads (well-rounded particles). For
each sand, we manually picked 4000 particles in a range of #30 sieve
(0.595 mm) to #18 sieve (1.00 mm). We purposely selected particles
with flat, elongated, and peanut shapes for creating challenging scenar-
ios for segmentations. However, Ottawa sand and glass beads included
mainly spherical particles, so we randomly picked out 4000 particles
from these two sands. These six sand specimens may be representative
for commonly used sands in geotechnical research and practice. If the
improved watershed analysis could correctively segment these chal-
lenging specimens, it will likely be successful for segmenting other nat-
ural sands with less flat, elongated, and peanut-shaped particles.

The selected particles were funneled into a 12 mm diameter plastic
cylinder and were vibrated to generate dense specimens. A high-
resolution X-ray Computed Tomography (X-ray CT) was used to scan
specimenswith a resolution of 10 μm/voxel, which yielded 3D volumet-
ric images. The Otsu's [28] threshold technique was used to convert the
grayscale image to a binary image to separate the air voids and solid
particles. In the binary image, the air had a voxel value of zero, and
solid particles had a voxel value of one. The solid particles before seg-
mentation are shown in Fig. 10.

The 3D distance maps for the volumetric images were computed.
The distancemapwasmodified using themorphological reconstruction
to eliminate the neck ridges. The α0 was set as 0.16. The watershed
transform was performed on the modified distance map. A total of
4000 particles were determined for each sand specimen. The seg-
mented particles are plotted in different colors in Fig. 10. All particles
were successfully separated, and no oversegemetation occurred. The re-
sults can validate the effectiveness and accuracy of the proposed water-
shed analysis.

7. Effects of oversegmentation on particle size and shape
distributions

It is also interesting to see the effects of oversegmentation on the
particle size and shape characterizations. To determine the particle
size, three principal dimensions of a particle, including length (d1),
width (d2), and thickness (d3), must be determined. Druckrey et al. [1]
showed that a PCA (principal component analysis) technique could rap-
idly and accurately determine d1, d2, and d3 values of 3D particles. This
technique was used in this study. A 3D soil particle is used to illustrate
the concept of PCA as shown in Fig. 11. The PCA projects the vertices
of the 3D particle into three orthogonal directions called three principal
components. The first principal component is a direction having the
largest possible variance of the data. It determines the d1 of the 3D par-
ticle. The second principal component is a direction having the second-
largest possible variance of the data but orthogonal to the first principal
component. It determines the d2 of the 3D particle. The third principal
component is a direction having the third-largest possible variance of
the data but orthogonal to the first and second principal components.
It determines the d3 of the 3D particle.

Based on the three principal dimensions, Zheng and Hryciw [14]
used an ellipsoid particle model to determine sieve equivalent particle
size de:

de ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d22 þ d23

2

s
ð4Þ

The crushed limestone specimen was used as an example to illus-
trate the effects of oversegmentations. Correctly segmented particles
in Fig. 10(a) were used to compute de values. The volume of each parti-
cle was computed as d1 × d2 × d3. Therefore, the volume based de distri-
bution is shown in Fig. 12. The sieving analysis results are also
superimposed on Fig. 12. The optical and sieving-based particle size dis-
tributions agree well with each other.



Fig. 13. Effects of oversegmentation on particle shape distributions.
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We reduced α0 values and performed improved watershed analysis
on the crushed limestone specimen to generate oversegmentations. By
adjusting the α0 values, we ovesegmented 2% (81 particles), 5% (190
particles), 10% (420 particles), and 25% (1005) particles out of 4000 par-
ticles. Then, the particle size distributions of oversegmented specimens
were recomputed, and the results are shown in Fig. 12. As expected, par-
ticle sizes are underestimated as a result of oversegmentation.However,
2% oversegmentation produced small effects on particle size distribu-
tion results.

This study used area sphericity proposed by Riley [32], and diameter
sphericity proposed by Wadell [33] to characterize particle shape:

Area sphericity:

SA ¼ A
Acir

ð5Þ

Diameter sphericity:

SD ¼ De

Dcir
ð6Þ

Where A is the area of the particle; Acir is the area of the smallest
circumscribing circle of the particle;De is the diameter of a circle having
the same area as the original particle; Dcir is the smallest circumscribing
circle of the particle. These parameters can be determined by the com-
putational geometry algorithmdeveloped by Zheng andHryciw [34,35].

The area sphericity and diameter sphericity of crushed limestone
specimen particles in Fig. 10 (a) were determined. Then volume-based
particle shape distributions are plotted in Fig. 13(a) and (b).
Oversegmented specimen by using different α0 values were also ana-
lyzed, and the particle shape distributions were determined as shown
in Fig. 13(a) and (b). As expected, particles were more spherical as a re-
sult of oversegmentation. However, 2% oversegementation produces
small effects on particle shape distribution curves.

As discussed in Fig. 5, some peanut-shaped particles could occasion-
ally have α0 values larger than 0.20, while some contacting particles
could occasionally have α0 values smaller than 0.16. These particles
are very rare in natural soils. For example, we did not find these abnor-
mal particles in the six specimens in Fig. 10. Therefore, even if these ab-
normal particles exist in some sand specimens, they will likely have
minor effects on particle size and shape distributions as long as the
number of these particles are smaller than 2% of the number of analyzed
particles.
8. Conclusion

The original watershed analysis identified all of the constrained
areas in the 3D volumetric images and segmented those constrained
areas, but those constrained areas could be contacts of two particles or
necks of peanut-shaped particles. Therefore, the original watershed
analysis may mistakenly segment peanut-shaped particles into two
parts or even more parts, because it cannot discriminate between
contacting particles and peanut-shaped particles.

In this study, the originalwatershed analysiswas improved by incor-
porating a dimensionless parameter α to discriminate between contacts
and necks. Small α values indicated that the constrained areas were
more likely to be necks of a particle, and large α values indicated that
the constrained areasweremore likely to be contacts between particles.
To determine the threshold α value for discriminating necks and con-
tacts, a total of 5000 peanut-shaped and elongated particles were ana-
lyzed. The results indicated that the α values of particle necks were
smaller than 0.16, while the α values of contacts were larger than
0.20. The oversegmentation issue can be addressed by modifying the
distance map based on the threshold α value. The key concept was to
uplift local minima until the heights of neck ridges became zeros, and
only contact ridges showed up in the distance map. A 3D image mor-
phological reconstruction was introduced to automate the distance
map modification. This technique can generate the target distance
map for performing the improved watershed transform.

To validate the accuracy and effectiveness of the improved water-
shed analysis, this technique was used to segment six sand specimens
including crushed limestone (very angular particles), crushed granite
(very angular to angular particles), Griffin sand (subangular to sub-
rounded particles), Douglas lake sand (sub-rounded particles), Ottawa
sand (rounded to well-rounded particles) and glass beads (well-
rounded particles). The improvedwatershed analysis successfully elim-
inated oversegmentment in these sand specimens.

The effects of oversegmentation on particle size and shape charac-
terizations were analyzed using the crushed limestone specimen. By
adjusting the α0 values used in the improved watershed analysis, we
oversegmented 2%, 5%, 10%, and 25% particles out of 4000 particles.
The results showed that 2% oversegementation produced small effects
on particle size and shape distribution curves.
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