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Structural defects of monolayer wet particles during melting under vertical vibration
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The evolution of structural defects during phase transition is of great significance to the understanding of
the mechanism of solid-liquid transition. However, the current research on topological defects still uses the
pair-correlation function and the orientational order correlation function, so it is difficult to quantify the detailed
changes of structural defects locally. In this paper, the local volume fraction is proposed as a key parameter to
accurately quantify the variation of structural defects. The experimental results indicate that the evolution of
structural defects in the particle system is caused by the decrease of local volume fraction, so the critical value of
phase transition could be determined by the minimum local volume fraction φmin. Furthermore, according to the
evolution law of structural defects, it can be deduced that the phase transition is continuous, which is consistent
with the Kosterlitz-Thouless-Halperin-Nelson-Young theory. Therefore, the quantitative analysis of structural
defects by using local volume fraction can help make the mechanism of solid-liquid phase transformation
clearer.

DOI: 10.1103/PhysRevE.105.014903

I. INTRODUCTION

The structural defects of wet particles and the critical states
of phase transition during melting can provide valuable in-
sights into the mechanism of two-dimensional solid-liquid
transition [1–3]. Due to the presence of liquid-mediated capil-
lary force between wet particles, agitated wet granular matter
often behaves dramatically different from dry granular mat-
ter. Voronoi constructions in particle systems can be used to
represent phase states [4]. Thus, the solid-liquid phase trans-
formation process can be described according to the changes
in the structural defects of particles in space. The Kosterlitz-
Thouless-Halperin-Nelson-Young (KTHNY) theory predicted
a two-stage continuous melting transition in 2D, from a quasi-
long-ranged ordered solid to fluid via an intervening hexatic
phase, which is induced by the formation of structural defects
[5–8]. Many computer simulations and experimental studies
have been conducted to determine phase transitions in two-
dimensional solid particle system using positional correlation
functions and structural factors [9–13]. However, these meth-
ods can only represent the phase transition as a whole, and
it is difficult to quantitatively analyze the detailed changes of
structural defects locally.

Recent studies have shown that the melting of two-
dimensional particle system can be either continuous or
discontinuous, depending on multiple parameters, such as par-
ticle stiffness, density, and particle size dispersion [12,14,15],
etc. However, the fundamental reason is that the changes of
external parameters lead to the changes of topological struc-
ture in the melting process. Therefore, it is a valuable research
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orientation to explore the phase transformation in the melt-
ing process from the perspective of the changes of structural
defects. Olafsen and Urbach [16] were the first to conduct
an experimental study of the transition of a hexagonally or-
dered solid phase to a disordered liquid in the monolayer
of a vibrating sphere. The results of the positional and the
orientational correlation functions showed the evidence of a
dislocation-mediated continuous transition from a solid phase
with long-range order to a liquid with only short-range order.
In the wet particle system, the collective behavior and inter-
action forms of the particle system are much more complex
than those of the dry particle system due to the action of the
liquid bridge force between particles [1]. Bossler and Koos
[17] studied the influence of the capillary force of wet parti-
cles on the structure of particle clusters and proved that the
topological structure of wet particles is affected by the capil-
lary force. Ramming and Huang [18] studied the collective
behavior of monolayer wet particles melting under vertical
vibration, which was characterized by the structural form of
the wet particles based on the bond order parameters, upon
which they obtained data concerning the states of clustering,
recombination, and melting, thus providing a theoretical basis
for studying the structural defects of wet particles after aggre-
gation. Although a large number of studies have been carried
out on the solid-liquid melting phase transition in particle
system [19–21], it is necessary to explore a more effective
quantitative parameter if we want to explore the changes of
structural defects in detail.

In this study, a quantitative research is carried out on the
structural defects of monolayer wet particles in the solid-
liquid melting process under vertical vibration. Section II
describes the experimental system and research methods, and
by using image-processing technology, the position of each
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FIG. 1. Schematic of experimental setup. (a) A charge-coupled
device is used to collect the data of the particles in the disk of the
vertical vibrating table. (b) The camera captures the original images,
in which each point of light is a particle.

particle is accurately located. Section III is an analysis and
discussion of the experimental results. To be specific, firstly,
the collective behavior of wet particle system is studied by
using the bond orientation order parameter. Secondly, the
Voronoi tessellations are established to investigate the changes
of structural defects in the solid-liquid melting process of
wet particle system. Thirdly, the evolution and critical value
of structural defects are studied quantitatively by introducing
local volume fraction. Finally, the credibility of the experi-
mental results is verified by the probability distribution of the
shape factor.

II. EXPERIMENT SYSTEM AND METHODS

A schematic of the experiment device is shown in Fig. 1.
An electric vibration system is used on the vertical vibration
table. The system is driven by sinusoidal signals generated
by a frequency sweep generator (SA-SG030). The vibration
parameters of the exciter (SA-JZ050) are adjusted by a power
amplifier (SA-PA080), and the images are collected using a
high-speed camera. The frequency f and amplitude r of the
sinusoidal vibrations are recorded, and upon this, the dimen-
sionless acceleration � = 4π2 f 2r/g is calculated, where g
represents the gravitational acceleration. Black glass beads
with a diameter of d = 2.0 ± 0.02 mm are used in the ex-
periment and are mixed with a small amount of laboratory
distilled water (LaboStar_TWF_7) and then are added to a
cylindrical container made of fiberglass. The height is H =
2.60 ± 0.05 mm, and the inner diameter is D = 13.00 cm;
H should be only slightly larger than d to ensure that the
particle system remains monolayer. The global area fraction
is calculated using the equation ϕ = Nd2/D2 ≈ 50.6%, with
the particle number N = 2856. The liquid content is defined
as W ≡ Vw/Vg [18], where Vw and Vg represent the volumes
of liquid and glass beads, respectively. In the experiments, the
amount of liquid added is approximately 3%, so that a liquid
bridge could be formed between adjacent particles [22]. To
maintain a constant liquid content during the experiment, a
sealing ring is added around the disk to reduce the evaporation
of water and ensure a constant liquid content.

To ensure repeatability of the experiments and to control
the particles to cluster in the middle of the disk, we first

FIG. 2. Particle recognition and localization. (a) The original im-
age; (b) the position of each particle obtained after image processing.

attached a water film to the middle part of the bottom wall of
the container before loading the particles into the container.
Then, the particles are placed in the container and the system
acceleration is adjusted to � ≈ 20. After running for 3 min,
the particles basically gathered in the middle of the disk.
Finally, � increases gradually from 0, and a camera is used to
collect images of the particle system. In order to reduce the in-
fluence of vibration on the pixel of the particle image collected
by the camera, we first determine the vibration frequency
(vibration times per second) before the image acquisition, and
then adjust the frame rate of the camera to be consistent with
the vibration frequency.

In the process of image acquisition and processing, images
acquire by the camera are denoised, binarized, and subjected
to domain feature extraction to achieve the accurate identi-
fication of the white reflective spots in the picture. Then, a
coordinate system is established with the lower-left corner of
the image as the origin, and the position information of each
particle is obtained, as shown in Fig. 2(b). To eliminate the
positioning error caused by reflection on the water surface, the
mutual position search algorithm is used to identify the dis-
tance between particles [23], and then it could be determined
whether the white reflective spot is a particle.

Local symmetries of particle configurations are character-
ized with the bond orientational order parameters (BOOP)
[24,25]. The formula calculation of BOOP is widely used in
wet particle system at present [18]. The calculation method
is simply as follows: from the particle positions, we can de-
termine the connectivity of two particles with the criterion
|ri j | � rc, where ri j is the distance between the two particle
centers, and the critical bond length rc = 1.15d is estimated
from the rupture distance of a capillary bridge. It is defined as

Qn =
√√√√ 4π

2n + 1

n∑
m=−n

|Qnm|2, (1)

where Q̄nm ≡ 〈Qnm(�r)〉 is an average of the local order pa-
rameter Qnm(�r) ≡ Ynm(θi j, ϕi j ) over all bonds connecting one
particle to its nearest neighbors, with Ynm(θi j, ϕi j ) spherical
harmonics of a bond located at �r [23], where ϕi j is the azimuth
and θi j is the polar angle (θi j = 0 for the 2D case here). Here,
we choose Q6 as the order parameter because of its sensitivity
to the hexagonal order. Compared with other local struc-
ture measurement methods (such as the coordination number
and local area fraction), using BOOP parameter identification
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FIG. 3. The collective behavior of wet particle system under different dimensionless accelerations. Topological structure of particle system
changes at (a) � = 7, (b) � = 14.4, (c) � = 20, and (d) � = 40. (e) Color coding for the local structure (free, line, square, or hexagonal) is
identified by means of bond-orientational order parameters. Blue particles are free particles, yellow particles represent four bonds, and red
particles represent hexagonal. In the particle system, the change in the particle structure is reflected as the phase change.

minimizes the influence of surrounding particles on the edge
of the cluster, which is crucial for analyzing the structure of
small clusters.

III. RESULTS AND DISCUSSION

A. The collective behavior and structural defect evolution

The collective behavior of a wet granular monolayer after
agglomeration under different accelerations is identified by
BOOP. Figure 3(a) shows the initial aggregation state of the
experiment, in which the particle system is in a crystal-like
state. In such a two-dimensional system, collisions are in-
elastic. A liquidlike steady state can be achieved only with
constant external energy input. In principle, it is possible to
drive the system uniformly throughout the container (uniform
heating). In the experiment, however, the granular solids were
driven by shaking the walls of the container. Such bound-
ary heating method develops a gradient in density and in
mean kinetic energy in the solids [26]. The effect of the
topological structure on the positional ordering of the parti-
cles can be seen through the pair-correlation function G(r) =
〈ρ(r′)ρ(r′ + r)〉/〈ρ(r′)〉2, where ρ is the particle density,
ρ(r′) is the average particle number density at a distance from
the reference particle r′. At the dimensionless acceleration
� = 0−14, the positional correlations decay very slowly, con-
sistent with an algebraic decay, as shown in Fig. 4(a). With
the increase of �, the large cluster is locally fractured and
decomposed to form small clusters, as shown in Figs. 3(b)
and 3(c). This phenomenon is somewhat different from the
surface melting previously studied [27]. This is because the
effect of liquid bridge force makes the wet particle system
more inclined to phase transition at the place with low liquid
bridge force, rather than at the surface of the particle system.
When � is higher, the relative separation distance between
the two particles is greater than the rupture distance of the
capillary bridge, and the particles are released from bondage
and transform into a liquidlike form, as shown in Fig. 3(d).
The positional order is clearly short ranged, and the system
behaves as a disordered liquid. In condensed-matter physics,
the collective behavior of the particle system is considered
as a transition process from solid to liquid, during which
structural defects and phase changes occur [28,29]. Next, we
explored the physical mechanism of phase transitions by using

Voronoi tessellation to investigate the local changes of particle
structural defects.

The Voronoi tessellations [16,30] are established according
to the particles in the rectangular region shown in Fig. 3(a),
and the formation and transformation of defects in the partial
particle melting process are studied, as shown in Fig. 5. To
identify various topological defects, we first obtain the coor-
dination number nv of each particle in the system by counting
the number of its Voronoi neighbors. In a perfect hexagonal
lattice nv = 6 for all particles. We follow nv �= 6 particles
to identify the nv-fold defects. The red heptagon indicates
that the particle topology is a sevenfold defect, and the blue
pentagons indicates that the particle topology is a fivefold
defect. The seven- and fivefold particles together constitute a
defect [16], and multiple 5–7 defects combine to form a defect
cluster [10].

To explore the evolution of structural defects, we calcu-
late the number fraction of topological defects of various
forms, as shown in Fig. 5(g). At � = 14.4, the right edge
of the Voronoi cell begins to form five- to sevenfold struc-
tural defects; see Fig. 5(b). At the solid-hexatic transition,
with the increase of �, the number fraction of 5–7 times
defects begins to increase significantly, suggesting that the
solid-hexatic transition is induced by the formation of five- to
sevenfold defects. At 14.4 < � < 36, the peak value of the
pair-correlation functions of particles becomes smaller and
the attenuation becomes faster, which is consistent with the
results simulated by Jungmann et al. [31]. These phases are
similar to the middle hexatic phase in the KTNHY theory.
Although the system loses its angular order, it still maintains
its radial interparticle constraint, which ultimately leads to
melting. At a higher dimensionless acceleration, free discli-
nations are present [Fig. 5(e)], signifying the emergence of
a disordered liquid. It is also interesting to note that five- to
sevenfold defects begin to decrease after the appearance of
free disclinations, and defect clusters increase sharply. More
importantly, we find that the defect clusters (grain boundaries)
fraction exceed the five- to sevenfold defects, indicating that
the melting seems to be induced by a spontaneous prolifera-
tion of defect clusters instead of unbinding of dislocations and
disclinations. It is also worth mentioning that both the fluid
as well as the hexatic phase exhibit clear crystalline patches,
which are surrounded by five- to sevenfold defects and defect
clusters.
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FIG. 4. Pair-correlation function for (a) � = 7, (b) � = 14.4, (c) � = 20, and (d) � = 40.

FIG. 5. The formation and evolution of defects during melting. Red heptagon (sevenfold) and blue pentagon (fivefold) together indicate
a defect (five- to sevenfold). The isolated fivefold/sevenfold represents the free disclinations. (g) The number fraction change curve of five-
to sevenfold defect (circles), defect clusters (triangles), and free disclinations (rhombus) under different accelerations. We define the number
fraction as the number of respective defects divided by the total number of particles.
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FIG. 6. The bar chart in (a) and (b) shows the local volume fraction of topologically defective particles in Figs. 5(b) and 5(c). The abscissa
n represents the nth defect pair in Figs. 5(b) and 5(c). The red column represents the local volume fraction of sevenfold particles, the blue
column represents the local volume fraction of fivefold particles, and the black column represents the local volume fraction of hexagonal before
the occurrence of defects.

In the experiment, the melting is driven by an increase
in the average kinetic energy of the particles as a result of
the increase in vibration acceleration, suggesting a similar
characteristic between particle temperature (δv2) [32] and
thermodynamic temperature. However, in the study of the
nonequilibrium hard-sphere system, it is found that the par-
ticle temperature is not a relevant variable, and the phase
transitions are driven by the density changes of the particle
system [33]. In fact, a similar variable dominates the phase
transitions in the melting process of a wet particle system as
shown in Fig. 5. As the vibration acceleration increases, the
monolayer particles begin to search for all available volumes
within the finite disk space, resulting in changes in density.
Therefore, the next section focuses on finding an appropriate
variable to quantify such local density changes, so as to under-
stand the critical state of solid-hexatic-liquid phase changes.

B. Quantitative analysis of structural defects

According to the geometric shape and area of the cell
body in the Voronoi diagram, the topological changes of the
particles are studied, and an improved Voronoi cell method
is introduced to measure the local density of the particles.
Voronoi cells are polyhedral and are closer to the locally
movable space of particle i than other methods. According to
the Voronoi cell method, the local volume fraction of particle
i can be defined as [34]

φi = Vi

V Voronoi
i

. (2)

Here, Vi represents the volume of the ith particle, and
V Voronoi

i represents the volume of the polyhedron of the par-
ticle in the Voronoi diagram. The measurement of the local
volume fraction of the particle system shows that the mini-
mum local volume fraction of the system is consistent with the
local volume fraction of the sevenfold defect when the defect
occurs. Figures 6(a) and 6(b) show the local volume fraction

of structural defective particles in Figs. 5(b) and 5(c). The red
and blue columns represent the local volume fraction of seven-
and fivefold particles, while the black column represents the
local volume fraction of hexagonal before the occurrence of
defects. Interestingly, the local volume fraction of the particles
with sevenfold defects is significantly smaller than that of
the particles with fivefold defects and the hexagonal parti-
cles before structural defects. This further indicates that the
minimum local volume fraction of the system is sevenfold de-
fective particles. According to the study of Olafse and Urbach
[16], the occurrence of five- to sevenfold defects indicates
that the wet particle system enters the structural defect stage,
and the occurrence of five- or sevenfold defects indicates that
the particle system begins to convert to liquid. Therefore, the
critical state of the phase transitions can be quantified by
measuring the changes in the minimum local volume fraction
in the particle system.

Figure 7 shows the changes in the minimum local volume
fraction (φmin) and the average local volume fraction (φmean)
in the particle system under different vibration accelerations.
The red curve represents the changes of φmin and φmean when
water content W = 2%. The phase diagram of the granular
system under this moisture content is shown in Fig. 5. This
distribution of data values is represented by showing a single
data point, representing the mean value of the data, and error
bars to represent the overall distribution of the data. The error
bars are represented by the standard deviation of the mean,
often called the standard error. The standard error is calcu-
lated by dividing the standard deviation by the square root of
number N of measurements that make up the mean (the exper-
imental results are calculated through N = 5 experiments). As
long as the fluctuation of the critical value is within the error
bar, the critical value is acceptable.

The local volume fraction at � = 0 is the initial aggrega-
tion state of the experiment, which is obtained after adjusting
the acceleration of the system to � ≈ 20 and running for
3 min. The initial aggregation state of the system is not
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FIG. 7. The curve shows the variation trend of φmin and φmean in the particle system is under different vibration accelerations when
water content W = 2% and W = 3%. The dashed lines represent the minimum local volume fraction of the particle system under different
accelerations, and the full line represents the average local volume fraction of all the particles in the system. The critical local volume
fraction is determined according to the phase transitions under different accelerations, and the phase transitions during the melting process are
quantitatively studied.

the most dense, but the structure arrangement of the particle
system reaches the crystal-like structure. Under the same vi-
bration condition, increasing water content will increase the
liquid bridging force between particles, which will lead to
more dense particle clusters. Therefore, at � = 0, W = 3%,
the local volume fraction of the granular system is larger than
that at W = 2%. At � < 8, the vibration intensity is low; thus,
the particle system is almost in a stationary state. Moreover,
the local volume fraction of the particles remains unchanged
at this stage. At 8 < � < 14.4, the wet particle system fluc-
tuates as a whole as a large crystal cluster, but owing to the
liquid bridge force, the particle system maintains in a stable
state. At � < 14.4, the wet particle system appears as a solid
phase characterized by algebraically decaying positional or-
der. At � = 14.4, as indicated by the Voronoi cell [Fig. 5(b)],
that five- to sevenfold structural defects begin to appear in the
right edge of the Voronoi cell. The minimum local volume
fraction is φmin = 0.6824, and from that point it drops sharply.
According to the changes of phase diagram in Fig. 5, it can
be concluded that the wet particle system begins to transition
from solid phase to hexatic phase when φmin = 0.6824, and
the transition is caused by the generation of five- to seven-
fold structural defects. At 14.4 < � < 36, the local volume
fractions of particles significantly decrease and then reach a
stable state, and the attenuation trend is exponential. These
phase diagrams of this region show a typical hexatic phase. At
� = 36, the attenuation of the minimum local volume fraction
of the particle system becomes faster again, corresponding to
the isolated sevenfold or fivefold defects in Fig. 5(e). At this
time, the minimum local volume fraction φmin = 0.4913, the
particle system begins to undergo a transition from hexatic
phase to liquid phase by the unbinding of disclination pairs.

The topological structure of the whole particle system is dis-
orderly, which is consistent with the results of Fig. 5.

According to the variation trend of local volume fraction
under different water content in Fig. 7, three phenomena
come into our view: First, the increase of water content can
increase the local volume fraction of particles. This is because
the presence of liquid on the surface of particles increases
the cohesion between particles, leading to the decrease of
local free space of particles. Second, the critical value of the
structure defect is obviously shifted to the right. The reason
is that the particle movement requires greater energy to over-
come the resistance due to the increase of the liquid bridge
force. It can also be found that the structural changes of the
particle system under the action of liquid bridge force are
more complex compared with the research of Reis et al. [35].
The increase of the external driving force enables particles to
overcome friction so that the “crystal” moves. As the inter-
action between the particles on the surface of the crystal is
weak, the particles on the surface of the crystal become sparse,
resulting in structural defects, and diffuse to the loose area of
the internal structure of the crystal. Third, the local volume
fraction of particles does not mutate when structural defects
are produced, but decreases slightly before defects are pro-
duced. The phenomenon indicates that the phase transition in
solid-liquid melting process is continuous, which is consistent
with the phase transformation continuity in KTHNY theory.

C. Probability distribution statistics of shape factor

To verify that the local volume fraction can effectively
quantify the variation of structural defects, the probability
distribution of the shape factor is calculated. Shape factor is
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FIG. 8. Probability distribution of shape factor under different accelerations when water content W = 2% and W = 3%. (a) The corre-
sponding phase diagram is shown in Fig. 5.

a dimensionless parameter that measures the degree to which
Voronoi cells deviate from the round shape. The distribution
of shape factors clearly indicates that there are different poten-
tial substructures (domains) in the particle system. To verify
the reliability of the critical value of the phase transitions
obtained by using φmin, the probability P(ζ ) distribution of the
shape factor at different local volume fractions in the phase
diagram in Fig. 5 is statistically analyzed. This variable is
used to quantify the local structure of the particle by Voronoi
diagram, which is defined [36] as ζ = C2

4πS , where C is the
perimeter of the polygon in the Voronoi diagram, and S is the
area of the polygon in the Voronoi diagram. By cell measure-
ment of different shapes, the distribution law of shape factors
is obtained. For circles ζ = 1 and for all other shapes ζ > 1.
For a square ζ = 1.273, for regular pentagons ζ = 1.156,
and for regular hexagons ζ = 1.103. The shape factor com-
bines the perimeter and the surface, so it is sensitive to the
changes of two-dimensional structure and can clearly identify
the potential changes of structure. Therefore, the shape factor
recognition of Voronoi cells is used to verify the critical value
of phase transition obtained by using the φmin.

Figure 8 shows the probability distribution curve of shape
factor under different water content. Figure 7(a) is the prob-
ability distribution curve of shape factor at different φmin

when water content W = 2%, and the corresponding phase
diagrams is shown in Fig. 5. At low dimensionless accelera-
tion, the distribution of cell shape factors is concentrated at
ζ = 1.103 and has a unique peak value. The Voronoi cells
show a regular hexagonal crystal structure. As the acceleration
increases, a small peak can be observed in the probabil-
ity distribution curve at φmin = 0.6824. It shows that when
φmin = 0.6824, the phase diagram of the particle system has
structural defects, and the particle system begins to undergo
solid-hexatic phase transition. At the stage 14 < � < 36, the
first peak in the probability distribution curve becomes smaller

and shifts to the right, while the second peak becomes larger
and the whole curve shifts to the right, indicating that the
structural defects in the wet particle system further expand.
The variation of the probability distribution of the shape factor
under different accelerations is consistent with the variation of
the minimum local volume fraction, which once again proves
that the local volume can be used as a key parameter to
quantify structural defects. At higher accelerations, the peak
of the probability distribution curve becomes flat and the first
peak gradually disappears, indicating that the structure of the
particles in the particle system is gradually disordered and the
phase diagram is transformed from hexatic phase to liquid.

By comparing the shape factor distribution curves of the
particle system under different water content, it is found that
the trend of the probability distribution curves of the shape
factor under different water content is roughly the same. The
difference is only in the increase of acceleration as structural
defects are produced, which is consistent with the results
obtained by using local volume local fraction.

IV. CONCLUSIONS

In summary, we have quantitatively studied the structural
defects of monolayer wet particles during melting under ver-
tical vibration. Firstly, a study of the collective behavior of
the granular system shows that melting is more likely to
occur in the region with low liquid bridge force than on the
surface of the granular system due to the action of liquid
bridge force. According to the phase diagram evolution and
the statistics of structural defects, the melting seems to be in-
duced by a spontaneous proliferation of defect clusters instead
of the unbinding of dislocations and disclinations. Secondly,
by introducing the parameter of local volume fraction φi,
the changes of structural defects are measured in detail. The
experimental results indicate that the evolution of structural
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defects is caused by the decrease of local volume fraction
during phase transition. In the particle system, the critical
value of phase transitions can be determined according to the
change curves of the minimum local volume fraction, which
is sevenfold defect. The change curves of the minimum local
volume fraction show that the structural defects are not abrupt
and the phase transition is continuous, which is consistent
with the KTHNY theory. Finally, the reliability of the critical
value of phase transitions obtained by the minimum local
volume fraction is verified by the probability distribution of
the shape factor.

In the future study of condensed-matter structure of two-
dimensional melting system, the constraint of using only
correlation function (the pair-correlation function and the ori-
entational order correlation function) can be broken, and the
evolution of structure can be quantified by using local volume
fraction. The local free space of particles can be accurately
quantified by using the local volume fraction, so that small
changes in local density of particles can be obtained in ex-
periments. At present, the collective behavior and structural
evolution of two-dimensional melting are well quantified, but

the physical mechanism of structural defects during solid-
liquid phase transformation is still controversial. Therefore,
future research should focus on the study of dislocation and
disorientation in the phase transformation process, and quan-
titative study of the physical mechanism of the occurrence and
transformation of structural defects.
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