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An attempt is made to assess the internal instability of granular soils based on analysis of variation of the secant

slope of the soil particle size distribution (PSD) curve according to three commonly used semi-empirical criteria: the

Kezdi criterion, the Sherard criterion and the Kenney and Lau criterion. A computer code ASISGS is developed to first

obtain the secant slope curves of soil PSD curves and then the potential for internal instability in 34 soil specimens is

analysed. Comparison with experimental results indicates that the Kenney and Lau criterion successfully distinguishes

between stable and unstable soil particle distributions for a majority of soil specimens. The Kezdi and the Sherard

criteria are not always reliable, however, and are barely applicable when the finer fraction is less than a specific

threshold value, especially for internally stable soil specimens which would be deemed as internally unstable. The

intersections of the secant slope curves and the limited slope lines demonstrate that the threshold values can be

taken as 15% and 12·95% for the Kezdi criterion and the Sherard criterion, respectively. Finally, a new synthetical

chart is proposed for assessing internal instability of granular soils; the results derived are in good agreement with

experimental results.

Notation
D15 particle size corresponding to 15% by weight of coarser

fraction
d85 particle size corresponding to 85% by weight of finer

fraction
F soil mass fraction
f index ratio
H incremental mass fraction measured between particle

sizes D and 4D
Ir internal instability index
P mass percentage
S secant slope
Smin minimum secant slope of soil particle distribution curve

1. Introduction
Knowledge of the internal instability of granular soils is a key
factor in the design of granular or geotextile filters (Moraci,
2010; Moraci et al., 2012a). The term ‘internal instability’
refers to the phenomenon where the finer particles can move
within the matrix of the coarser particles under seepage flow.
In other words, the coarser fraction of the soil fails to prevent
migration of its finer fraction (Moffat and Fannin, 2006). The
phenomenon of internal instability takes different forms and
is described by several terms, such as suffusion (Bendahmane
et al., 2008; Kovács, 1981) and suffosion (Chapuis, 1992;
Kenney and Lau, 1985). Some embankment dam distress or

failures are associated with suffusion (Chang and Zhang, 2011,
2013).

It is necessary to distinguish these terms precisely when report-
ing on seepage-induced internal instability (Moffat et al.,
2011). The term suffusion refers to the redistribution of the
finer fraction within the coarser fraction without any change
in total volume, yielding a relatively small and slow change in
local hydraulic conductivity and permeability. The suffusion
may cause a loss of particles and instigate a process of under-
mining, termed suffosion, where particle migration yields
a reduction in total volume and a consequent potential for col-
lapse of the soil skeleton, yielding a relatively large and fast
change in local hydraulic conductivity and permeability
(Moffat and Fannin, 2006; Moffat et al., 2011; Richards and
Reddy, 2007). Once the finer particles are washed away, the
microstructure of soil will be changed and its hydraulic and
mechanical characteristics will be altered accordingly, resulting
in a coarser soil material and leading to a mutation of per-
meability and pore pressure (Bendahmane et al., 2008; Chang
and Zhang, 2013). It is important to recognise that the poten-
tial for internal instability of granular soils is mainly controlled
by the particle size distributions (PSDs), and the onset of
instability is governed by the hydromechanical conditions and
initiates where seepage force exceeds a critical threshold (Chang
and Zhang, 2013; Dallo and Wang, 2012; Moffat and Fannin,
2006). Broadly graded soils whose PSD curves are concave
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upward and gap-graded soils are generally considered as poten-
tially internally unstable soils (Moraci et al., 2014, 2015; Wan
and Fell, 2008). Only the potential for internal instability of
granular soils will be the focus of the present study.

The main objective of this study is to evaluate the potential for
internal instability of granular soils based on curves that show
the variations of the secant slopes of the soils’ PSD curves.
A software named ‘Analysis software for internal stability of
granular soils’ (ASISGS) is developed to obtain the secant
slope curves according to three commonly used semi-empirical
criteria, and a new synthetical chart is proposed for assessment
of internal instability of granular soils.

2. Semi-empirical criteria for assessment of
internal instability of granular soils

The potential of internal instability of granular soils has drawn
the attention of a number of researchers. Lubockov (1969)
demonstrated that the potential of internal instability of granu-
lar soils depended significantly on the shape of the soil particle
distribution curve and proposed a boundary curve. The idea
proposed by Lubockov (1969) was confirmed by the exper-
iment results of Kenney and Lau (1985, 1986) and other
researchers. Three semi-empirical criteria have been commonly
used for assessment of internal instability of granular soils
based on the variation in particle size over a designated
portion of the soil particle distribution curve (Ielo et al., 2011;
Moffat et al., 2011): (a) the Kezdi (1969, 1979) criterion; (b)
the Sherard (1979) criterion; and (c) the Kenney and Lau
(1985, 1986) criterion. The Kezdi criterion and the Sherard cri-
terion were subsequently recognised by Icold (1986), whereas
the Kenney and Lau (1985, 1986) criterion was recognised by
the Canadian Dam Association (CDA, 2007).

2.1 Kezdi criterion
Kezdi (1969) proposed an empirical index ratio of D15/d85 for
assessment of internal instability based on the classical reten-
tion criterion for granular filters (Kovács, 1981). The soil par-
ticle distribution curve was split into two components and a
threshold value to stability at D15/d85 = 4 was advocated, as
described in detail by Kezdi (1979). The granular soil would
be considered internally unstable if (according to Terzaghi,
1939)

1: f ¼ D15=d85 � 4

where D15 is the particle size corresponding to 15% by weight
of the coarser fraction; and d85 is the particle size correspond-
ing to 85% by weight of the finer fraction. In practice, it is
necessary only to provide a dividing point at a finer content
(F ). The limit value of f may be slightly less than 4 for loose
and rather more than 4 for dense packing (Skempton and
Brogan, 1994). The empirically derived limit value presented in
Equation 1 was also validated by De Mello (1975).

2.2 Sherard criterion
In the same way, based on the classical retention criterion
for granular filters, dividing the particle size distribution into
the coarser and finer components, Sherard (1979) and sub-
sequently Lowe (1988) advocated an approach very similar to
the Kezdi criterion for broadly graded and skip-graded
materials. An internal instability index Ir was proposed as

2: Ir ¼ D15=d85

which must be lower than 5 for internally stable soils.
Otherwise, the soil would be deemed internally unstable. The
usual method to verify Equations 1 and 2 was to plot a graph
of the ratio D15/d85 and Ir against the particle size at which the
soil particle distribution curve was divided, respectively
(Chapuis, 1992).

2.3 Kenney and Lau criteria
An alternative index ratio H/F which was applicable to con-
tinuous (upward concave) as well as bimodal soil particle dis-
tribution curves was proposed by Kenney and Lau (1985,
1986) based on their interpretations of experimental results
and theoretical analysis. A granular material would be con-
sidered internally unstable if

in the well-compacted condition

3: ðH=FÞmin , 1

in the loose packing condition

4: ðH=FÞmin , 1�3

where F is the mass fraction smaller than a particle size D; and
H is the incremental mass fraction measured between particle
sizes D and 4D. (F<0·2 in a material with widely graded
primary fabrics and F<0·3 in a material with narrowly graded
primary fabrics.) Equation 4 was first proposed by Kenney and
Lau (1985). However, discussions by Ripley (1986), Milligan
(1986) and Sherard and Dunnigan (1986) indicated that
Equation 4 was overly conservative; that is, it evaluated some
internally stable soils as unstable. Therefore, the criterion was
subsequently revised into Equation 3 by Kenney and Lau
(1986).

Chapuis (1992) demonstrated that all the three aforementioned
criteria could take similar mathematical expressions where
the secant slope curves of the soil particle distribution curve
indicated the potential of internal instability of granular soils,
as shown in Figure 1. More specifically, the three semi-empiri-
cal criteria can be expressed as follows. In the Kezdi criterion
and the Sherard criterion, the soil would be considered

74

Geotechnical Engineering
Volume 170 Issue GE1

Criteria for assessment of internal
stability of granular soil
Zhou, Ranjith and Li

Downloaded by [ Monash University] on [07/08/19]. Copyright © ICE Publishing, all rights reserved.



internally unstable if there existed a secant slope lower than
S=24·9% and S=21·5%, respectively, in all its soil particle
distribution curve. In the Kenney and Lau criterion, the soil
would be considered internally unstable if the secant slope
curves of the soil particle distribution curve were lower
than S=1·66F, for each particle size less than or equal to D
(for D≤D20 or D≤D30). In other words, at a particle size D,
the secant slope per cycle of the soil particle distribution curve
must be higher than 1·66F to have internal stability.

The Kezdi and the Kenney and Lau criteria were predicated
on a similar approach that involved quantifying the shape of
the soil particle distribution curve over a defined interval, but
they differ in how that interval was determined. The Kedzi cri-
terion was calculated over the constant increment of H=15%
at any point along the soil particle distribution curve, whereas
the H/F stability index of the Kenney and Lau (1985, 1986)
criterion was calculated over the increment from D to 4D,
which increased in magnitude with progression along the soil
particle distribution curve, as shown in Figure 1. Therefore,
the Kenney and Lau and the Kezdi criteria implied theoretical
boundaries to instability that were a linear and a non-linear
relation, respectively, on the semilog plot of particle size
(Li and Fannin, 2008). A plot of the respective Kezdi and the
Kenney and Lau boundaries, in F:H space, was given by Li
and Fannin (2008) (see Figure 2).

In addition, many experiments have been conducted by
researchers to verify the validity of the three empirical criteria.
The experiments carried out on different granular soils by
Fannin and Moffat (2006) and Moffat and Fannin (2006,
2011) indicated that soils close to the empirically derived limit
value D15/d85 = 4 appeared stable under unidirectional seepage

without vibration, whereas soils with D15/d85 value of approxi-
mately 7 exhibited internal instability at relatively low gradi-
ents. Although the semi-empirical criteria proposed by Kezdi
(1969) and Kenney and Lau (1985, 1986) were developed for
coarse-grained soils with no fines content (Moffat et al., 2011),
the experiments conducted by Moffat et al. (2011) suggested
that the empirical criteria proposed by Kezdi (1969) and
Kenney and Lau (1985, 1986) were valid not only for coarse-
grained soils but also for sands and gravels with a component
of non-plastic silt. Moraci et al. (2014, 2015) evaluated the
reliability of the semi-empirical criteria by means of theoretical
and experimental approaches, and the theoretical results indi-
cate that the Kenney and Lau criterion is more reliable; that
is, the theoretical results obtained from the Kenney and Lau
criterion are in good agreement with the experimental results,
whereas some of the theoretical results obtained from the
Kezdi criterion and the Sherard criterion are inconsistent with
the experimental results.

Nevertheless, the results in terms of internal instability derived
from the three semi-empirical criteria may be different and
non-unique. Therefore, several experimental and theoretical
methods had been investigated to verify the validity of the
three criteria (Fannin and Moffat, 2006; Li and Fannin, 2008;
Moraci, 2010; Moraci et al., 2012a, 2012b, 2014; Mlynarek,
2000). Comparison of the results indicated that: (a) the Kezdi
criterion proved to be relatively more successful for gap-graded
soils, whereas the Kenney and Lau criterion proved to be rela-
tively more successful for widely graded soils in distinguishing
between stable and unstable soil particle distributions; (b) the
Kezdi criterion was more conservative than the Kenney and
Lau criterion for F<15% and less conservative for F>15%,
whereas the Sherard criterion was more conservative than
the Kenney and Lau criterion for F<12·95% and less con-
servative for F>12·95%. In other words, a soil with a finer
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percentage less than 15% which is evaluated as stable by the
Kenney and Lau criterion, may be evaluated as unstable by
the Kezdi criterion. For a soil with a finer percentage more
than 15% which is evaluated as unstable by the Kenney
and Lau criterion, the Kezdi criterion may evaluate it as
stable. For a soil with a finer percentage less than 12·95%
which is evaluated as stable by the Kenney and Lau criterion,
the Sherard criterion may evaluate it as unstable. For a
soil with a finer percentage more than 12·95% which is evalu-
ated as unstable by the Kenney and Lau criterion, the Sherard
criterion may evaluate it as stable. Moreover, Li and Fannin
(2008) proposed a unified approach to evaluate the sus-
ceptibility of a gradation soil to internal instability based on
its PSD, and suggested that applying the Kezdi criterion to
the point on the curve deemed most critical by the Kenney
and Lau criterion caused it to be equally successful in
distinguishing between stable and unstable soil particle
distributions.

A new butterfly wings chart expressed in terms of Smin and
F, as shown in Figure 2, was proposed by Moraci et al. (2014)
for assessment of internal instability of granular soils. The
limiting secant slope lines of the three semi-empirical criteria
according to Chapuis (1992) are also presented in Figure 2
(Moraci et al., 2012a, 2012b, 2014). Smin was the minimum
secant slope of the soil particle distribution curve. The F value
was the average value of the finer percentage between F1 at
(H/F)min evaluated by means of the Kenney and Lau criterion
and F2 at (D15/d85)max evaluated by means of the Kezdi cri-
terion and the Sherard criterion. The butterfly wings chart
allowed the identification of two zones where the soils were
definitely unstable or stable. The remaining zones (transitions
A and B) were areas where the granular soils were stable
according to some empirical criteria and unstable for others,
and further experimental and theoretical analysis was necess-
ary to determine the stability conditions. In fact, the unstable
and stable areas could be further extended. Moraci et al.
(2014) pointed out that the stable area could be extended up to
the Sherard limit slope line.

However, some issues on the coordinate variables used in
Figure 2 exist and discussions are necessary to determine
whether current coordinate variables are reasonable or not.
This discussion follows.

3. Analysis software for assessment of
internal instability of granular soils

A software package named ASISGS has been developed
(Zhou et al., 2015) and its program can be divided into two
components: (a) a calculation program for parameter values of
PSD models (PV), which is used to determine the parameter
values of the PSD models, and (b) a calculation program
for secant slope of PSD models (SS), which is applied to
obtain the secant slope curves of soil PSD according to
the three commonly used semi-empirical criteria mentioned

above. The working principle of ASISGS can be summarised
as follows.

(a) The parameter values of PSD models are determined
first and then the mathematical expression P= f (d ) for
representing the soil PSD curve can be obtained. More
information on how to determine the parameter values
of PSD models can be obtained from Zhou et al. (2015).

(b) The secant slope curves of each soil specimen can be
calculated according to the three commonly used
semi-empirical criteria and derived from its mathematical
expression. For the Kenney and Lau criterion, the secant
slope curve can be determined by the following expression

5: Slope KLj ¼ f 4dð Þ � f dð Þ
log 4dð Þ � log dð Þ

For the Kezdi criterion and the Sherard criterion, the secant
slope curve can be given by

6: Slope K=Sj ¼ 15
log f �1 15þ 0�85Pð Þ½ ��log f �1 0�85Pð Þ½ �

where Slope|KL and Slope|K/S are the secant slopes at P;
and d= f−1(P) is the inverse function of the PSD equation
P= f (d ).

The working process of the ASISGS package can be sum-
marised as follows. (a) First, initial values are assigned to
determine the parameters of the PSD models based on exper-
imental data for the soil specimens. (b) Then, the performance
of the PSD models can be evaluated according to the coeffi-
cient of determination. If the performance is not good, the
initial values should be re-assigned to find out the best par-
ameter values. (c) Thereafter, the best performance model will
be chosen to obtain the secant slope curves as described above.
(d ) Finally, the internal instability of granular soils can be eval-
uated based on the secant slope curves according to the three
commonly used semi-empirical criteria.

4. Assessment of internal instability
of soil specimens

The internal instability of 34 soil speciments experimentally
tested by Kenny and Lau (1985), Skempton and Brogan
(1994), Mlynarek et al. (1995), Lafleur (1999), Lafleur et al.
(1989), Mao (2005), Moffat (2005) and Fannin and Moffat
(2006), as shown in Figures 3 and 4, were analysed in the pres-
ent study. The mathematical expressions for representing soil
PSDs were derived from the ASISGS computer code first and
then the secant slope curves of each soil specimen were
obtained using Equations 5 and 6. More information on the
mathematical expressions can be found in Zhou et al. (2015).
As mentioned above, the finer fraction F should be less than
20% in a widely graded material and 30% in a narrowly graded
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material for the Kenney and Lau criterion (Kenney and Lau,
1985). The coarser particles will float in a matrix of the finer
particles when the finer fraction exceeds 35% (Skempton and

Brogan, 1994). Therefore, only the secant slope curves of the
part of the PSD where the finer fraction is less than 30% are
studied in the present study.
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The secant slope curves of some typical soil specimens are
shown in Figures 5–7. The full curve refers to the secant slopes
of the Kenney and Lau criterion and the dotted curves denote
the secant slopes of the Kezdi and the Sherard criteria. The
minimum value of (Slope|KL)/F is marked with an asterisk,
which is also the point where (H/F)min occurs. The limit slope
lines of the three semi-empirical criteria are also plotted in
these figures. The internal instability of soil specimens can be
evaluated using the three criteria based on the obtained secant
slope curves, and the results are shown in Table 1. The values
of F in Table 1 refer to the point where ((Slope|KL)/F )min

occurs and the intersections of the Slope|K/S curve and the

Kezdi and the Sherard limit slope lines. Several conclusions
can be drawn from Table 1 as follows.

(a) The Kenney and Lau criterion is relatively successful in
distinguishing between stable and unstable soil particle
distributions. The results are generally in good agreement
with experimental results, with the exception of soil
specimens As, B* and M6.
(i) Soil specimen As is subject to some discussion. The

first experiment conducted by Kenney and Lau
(1985) showed that it was internally unstable.
However, a similar experiment performed by Sherard
and Dunnigan (1986) on a sandy gravel specimen
suggested it was internally stable. Thereafter, the
second experiment carried out by Kenney and Lau
(1986) confirmed it was internally stable. Actually, it
appears to lie on the boundary between internal
stability and instability as its (Slope|KL)/F value at
F=20% is very close to 1·66. It should be noted
that, although the minimum value of (Slope|KL)/F
is 1·55 at F=23·8%, which is smaller than 1·66
(see Figure 5), it is unreasonable to consider soil
specimen As as an internally unstable soil because it
is narrowly graded and the Kenney and Lau criterion
is inapplicable for any finer fraction exceeding 20%.
It should also be noted that different researchers have
used slightly different apparatus set-ups. The seepage
test apparatus was not standardised. Therefore, a soil
sample tested to be unstable by one researcher may
behave as stable if tested by another researcher with
a slightly different set-up.

(ii) Soil specimen B* lies on the boundary between
internal stability and instability as acknowledged by
Skempton and Brogan (1994). The Kenney and
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Soils Kezdi criterion Sherard criterion Kenney and Lau criterion Expl results

@ F: % @ F: % (S/F)min @ F: %

Skempton and Brogan (1994)
A* U 17·75 U 17·5 U 0·41@13·5 U
B* U!S 13 U!S 10·75 S 2·10@9·5 U
C* U!S 6·75 U!S 2·5 S 3·26@10·2 S
D* U!S 5·25 U!S 3·25 S 5·49@5·5 S

Kenney and Lau (1985)
2 U!S 7·75 U!S 5·25 S 1·72@30·0 S
3 U!S 12·75 U!S 10 S 2·30@11·3 S
A S — S — U 0·93@30·0 2U1S
As U!S 6·75 U!S 3 T 1·63@20·0 1U2S
D U 26·25 U 23·25 U 0·88@19·8 2U1S
Ds U!S 4·25 U!S 3·25 S 5·70@2·3 S
K U!S 4·75 U!S 2·5 S 6·26@4·3 S
X U 16·5 U 14·5 U 0·80@7·1 U
Y U 27·25 U 20·75 U 1·05@29·0 U
Ys U 19 U 14 U 1·45@24·8 U

Lafleur (1999)
B U 19·25 U 16·25 U 1·43@12·7 U
E U 24 U 24·5 U 0·35@30·0 U
G1 S — S — S 3·87@30·0 S
H U 22 U 21·25 U 0·49@16·1 U

Mlynarek et al. (1995)
A# U 16 U 14 U 1·37@12·1 U
A1 S — S — S 3·80@30·0 S
C S — S — U 1·47@30·0 U

Fannin and Moffat (2006)
D# U 15·5 U 13·75 U 1·38@9·8 U
K# U!S 3·75 U!S 3 S 6·13@1·4 S

Moffat (2005)
T0 U 25·75 U 26·75 U 0·45@30·0 U
T5 U 25·5 U 26·25 U 0·45@30·0 U
C20 U 24 U 20·25 U 1·04@18·1 U
C30 U 21 T 29·75 U 0·72@27·2 U

Mao (2005)
a U 30 U 28 U 0·69@22·4 U
b U 23·75 U 17 U 1·24@19·6 U
c U 16·5 U 14·25 U 1·48@11·2 U
d U 19 U 18 U 0·71@12·2 U

Lafleur et al. (1989)
M6 U 24·5 U 26·25 U 0·51@30·0 S
M8 U 20·0 U 18·5 U 0·92@14·0 U
M42 S — S — S 2·14@30·0 S

Note: U, unstable; S, stable; T, transition

Table 1. Assessment of internal instability of soil specimens
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Lau criterion shows it is internally stable (see
Figure 5), but the experimental result found that it
was definitely unstable. This can be attributed to the
low relative density of soil specimen B* with a
porosity of 37%, because the criterion (H/F)min < 1·3
is more applicable to loose packing (Skempton and
Brogan, 1994).

(iii) Soil specimen M6 is deemed unstable in the present
study (see Figure 7), whereas in the study of Li and
Fannin (2008) it was considered internally stable
according to the Kezdi and the Sherard criteria and
was deemed internally unstable according to the
Kenney and Lau criterion. In addition, it was
considered internally unstable according to the
Kenney and Lau criterion in the study of Lafleur
et al. (1989). Actually, it is unreasonable to continue
to use these three criteria for soil specimen M6
because its finer fraction exceeds 35% and the coarser
particles float in a matrix of the finer particles.

(b) The Kezdi and the Sherard criteria are not very accurate
in assessing the potential of internal instability of soil
specimens. Only 23 soil specimens are successfully
distinguished using these two criteria. These two criteria
failed to evaluate the potential of internal instability
of soil specimens C*, D*, 2, 3, A, As, Ds, K, C, K# and
M6. Soil specimens A and C are deemed internally stable
(see Figure 5) but found to be internally unstable. In
contrast, other nine soil specimens are deemed internally
unstable but found to be internally stable. Another
particular soil specimen is C30, as shown in Figure 7,
which can be successfully evaluated using the Kezdi and
the Kenney and Lau criteria, but is deemed transitional
according to the Sherard criterion.
(i) Specimen A is also subject to discussion. Two

experimental tests conducted by Kenney and Lau
(1985, 1986) found it was internally unstable, but the
experimental result given by Sherard and Dunnigan
(1986) suggested a similar soil particle distribution
was deemed internally stable.

(c) The Kezdi and the Sherard criteria are relatively reliable
for internally unstable soil specimens (20 of 22 unstable
samples are successfully evaluated), but not always reliable
for internally stable soil specimens in the present study
(only three of 12 stable samples are successfully evaluated).
A similar conclusion was drawn by Moraci et al. (2014) as
‘Kezdi’s and Sherard’s methods are not always reliable
because they evaluate internally stable soils as unstable’.

The experimental results found that 12 soil specimens
(C*, D*, 2, 3, As, Ds, K, G1, A1, K#, M6 and M42) were
internally stable. However, the Kezdi and the Sherard
criteria show that only three specimens (G1, A1 and M42)
are internally stable and the other nine specimens (C*, D*,
2, 3, As, Ds, K, K# and M6) are internally unstable (see
Figures 5–7). The common theme of these nine internally
stable soil specimens is that no reasonably clear division

point between the finer and coarser components can be
provided, which is necessary for the Kezdi and the Sherard
criteria (Skempton and Brogan, 1994), and they are
broadly graded in the finer component, with the exception
of soil specimen M6. This controversial issue was also
observed by Li and Fannin (2008), who provided the
maximum D15/d85 of some soil specimens along the soil
particle distribution curve at 5%≤F≤ 40%. The values of
(D15/d85)max showed that three specimens (C*, 2 and 3)
were internally unstable, two specimens (As and M6) were
internally stable and two specimens (D* and Ds) lay on
the boundary between internal stability and instability
according to the Kezdi criterion. Actually, the values of
D15/d85 along the soil particle distribution curve at F≤ 5%
are larger than the maximum value of D15/d85 given by Li
and Fannin (2008).

(d ) The intersections of the Slope|K/S curve and the limit
slope lines of the Kezdi and the Sherard criteria indicate
that the Kezdi and the Sherard criteria are barely
applicable when the finer fraction is less than a specific
threshold value. This will be discussed later.

5. A new synthetical chart for assessment
of internal instability of granular soils

5.1 Synthesis proposed by Li and Fannin (2008)
Li and Fannin (2008) attempted to unify some aspects of the
Kezdi and the Kenny and Lau criteria and proposed a syn-
thesis, as shown in Figure 2. For the coordinate variables used
in Figure 2 whose values were obtained at (H/F)min, two issues
on the coordinate variables exist as described below.

& There is no doubt that the Kenney and Lau boundary can
be presented in Figure 2, because the variable H is the
mass increment over the increment D to 4D. In the opinion
of Li and Fannin (2008), the soil specimen is deemed
internally unstable if the mass increment H<15%.
However, the division point between the finer and coarser
components is the point where the particle size is D/0·85
rather than point Awhen the Kedzi criterion is calculated
over the constant increment of H=15%, as shown in
Figure 1. Therefore, the correct variable F for the Kezdi
criterion should be the mass percentage passing through
D/0·85 rather than that passing through D.

& Another viewpoint is that the value of (D15/d85)max should
be focused for the Kezdi criterion, which means that the
minimum mass increment H per four-fold changes in
particle size should be analysed rather than the H value at
(H/F)min.

Actually, Figure 2 can be plotted in S–F space as shown in
Figure 8, which is similar to the butterfly wing chart without
the Sherard limit slope line. The S and F values at (S/F)min

of all the soil specimens are presented, indicating that the
Kenney and Lau criterion is successful in distinguishing
between stable and unstable soil particle distributions, with the
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exception of soil specimens B*, As and M6. All of them have
been subjected to discussion in previous research. It is not sur-
prising that the Kezdi criterion does not perform well because
of these two issues.

In the studies of the soil samples tested by Li and Fannin
(2008) and Ahlinhan and Achmus (2010), the Kenney and Lau
criterion also failed to assess the potential for internal instabil-
ity of some soil specimens for F>15%, such as the specimens
studied in Honjo et al. (1996), Liu (2005) and Wan and Fell
(2008). Therefore, it is possibly not reasonable to draw the con-
clusion that the Kenney and Lau criterion can successfully dis-
tinguish stable and unstable soil particle distributions for
F>15% because more research is necessary.

5.2 Butterfly wing chart proposed by
Moraci et al. (2014)

Moraci et al. (2014) proposed a butterfly wing chart, expressed
in terms of F and Smin, as shown in Figure 2. The F value is
evaluated as the mean value between F1 at (H/F)min, evaluated
by means of the Kenney and Lau criterion, and F2 at
(D15/d85)max, evaluated by means of the Kezdi and the Sherard
criteria. The S value is evaluated as the average between S1

and S2, which are the secant slopes at F1 and F2, respectively
(Moraci et al., 2015). The authors would like to comment on
the parameters as follows.

& The value of F2 at (D15/d85)max, evaluated by means of the
Kezdi and the Sherard criteria, is difficult to determine for
some soil specimens, especially for a soil specimen with a
flat tail in the finer component (see Figures 5–7). The
determination method for F2 at (D15/d85)max proposed by
Moraci et al. (2015) is very complex because three methods
were proposed for different situations.

& A considerable difference between the values of F1 at
(H/F)min and F2 at (D15/d85)max may exist for some soil
specimens; this was also observed by Ni et al. (2015).
Therefore, it may also be unreasonable to take the S value
as the average between S1 and S2. In addition, the secant
slopes of these three criteria are different because of their
different calculation methods, as shown in Figure 1.

Fortunately, the butterfly wing chart was proved to be success-
ful in distinguishing between stable and unstable soil particle
distributions when the values fell in the stable and unstable
zones (Moraci et al., 2014, 2015) in spite of these two issues
regarding the coordinate variables. However, further research is
still necessary to identify which are the more reasonable coor-
dinate variables.

5.3 Threshold values and a new synthetical chart
A new synthetical chart of the three commonly used semi-
empirical criteria is proposed based on the secant slope curves
of soil PSDs, as shown in Figure 9, in which the point where
(S/F)min occurs and the intersections of the Slope|K/S curve
and the limit slope lines of the Kezdi and the Sherard criteria
are plotted in S–F space. For every soil the three points are
identified by the same symbol in Figure 9.

Figure 9 indicates that the connection line of the three points
locates either above or under the limited secant slope line
S=1·66F. The soil specimen will be deemed internally unstable
or stable when its connection line locates above or below
S=1·66F, respectively. The results derived from Figure 9 are
in good agreement with experimental results, with the excep-
tion of soil specimens B*, A and C, which are deemed stable
but found to be unstable and are subjected to some discussion.
The changes in the results are displayed in Table 1.
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As mentioned above, the Kezdi and the Sherard criteria are
barely applicable if the finer fraction is less than a specific
threshold value. Figure 9 indicates that the threshold values can
be taken as 15% and 12·95% for the Kezdi and the Sherard cri-
teria, respectively, without consideration of soil specimen B*.
The threshold values are derived from mathematical relation-
ships; that is, they represent the intercepting points when the hori-
zontal lines S=24·9% and S=21·5% meet the line S=1·66F. In
this case, a plot of the respective Kezdi, Sherard, Kenney and
Lau boundaries in S–F space is given in Figure 10.

The proposed synthetical chart is valid for granular soils with
a maximum particle size up to 100 mm, and further research
is necessary to determine whether it is applicable for granular
soils with a maximum particle size exceeding 100 mm, because
the maximum particle size of all the 34 test specimens based
on which the chart was developed is 100 mm.

6. Conclusions
A software package named ASISGS was developed to obtain
the secant slope curves of soil specimens according to the three
commonly used semi-empirical criteria, and the potential of
internal instability of 34 soil specimens were studied based on
the derived secant slope curves. A new synthetical chart was pro-
posed based on the secant slope curves for assessment of internal
instability of soils, and the results derived from the new syntheti-
cal chart were in good agreement with experimental results.

Comparison with experiment results indicates that the poten-
tial for internal instability of the majority of soil specimens can
be successfully distinguished using the Kenney and Lau cri-
terion, whereas the Kezdi and the Sherard criteria are relatively
reliable for unstable soil specimens, but not very accurate in

evaluating the potential for internal instability in stable soil
specimens. The Kezdi and the Sherard criteria are barely appli-
cable if the finer fraction is less than a specific threshold value.
The results indicate that the threshold values of the Kezdi and
the Sherard criteria are 15% and 12·95%, respectively.

The internal instability of some soil specimens studied in the
present research, such as B*, A and As, are subject to further
investigations. More research on these soils, or soils of similar
soil particle distribution, is necessary. In addition, further
research is necessary to determine whether the current choice
of coordinate variables, as in the synthetical plot prepared by
Li and Fannin (2008) and the butterfly wings chart proposed
by Moraci et al. (2014, 2015), is reasonable.
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