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Abstract: Awareness of granulated soils” internal instability is an important parameter when design-
ing granulated filters, and the ability of a granulated soil’s internal stability can be verified using the
soil PSD (Particle Size Distribution) curves’ secant slopes. The current work presents a new method to
calculate the soil PSD curves’ secant slopes automatically, and a synthetic diagram is presented for the
potential examination of the granulated soils” internal stability. To verify the feasibility and accuracy
of this synthetic diagram, 80 specimens of soil were investigated in this work and categorized into
two groups: 50 sand—gravel soils and 30 (clay)-silt-sand—gravel soils. The obtained conclusions
indicate that the internal stability and instability potentials of sand—gravel soils can be distinguished
successfully with a synthetic chart and the Kenney and Lau criterion but cannot be assessed with the
Kezdi and Sherard criteria. None of the criteria studied here can be used for the internal stability
assessment of silt-sand-gravel and clay-silt-sand-gravel soils.

Keywords: granular soil; internal stability; semi-empirical criterion; PSD curves; mathematical modelling

1. Introduction

Awareness of granulated soils’ internal instability is an important parameter when
designing granulated filters [1-4]. Internal instability occurs in various forms and is
expressed using various terms, namely suffusion and suffosion. The process by which the
fine particles of internally unstable soils fall within the voids of coarse particles is called
suffusion [5,6]. The deterioration or failure of some embankment dams is associated with
suffusion [7,8]. The difference between suffusion and suffosion is described by Fannin
and Slangen [9] and Zhou et al. [2]. Geometrical methods for evaluating potential internal
instability based on particle size and constriction size distribution have been proposed.

The granulated soils’ internal stability is primarily monitored through its particle size
distribution (PSD) [6,10] and is assessed with the soil PSD curves’ secant slopes. Three
semi-empirical criteria have been predominantly employed for assessing the granulated
soils” internal stability: the Kezdi, Sherard, and Kenney and Lau criteria. The International
Commission recognizes the first two criteria for large dams [11], and the Canadian Dam
Association recognizes the third criterion [12]. The Kezdi, Sherard, and Kenney and Lau
criteria are as follows:

(1) Kezdi [13] reported an experimental index ratio of D15/dgs for internal instability
evaluation based on the classical retention criterion for granular filters. A threshold value to
stability at D15/dgs = 4 was advocated. The granulated soil was assumed to be internally
unstable if

f=Dis/dgs > 4 1
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In Equation (1), D15 and dgs denote the size of the particle, corresponding to 15% and
85% by weight of the coarse and fine fraction, respectively.

(2) Sherard [14] divided the particle size distribution into coarser and finer components,
and a method analogous to the Kezdi criterion for widely graded and skip-graded materials
was reported. The following internal instability index I, was reported:

I, = Dy5/dgs )

where I, should be less than 5 for the internally stable soils. Otherwise, the soil is considered
internally instable.

(3) Kenney and Lau [15] established an alternative index ratio H/F, which can be
applied to continuous (upward concave) and bimodal soil particle distribution curves.
A granulated material can be assumed to be internally unstable if

(H/F) 1 ©)

min <

In Equation (3), F refers to the mass fraction of particles with a size less than D, while
H refers to the incremental mass fraction acquired among particle sizes D and 4D.

For these three criteria, Chapuis [16] demonstrated that criteria for internal stability can
be modified into more simplified slope criteria for soil PSD curves, as shown in Figure 1a. In
Figure 1a, A is the division point among the fine and coarse parts. Slope|K/S represents the
secant slopes derived from the Kezdi and the Sherard criteria, and Slope|KL represents the
secant slopes derived from the Kenney and Lau criterion, calculated in the following forms:

Pc — Pg 15

Slope|K/S = Slope|BC = = 4
pel pel log(Dc) —log(Dp)  log(D1s5/dsgs) @)

Slope|KL = Slope|AE = Pa Pa ®)

log(Dg) —log(D4) - log(4D/D)

where P; (i = A, B, C, E) is the percentage by mass of particles greater than D;.

The curves of Slope|KL and Slope|K/S are merged in Figure 1b, in which the solid
line means Slope|KL and the dotted line means Slope|K/S. The point marked with an
asterisk represents the minimum value of (Slope|KL)/F, which is also the point where
(H/F) i takes place.

Based on the research ideas of Chapuis, many scholars try to combine the Kezdi,
Sherard, and Kenney and Lau criteria to the assessment of soil instability. Li and Fannin [17]
obtained a plot of the Kezdi and the Kenney and Lau boundaries in the F: H space. In
addition, Moraci et al. [10,18] developed a butterfly wing chart that was successfully used
to distinguish stable and unstable soil particle distributions despite two issues that exist
for the coordinate variables, which may not be the most reasonable [2,19]. However, there
are certain issues that have to be sorted out in order to determine the soil PSD curves’
secant slopes: (1) PSD information on many soils is derived, (2) some specific PSD data are
difficult to obtain using sieve analysis, and (3) the secant slopes of soil PSD curves can only
be computed manually [2,20].

In this paper, a new method to calculate the soil PSD curves’ secant slopes automati-
cally is proposed, and a synthetic diagram is presented for the potential examination of the
internal stability of granulated soils. The applicability and the scope of application were
verified by analyzing different soil specimens. The method overcame the limitations of the
current criteria and can evaluate the internal instability of granulated soils better.
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Figure 1. Illustration and comparison of the three criteria. (a) Three most commonly used semi-
empirical criteria. (b) Slope criteria of soil PSD curves.

2. A New Method and Synthetic Chart for the Soils” Internal Stability Evaluation

To derive the soil PSD curves’ secant slopes automatically, a novel method was pro-
posed by Zhou et al. [2,20,21] and can be carried out as follows:

(i) First, optimal parametric PSD models are employed to denote the soils” PSD curves.
According to the study of Zhou et al. [20,21], the FBP model proposed by Fredlund et al. [22]
is suggested because it performs better than other PSD models and was utilized to denote
well-graded and gap-graded soil PSD curves. The FBP model was given as follows:

Pd)=<w ! 7| +(1—-w) ! x 41—

{infexp(n) + ()]} {1n[exp()+ ()]}

ln(1+ g)

1n(1 + d‘jin)} ©)

where P(d) refers to the percentage of particles reaching a certain size by mass (in weight);
d refers to the diameter of each particle size; and dyi, stands for the minimum particle
diameter of the soil. In other words, it is the lower bound of the diameter for which the
model can be applied. «, B, v, J, ¢, X, ¥, and w are the model parameters that need to
be determined:

« refers to a parameter relating the initial break of the curve, namely, the inflection point
along with the curve, which indicates the largest size of the particle.

p refers to a parameter relating the uniformity of the particle-size distribution curve, namely,
the steepest slope on the curve. The point of the maximum slope along with the PSD curve
indicates the dominant size of particles in the soil.



Processes 2022, 10, 807

40f13

7 refers to a parameter relating to the curve shape as it proceeds towards the fine area,
which affects the break onto the finer size of the particle of the specimen.

¢ refers to a parameter relating to the number of fines in the soil, which influences the shape
along with the curve’s finer particle size part.

@ refers to a parameter relating to the second breaking point along the curve.

X refers to a parameter relating to the second steep slope along the curve.

1 refers to a parameter related to the second shape along the curve.

w refers to a weighting factor for the sub-curves, subject to 0 <w < 1.

(ii) Obtaining the secant slopes of soil PSD curves automatically based on the FBP
mathematical expression of soil PSD. The soil PSD curves’ secant slopes are obtained as

15
log(f~1(15 + 0.85P)) — log(f~1(0.85P))

_ _f(4d) —f(d)
Slope|KL = log(4d) —log(d) 8)

where P = f(d) is the FBP mathematical expression representing the PSD curves of
granular soils, while d = f~!(P) stands for the inverse function of P = f(d). Slope|K/S
and Slope|KL are the secant slopes at point (d, P) for the Kezdi and the Sherard criteria
and the Kenney and Lau criterion, respectively.

(iii) The internal stability of granulated soils is evaluated with the three most commonly
utilized semi-experimental criteria using the soil PSD curves’ secant slopes in Figure 1b.
A synthetic diagram of the three most commonly used criteria is also reported for the
internal stability assessment of soils, as presented in Figure 2.

In Figure 2, the intersections of the Slope|K/S curve in Figure 1b and the Kezdi and
Sherard limit slope lines S = 24.9% and S = 21.5% as well as the point where (S/F) ..,
happens (the point marked with an asterisk in Figure 1b) are shown in the S—F space. The
soil would be considered internally stable when the connection line of the intersections and
the point where (S/F),;, happens are located above S = 1.66F. Otherwise, the soil would
be considered internally instable.

Slope|K/S = @)

50
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40r g
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Figure 2. Synthetic chart for internal stability assessment of soils.

3. Internal Stability Analysis of Soils

Eighty samples of the soil were evaluated experimentally by Kenney and Lau [14],
Lafleur et al. [23], Burenkova [24], Skempton and Brogan [25], Mlynarek et al. [26], Cha-
puis [27], Lafleur [28], Locke et al. [29], Mao [30], Moffat [31], Fannin and Moffat [32], Wan
and Fell [33], Indraratna et al. [34,35], and Israr and Indraratna [36,37]; these were studied
first to verify the applicability of the proposed method and the scope of application.
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Soil specimen M6 experimental tested by Lafleur et al. [23], specimens B and E ex-
perimental tested by Lafleur [28], specimen TO experimental tested by Moffat [31], and
specimens 3R, 7, 11, and 15 experimental tested by Wan and Fell [33] are not included in
this study because these soils possess a fine fraction higher than 35%. The PSD curves of
the 80 studied soil specimens are supplied as Appendix A (Figure A1).

The 80 gradations were categorized into 50 sand-gravel soils and 30 silt-sand-gravel
and clay-silt-sand-gravel soils (see Tables 1 and 2). First, using the FBP model to obtain the
mathematical expressions for denoting the PSD curves of the 80 studied soil samples (some
of the obtained PSD curves using the FBP model have been shown in Zhou et al. [19,20],
which will not be given again in this study), the point where (S/F),.., happens and the
intersections of the Slope|K/S curve and lines S = 21.5% and S = 24.9% were obtained, and
their connection lines are shown in Figure 3. The connection lines of 16 soil samples (A
tested by Kenney and Lau [14]; S1, S2, S3, G and Sand 1 tested by Skempton and Brogan [25];
Al tested by Mlynarek et al. [26]; 1 and 3 tested by Chapuis [27]; C-1, C-5, C-10, C-20, and
C-40 tested by Indraratna et al. [34]; and A and X tested by Indraratna et al. [35]) are not
plotted in Figure 3 as their Slope | K/S curve is above S = 24.9% and has no intersections
with limit lines. Finally, the granulated soils” internal stability was analyzed using the three
most commonly used criteria and a synthetic diagram (refer to Tables 1 and 2). The term
“Marginal” means that it was observed to be located on the boundary between internal
stability and instability. Further experimental and analytical analysis was required to
identify whether it is internally stable or unstable.
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Figure 3. Connection lines of the studied soil specimens. (a) Connection lines of sand—gravel soil
specimens. (b) Connection lines of (clay)-silt-sand-gravel soil specimens.
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3.1. Sand—Gravel Soils” Internal Stability Analysis

Determination of the soil samples’ potential internal stabilities using the Kezdi and
Sherard criteria failed, as shown in Table 1, because the Kezdi and the Sherard criteria can
be rarely applied if the fine fraction is smaller than a certain threshold: 15% and 12.95%,
respectively [2]. Sixteen soils were deemed to be internally stable experimentally, but they
were then deemed to be internally unstable using these two criteria. In addition, three
soil samples (A, tested by Kenney and Lau [14], C, tested by Mlynark et al. [26], and C-40,
tested by Indraratna et al. [34]) were considered to be internally stable but were then found
to be internally unstable. Therefore, only the potential internal stability of about 60% of the
soil samples can be distinguished successfully using the Kezdi and the Sherard criteria.

Table 1. Internal stability evaluation of sand-gravel soils.

. . o o Kenney &  (S/F) pin @ New Exp.
Soils Kezdi @ F (%) Sherard @ F (%) Lau F (%) Criterion Results
Kenney and Lau [13]
1 u* 15.5 u* 12.75 S 1.80@9.23 M S
2 ur* 7.75 u* 5.25 S 1.73@30.0 S S
3 u* 12.75 u* 10 S 2.31@11.3 S S
A st 1 st 0 U 0.93@30.0 / uUQu1s) #
As u* 6.75 u* 3 M 1.63@20.0 M S(1U2S)
D U 26.25 U 23.25 U 0.88@19.8 U U(2U1s)
Ds ux 5.25 u* 425 S 3.23@2.60 S S
K u* 4.75 u* 2.5 S 6.21@4.30 S S
X U 16.5 U 14.5 U 0.80@7.10 U U
Y U 27.25 U 20.75 U 1.05@29.0 U U
Ys U 19 U 14 U 1.46@24.8 U U
20 u* 5.75 u* 4 S 2.23@29.6 S S
20A u* 3 u* 1.75 S 2.41@29.7 S S
21 ur* 5 u* 4.25 S 3.26@2.55 S S
21A u* 2.75 u* 2 S 3.47@28.6 S S
23 S T S T S 3.59@29.7 S S
Lafleur et al. [21]
M8 U 20 U 18.5 U 0.91@14.0 U U
M42 S 0 S T S 2.10@30.0 S S
Skempton and Brogan [25]
A U 17.5 U 17.5 U 0.41@13.5 U U
B U 13 9) 10.75 st 2.11@9.5 st U
C ux 6.75 u* 2.5 S 3.27@10.2 S S
D u* 5.25 u* 3.25 S 5.49@5.50 S S
Skempton and Brogan [25], Israr and Indraratna [37]
S1 S 1 S T S 3.86@30.0 S S
S2 S T S T S 3.96@30.0 S S
S3 S T S T S 3.83@30.0 S S
G S T S T S 3.92@30.0 S S
Sand1 S T S T S 3.79@30.0 S S
Mlynarek et al. [26]
Al S T S S 3.80@30.0 S S
C st 0 st 0 U 1.46@30.0 / U
Chapuis [27]
1 S T S T u* 1.23@30 / S
2 U 19 U 15 U 1.54@17.0 U U
3 S T S T ur* 1.39@29.5 / S
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Table 1. Cont.

. . Kenney &  (S/F) pin @ New Exp.
0, 0, min
Soils Kezdi @ F (%) Sherard @ F (%) Lau F (%) Criterion Results
Lafleur [28]
Gl1 S T S 0 S 3.91@29.7 S S
Locke et al. [29]
L1 U 24.25 U 21.5 U 0.67@9.20 U U
L2 u* 135 u* 10 S 2.18@11.0 S S
F9 u* 13.5 u* 11.5 S 1.71@6.88 S S
Mao [30]
a U 30 U 28 U 0.36@22.4 8] U
b U 23.75 U 17 U 1.23@19.6 U U
o U 16.5 U 14.25 U 1.47@11.2 U U
d U 19 U 18 U 0.71@12.2 U U
Fannin and Moffat [32]
D* U 155 U 13.75 U 1.39@9.80 U U
K# u* 3.75 u* 3 S 4.41@3.20 S S
Indraratna et al. [34]
C-1 S T S 0 S 3.95@30.0 S S
C-5 S 1T S 0 S 2.43@30.0 S S
C-10 S T S 0 S 1.69@30.0 S S
C-20 st 0 st 0 U 1.32@30.0 / M(2U2S)
C-23 u* 16.25 S 0 S 1.71@16.0 S S(1U3S)
C-40 st 0 st 0 U 0.92@30.0 / U
Indraratna et al. [35]; Israr & Indraratna [36,37]
A S T S 0 S 1.73@30.0 S S
X S T S 0 S 3.70@30.0 S S

U (Unstable), S (Stable), M (Marginal), U * (Unstable—Conservative prediction); * Non-conservative (unsafe)
predictions, * conservative (safe) predictions.; U(2U1S) # The soil is considered to be internally unstable (U) in this
study, while two experimental tests show it is internally unstable (2U) and one test shows it is internally stable
(1S). 1 The Slope | K/S curve is above S = 24.9% and has no intersections with limit lines.

For the 50 sand-gravel soils, with the exception of 3 soil samples (B, examined by
Skempton and Brogan [24], and 1 and 3, tested by Chapuis [27]), the internal stability and
instability of 47 soils were successfully distinguished using the Kenney and Lau criterion.
Soil sample B is located on the boundary between internal stability and instability, as
Zhou et al. [2] discussed. Soil specimens 1 and 3, tested by Chapuis [27], were deemed to
be internally unstable with the Kenney and Lau criterion but found to be internally stable
by experiment.

Meanwhile, six soils (A, tested by Kenney and Lau [14], C, tested by Mlynark et al. [26],
1 and 3, tested by Chapuis [27], and C-20 and C-40, tested by Indraratna et al. [34]) were
considered to be internally unstable, but are considered to be internally stable using the
Kezdi and the Sherard criteria, which means that the secant slope curve Slope|K/S has no
intersections with the Kezdi and Sherard limit slope lines, resulting in the inapplicability of
the synthetic chart for these three soil specimens. With the exception of these six soils and
soil specimen B, tested by Skempton and Brogan [25], the potential of all the soil specimens’
internal stabilities was distinguished successfully with the new synthetic chart.

3.2. Internal Stability Analysis of (Clay)-Silt—Sand—Gravel Soils

All 30 (clay)-silt-sand—gravel soils were deemed internally unstable using all of the
criteria, as shown in Table 2. However, 12 soil specimens were found to be internally stable,
which is inconsistent with the evaluation results. In other words, all of the (clay)-silt-
sand-gravel soils that were found to be internally stable were subsequently deemed to
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be internally unstable. Therefore, all of the criteria failed to assess the potential internal
stability of these (clay)-silt-sand-gravel soils.

Table 2. Internal stability assessment of (clay)-silt-sand—gravel soils.

. . o o Kenney &  (S/F) pin @ New Exp.
Soils Kezdi @ F (%) Sherard @ F (%) Lau F (%) Criterion Results
Burenkova [24]
1 U 75 U 7 U 0.39@4.25 U U
2 U 16.5 U 16 U 0.30@8.15 U U
3 U 18 U 16.75 U 0.29@10.5 U U
4 U 21.25 U 19.75 U 0.39@12.6 U U

11 u* 11 u* 9.25 u* 0.97@3.92 u* S

12 u* 16.25 u* 14.25 u* 0.78@7.48 u* S

13 u* 18.5 u* 16.75 u* 0.37@11.0 u* S

14 u* 22.5 u* 20.25 u* 0.49@13.1 u-* S

Mlynarek et al. [26]
A* U 16 U 14 U 1.37@12.1 U U
Lafleur [27]
H U 22 U 21.25 U 0.48@16.1 U U
Moffat [31]

T5 U 25.5 U 26.25 U 0.45@30.0 U U
C20 U 24 U 20.25 U 1.04@18.1 U U
C30 U 21 U 29.75 U 0.72@27.2 U U

Wan and Fell [33]
1/1A u* 1 ux* 4 u* 0.67@24.5 u* S
2R u* 1 u* J u* 0.56@30.0 u* S
4R u* 175 u* 9 u* 1.24@21.8 u* S
9 u* 17 u* 16.75 u* 0.11@13.8 u* S

10 U 11 U 7 U 0.03@30.0 U U
A2 U + U J U 0.33@20.1 U U
A3 U 28.25 U 25 U 0.79@12.8 U U

B1 U 28.75 U 26.25 U 0.73@15.3 U U

B2 U + U J U 0.47@28.5 U U

C1 U 20 U 19 U 0.49@13.3 U U

D1 U 29.25 U 25.75 U 0.75@14.4 U U
RD u* 17.75 u* 16.25 u* 0.39@7.39 u* S

5 u* 13.5 u* 12 u* 0.35@3.85 u* S
6 u* 28.75 u* 24.5 u* 0.39@8.18 u* S

13 u* 16.5 u* 16.25 u* 0.23@13.0 u* S

14A U 25 U 25 U 0.01@21.1 U U/M
Indraratna et al. [35]
D U 28.25 U 25.5 U 0.59@13.9 U U

U (Unstable), S (Stable), M (Marginal), U * (Unstable—Conservative prediction). | The Slope | K/S curve is below
S = 21.5% and has no intersections with limit lines.

4. Conclusions

A new method and synthetic chart is proposed in the present study for automatically
obtaining the secant slopes of soil PSD curves and internal stability analysis of granulated
soils, which is carried out in three steps: (i) first, using optimal parametric PSD models (FBP
model is suggested) to denote the PSD curves of granulated soils; then (ii) obtaining the
secant slopes of the soil PSD curves, automatically based on PSD mathematical expressions;
and finally, (iii) assessing the granulated soils’ internal stability with the soil PSD curves’
secant slopes.
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The sand—gravel soils” internal stability and instability can be distinguished success-
fully with the synthetic chart and the Kenney and Lau criterion, but they cannot be assessed
with the Kezdi and the Sherard criteria because most of the soils that were experimen-
tally found to be internally stable were then found to be internally unstable using the
aforementioned two criteria.

None of the criteria can be used to assess the internal stability of silt-sand-gravel soils,
clay-silt-sand-gravel soils, and soils that have a fine fraction greater than 35%.
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Nomenclature

Dq5 The size of the particle corresponding to 15% by weight of the coarse fraction
dgs The size of the particle corresponding to 85% by weight of the fine fraction.

F The mass fraction of particles less than a particle with size D

H The incremental mass fraction acquired among particle sizes D and 4D

P; The percentage by mass of particles greater than D;.

P = f(d) The FBP mathematical expression representing the PSD curves of soils
d=f~1(P) The inverse function of P = f(d).
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