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Abstract

The distributions of soil mechanical parameters required for a comprehensive
flood risk assessment are often taken from the scarce literature available. This
article therefore presents a method to indirectly obtain the distributions from
the results of often conducted classification tests. Empirical correlation terms
are used for the transformation of the classification data into stability-relevant
parameters, in particular the void ratio, the soil unit weight, the friction angle
and the saturated permeability. The method is applied exemplarily to a data
set collected throughout Germany in the immediate vicinity of water bodies
and plausible distributions are obtained for 2/3 of the 13 soil classes consid-
ered. For the validation of the results, the extension of (inter)national data-
bases by samples of the considered soil mechanical parameters is
recommended due to the current poor validation basis.
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1 | INTRODUCTION

relevant to slope stability from the results of classifica-
tion experiments for 13 soil classes. So far, these have

The availability of stochastic distributions of design-
relevant parameters is a prerequisite for the quantifica-
tion of flood risk according to the EU Flood
Directive (2007) (Drews et al, 2019; Schwiersch &
Stamm, 2020). These allow a probabilistic evaluation of
the limit state equations and thereby the assessment of
the reliability respectively the failure probability of flood
protection structures (Ang & Tang, 2006; Baecher &
Christian, 2003; Schweckendiek & Slomp, 2018) and the
conditional flooding probability.

This article presents a methodology to indirectly
determine distributions for selected parameters

often been taken from scarce literature (Bachmann
et al., 2013; Méllmann, 2009; Weilmann, 2014). The
dataset used for an application of the method mainly
includes samples obtained in the vicinity of hydraulic
engineering infrastructure because this is, after all,
the relevant environment for flood protection struc-
tures. However, this equally means that the results
have a limited representation for soils far from water
bodies.

The addressed objective of this study is to provide dis-
tributions for a probabilistic stability assessment of flood
protection structures, especially river levees.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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2 | METHODOLOGY

The methodology presented serves the purpose for
improving the determination of flood risk through the
probabilistic description of soil mechanical parameters.
The ideas are based on the application to newly built
river levees, and therefore a known related relative den-
sity (here: I  0.5) is assumed. Additionally, influences
such as the spatial variability, natural water content and
loading history are not considered. This assumption and
the outlined focus considerably limit the transferability of
the method to natural conditions.

2.1 | Classification of soils for civil
engineering purposes

The classification of soils is generally used to assess their
usability for construction purposes. For this study, the
soils were classified based on their grain size distributions
and water contents by the authors according to the Ger-
man standard DIN 18196 (DIN  German Institute for
Standardisation). A reference to additional classification
systems, such as the international (ASTM D 2487) or US-
System (USCS), is provided in Table 1. Soils of one class
are similar with regards to the soil composition

TABLE1

Soil description
Gravel, uniform
Gravel, sandy, little fines

Gravel, sandy, clayey, silty, fines do not break
up granular structure

Gravel-sand-fines-mixture, break up of granular
structure

Sand, uniform

Sand, well graded
Sand, gravelly

Sand with fines, continuous granular structure
Sand with fines, break up of granular structure
Silt, low plasticity

Silt, medium and high plasticity

Clay, low plasticity

Clay, medium plasticity

Clay, high plasticity
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(e.g., grain size distribution, water content), but may con-
tain components from adjacent main soil classes. This
circumstance is described by Kuzmanic and Mikos (2020)
using the example of (quartz) sand. The grain size distri-
bution is determined by sieve and/or hydrometer analy-
sis, recording which mass fraction M of a sample is
smaller than a reference diameter d;. The index i denotes
the corresponding mass percentage.

Furthermore, soils of one class should have approxi-
mately the same structural properties within their class
limits. In the context of this article, the mechanical prop-
erties of a soil class are considered as random variables
and are expressed by a distribution type, an expected
value and a standard deviation.

2.2 | Transformation models

Transformation models quantify the correlation behav-
iour among various soil parameters and are used to infer
geotechnical properties from indirect measurements
(ISSMGE-TC304, 2021a). Empirical correlation terms are
applied to transform the measured variables. The trans-
formation models used are presented in this section and
compilations of transformation models can be found, for
example, in Ameratunga et al. (2016) or Engel (2002).

Classification of soil class according to German (DIN 18196) and international (ASTM D 2487)/US (USCS) standards

Classification according to

DIN 18196* ASTM D 2487" uUscs®
GE GP*, GW
GW, GI GW, GP*
GU, GT GM, GC
GU*, GT*

SE SP°, SW
SW, SI SW, Sp¢
SU, ST SM, SC
SU*, ST*

UL ML

UM, UA MH

TL CL

™ CH

TA

*Indicators: G (gravel), S (sand), U (silt), T (clay), E (poorly graded), W and I (well-graded), L (low plasticity), M (medium plasticity), A (high plasticity).
“Indicators: G (gravel), S (sand), M (silt), C (clay), P (poorly graded), W (well-graded), L (low plasticity), H (high plasticity).

°Takes into account GE (Cyy < 4) or SE (Cyy < 4).
9Takes into account GE (4 £ Cyy < 6) or SE (4 £ Cy < 6).
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Since transformation models are usually developed by
regression based on a specific soil dataset, the models
exhibit both bias and scatter when implemented to other
data (ISSMGE-TC304, 2021a). This so-called transforma-
tion uncertainty is not explicitly stated in this study, but
is only taken into account through the plausibility check.

23 | Voidratio

The void ratio e is a spatial quantity that defines the ratio
of pore volume to grain volume. The scattering of soil par-
ticles causes the pores to be filled up by grains from the
immediate vicinity. This results in a dependence of void
ratio e on the grain size distribution. In general, the void
ratio e of narrow-graded soils tends to be larger than the of
wide-graded soils. In the case of a single-grain material
with spherical grains (most likely applicable to coarse-
grained soil in practice), the void ratio e has a minimum
value for the densest state eyin and a maximum value for
the loosest state emax: €min 0.35<e<0.92 emx (Lang
et al, 2011). This results from the different packing
arrangements. In order to get estimates for both states,
Janke (2000) suggests two approximations (Equations 1
and 2) that depend on the grain roughness r, the unifor-
mity coefficient C, dg/d)p and the mean diameter ds.

ot 0.77 - 1105 (1)
~ ~0.338.7937 772
Cﬂ 338 . dghMﬂ

0.332
Cu

€max ~ 1.976 - €min (2)

The grain roughness r ranges from 1.0 for sharp-
edged material to zero for round material.

If the relative density of a soil Ip
(émax ©)/(émax emin) is known, the existing void ratio
e can be determined from Equations (1) and (2).
According to Equation (3).

€ emax Ip-(€max €min) (3)

24 | Soil unit weight

The mean density of a soil p results from the grain den-
sity ps, the mean density of the pore phase p, and the
void ratio e. Under the influence of the gravity constant
g, this results in the unit weight vy.

Y P8 (HLI (pp pg)+ps) '8 (4)
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In the absence of pore water (p, 0g/cm?), the dry
unit weight yq results and, in return, in the case of fully
saturated soil (p, 1g/cm?), the saturated unit weight
¥sar- Taking into account Equations (3) and (4), a correla-
tion term corresponding to Equation (5 emerges for the
calculation of the unit weight.

émax 1D (émax ©min)

Y (1+emax ID(eme emjn).(pp ps) +ps) ‘8 (5)

Using the correlations from Equations (1) and (2), the
unit weight in Equation (5) can thus be estimated from
information on the grain size distribution. For a single
grain material with spherical grains, a dry unit weight in
the range of 12.7-18.1 kN/m? derives from the limit
values of the void ratio (Zilch et al, 2013). For the
corresponding saturated unit weight the expected interval
ranges from 17.5 to 20.7 kN/m?® These values are of
course also dependent on the grain density p;, which
plays a subordinate role due to its comparatively small
variability.

2.5 | Friction angle
The friction angle of soils is dependent on the grain size dis-
tribution, grain shape and grain roughness as well as the
relative density (Caquot & Kérisel, 1967; Kempfert &
Raithel, 2007; Kézdi, 1969; Kolymbas, 2016; Witt, 2017).
Since the grain shape is usually not measured in classifica-
tion tests, only the other three parameters can be considered
in the correlation terms (Equations 6 and Equation 13).
Mogami and Yoshikoshi (1968) suggest the following
approximation for sand, gravel and crushed material for
the determination of the friction angle ¢} (Engel, 2002):

sing) & —— (6)

The coefficient k is a function of the grain size distri-
bution and the grain shape. To calculate this value,
Moroto and Shimobe (1993) state the following relation-
ships as functions of the void ratio in the densest state
emin (Engel, 2002). Thus, for soils with a uniformity Cy; of
approximately two and variable grain shape
R Equation (7.1) and for soils with greater uniformity
and spherical grains Equation (7.2) can be used.

k ~1.29- epin +0.314for Cy =2 (7.1)

k~0.26-emn 0.554- R+1.114for Cy > 2 (7.2)
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The grain shape is taken into account by the parame-
ter R, which can be described with Equation 8
(Engel, 2002) and ranges in between 0 <R < 1.

0.397
B ©

Additionally, the following approach is applicable to
natural soils and crushed material (Witt, 2017).

k 1.5 0.475-logC,, fornatural soils (9.1)

k 11 0.350-logC,, for fractured material ~ (9.2)

In very fine-grained soils, the cohesion (due to insuffi-
cient correlation terms between the classification data
and the cohesion not considered in this study) also plays
an important role for soil strength properties
(Kempfert & Raithel, 2007; Lang et al., 2011; von Soos &
Engel, 2017; Witt, 2017; Zilch et al., 2013).

To estimate the friction angle for cohesive soils, the
unit wy and pulp wy water index are determined by using
the empirical correlation (Equations 10 and 11) devel-
oped by (Ohde, 1950), which takes the liquefaction limit
value wy, and the plasticity index Ip into account.

wp ~1.959-wp¥2 - 13197 0.1378 (10)

wy % 0.6699 - w08 . 170158 0,0482 (11)

Using Equations (10) and (11), and the stiffness coef-
ficient vy, (von Soos & Engel, 2017), the friction angle
can be determined for normal consolidation ¢,.' and for
over consolidation state ¢’ ¢'. For further informa-
tion on critical state theory, please see for example,

Kolymbas (2016)

0.14 +%
tan g, ———p-
14073

1
tan ¢’ ~ tan ¢, - (1 035.“1}_ 0.0'03) (13)
nc

26 |

(12)

Saturated permeability

The central ideas underlying the correlations for the satu-
rated permeability kr as well as a compilation of correla-
tion terms can be found for example, in Cabalar and
Akbulut (2016), Carrier III (2003), Fuchs et al. (2017),

SCHWIERSCH ET AL.

Hazen (1896), Odong (2008) or Uma et al. (1989). In this
study, the equations derived by Hazen (1896), Terzaghi
(source unknown) and Zunker (Matthess & Ubell, 1983)
are used and presented below (Densch et al, 1930;
Hazen, 1896; Matthess & Ubell, 1983). While Hazen attri-
butes the saturated permeability to the diameter of the
10% fraction d,, (Equation 15), Terzaghi (Equation 14),
additionally considers the void ratio e and Zunker
(Equation 16) even takes the viscosity # into account.

G
L ()

Kf Terzaghi ~0.05- -di, forzmm<d<63mm
(14)
kfpazen 0.0116-d}, for0.063mm<d<2mm (15)

[

2
011 -7
kfzumker%o?? ( el ) -d%, ford<0.063mm (16)

—£_
1 e+l

2.7 |
check

Distribution fitting and plausibility

Based on experience from preliminary studies, normal
(N), lognormal (LN) and Weibull (WB) distributions were
fitted to the classification data set and soil mechanical
properties using the maximum likelihood method
(Hedderich & Sachs, 2016). Other extreme value distribu-
tions were not included in the study due to physical
inconsistencies (e.g., no zero crossing) or insufficient
fitting. Due to its distribution-free applicability, the fitting
was evaluated by using the Anderson-Darling test
(Hedderich & Sachs, 2016) to a significance level of 5%. If
none of the distributions represent the data with suffi-
cient accuracy (rejection of null hypothesis), the data are
evaluated using empirical frequency distributions (emp).
In addition to the statistical parameters (expected value
E(X) and coefficient of variation COV(X)), a distribution
type recommended in literature is then indicated in
brackets, in the Results section.

Taking into account the method's own uncertainties
(see Section 4) and the uncertainties associated with
documented experience, a distribution is considered plau-
sible, if E(X) meets the bounds of the experience interval
taken from (Engel, 2014) and if COV(X) is consistent
with observations documented in the literature. The
results considered plausible are illustrated in the tables
by italicized values.
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3 | RESULTS

3.1 | Trans-regional data set on soil
classification experiments

For the study, a data set was collected that compiles the
results of soil classification experiments trans-regionally
(Figure 1). This is to smooth out local trends in a soil
class and thus gain a picture of the totality of a soil class.
In order to specifically include soil properties of relevance
to structures near rivers (such as river levees) in the anal-
ysis, mostly (78.27%) data sets collected in the context of
soil investigations for waterway infrastructure were used.
These data are supplemented by results of soil investiga-
tions from the Dresden/Saxony region (21.78%). A total
of 19,584 records (grain size distributions) were classified
into 13 soil classes. The largest share of the total data set,
88.0% (17,234 data records), refer to non-cohesive soils.
Cohesive soils account for the remaining 12.0% (2350
data records). For 1804 data sets of the cohesive soils,
additionally, information on the water content is also
available. At least 250 data sets are available for nine of
the 13 soil classes. The smallest data volumes are

Chartered Institution of  Journal of
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available for slightly plastic silt (UL) with an amount of
103 and for widely and intermittently graded sands (SW,
SI) with 106 grain size distributions.

The Box-Whisker plots shown in Figure 2 provide an
overview of the raw data evaluated. For each soil class,
the variability of the grain diameters is shown on the
basis of four or, in the case of more comprehensive data
availability, five selected reference grain fractions (dq,
dsy, dsg, dep and dgs). The median values (highlighted by
a circle) show a mean, empirical grain size distribution of
the respective soil class. Based on these empirical grain
size distributions, it can be seen that the wider a soil class
is graded, the more strongly it is characterised by adja-
cent main soil groups (clay, silt, sand and gravel). As can
be seen in the case of SE and GE, the median values of
all fractions lie within their own main soil group, while
for SU*, ST* and GU*, GT* silt fractions of up to 10 mass
percent are found. For all soils, the interquartile range
(highlighted by the boxes) is narrow which indicates
peaked frequencies. The observed grain sizes of cohesive
soils (UL, UMUA, TL, TM and TA) do not display any
significant differences, rather they show similar charac-
teristics. While the grain sizes of classified gravel and

N

A

Legend

. 4268 Data sets from the project area saxony’
Number of data sets

@ 1-23

@ z4-60

@ o112

. 125 — 220

. 221 - 510
. 511 —1123

. 1124 — 2259

——— Federal waterways

[ Federal states

*4251 HTW Dresden, 17 Baugrund Dresden

FIGURE 1

Sample size for classification experiments and location in Germany, green points: Subsoil investigations for water way

infrastructure, yellow point: Subsoil investigations from Dresden/Saxony, source of the map: Esri Germany
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FIGURE 2

Visualisation of the raw data for the considered soil classes using box-whisker-plots (whisker multiplier equals 1.5 times the

interquartile range) of the fractions d, g, dag, dsg, dep and dgs. The sets shown correspond to the number of data sets evaluated for each soil class

sand can be found within the respective main soil groups,
silt and clay cannot be distinguished in grain size due to
the consistency-based classification of cohesive soils
using Atterberg's test.

Occasional deviations from the rules of classification
(e.g., in the proportion of silt grains in SU, ST) also show
that scattering up to 30% (e.g., GU, GT) in the soil com-
position (and thus also in the design-relevant properties)
is to be expected within a soil class.

For the data sets of cohesive soils containing informa-
tion on sample water contents, the plasticity index
Iy wp — wp can be determined (DIN Deutsches Institut
fiir Normung e. V., 2020). Small values for I indicate a
small and large values in turn indicate a large water con-
tent interval for plastic soil behaviour. From the data sets,
the plastic behaviour of UL and TL shows the greatest
sensitivity to water (Figure 3). On average, an interval of
5% (UL) and 11% (TL) is observed. In contrast, medium
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FIGURE 3 Box-Whisker plot T
(whisker multiplier equals 1.5 times the uLr '*m :
interquartile range) of the plasticity

index Ip, u is the expected value and UMUA[ - =

COV is the coefficient of variation for Ip
(number of data sets: UL: 91, UM/UA:
109, TL: 506, TM: 512, TA: 586)

soil type

TLF l-[l-l

™

= . _ : 4 =015COV=025

0 e 4=02,COV=007 -

T T T T T T T
4 =005COV=025

=011, COV = 0.06 1

=036, COV =0.34 5

1 1 1 ) 1 1 1 1

to highly plastic soils (UMUA, TM and TA) have a
greater robustness. With an average of 36%, the interval
for plastic soil behaviour is greatest for TA.

The coefficients of variation observed for silt are 25%
(UL and UM, UA). For clays, they vary from 6% (TL) to
7% (TM) and 34% (TA).

To model the raw data, distributions were fitted to
the grain fractions dy, dag, dso, dep and dgs for each soil
class (Figure 4). The resulting probability model for the
grain size enables the transformation of grain sizes into
the design-relevant parameters.

In general, the distributions of each soil class lie
within its own main soil group and show typical patterns
corresponding to the classification. The distributions of
the clays (purple) and silts (green) additionally show that
the scatter of grain sizes within a fraction increases from
small to large fractions. This is due to the consistency-
based classification, in which the admixtures of larger
grains are disregarded due to their subordinate influence
on the soil properties. For example, the distributions for
the particle fraction d,, are predominantly in the range
of silt grain and have steep gradient. For the particle frac-
tion dgs, the visibly flatter distributions are in large parts
located in the range of sand grain. In contrast, in the case
of sands (yellow) and gravels (orange), the smaller parti-
cle fractions (dsq, d30) are increasingly mixed with adja-
cent, finer main soil groups. The distributions of the d,,
fraction for sand and gravel with a lot of fines (SU*, ST*
and GU*, GT*) are almost entirely in the silt grain range.
For gravels, even the distributions of the ds fraction are
still found in the range of sand grain.

3.2 | Stochastic soil properties
3.2.1 | Void ratio

As shown in Table 2, with the exception of the widely
graded gravels, the expected values of the void ratios

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

range from 0.3086 (SU*, ST*) to 0.6352 (SE). The widely
graded gravels have void ratios between 0.1108 (GU*,
GT*) and 0.2492 (GW, GI). In general, the expected
decrease in void ratio with decreasing uniformity can be
observed for the non-cohesive soils. Only the results for
SW, SI break this trend, which the authors attribute to
the small sample size and the associated low validity.
Against the background of the limiting void ratios of ide-
ally smooth spheres named by de Marsily (1993) as a
function of possible packings (loose, dense), the observed
values appear plausible. This can be seen in the soil clas-
ses GE (e 0.4984) and SE (¢ 0.6352), which are clos-
est to ideal spheres. The plausibility of the lower result
values for widely graded gravel can be supported by the
high fine grain contents described above. In addition, in
a matrix of infinitely wide-graded material, a smaller
grain can always fill the pores between the adjacent,
larger grains.

In the case of cohesive soils, it can be seen that the
void ratio increases with increasing plasticity. This is con-
sistent with the idea that their typical plastic behaviour is
related to a partially saturated state, where the escape of
air contained in the pore space becomes more and more
difficult as the pore space decreases. Furthermore, it is
noticeable that in average the COV of the cohesive soils
is greater than that of the non-cohesive soils.

The observed coefficients of variation are at the lower
limit of documented experience intervals of 7%-30%
(Uzielli et al., 2006) and 15%-30% (Lumb, 1974), but this
is attributed to the initial assumption of I  0.5. In case
of an analysis of additional relative densities, an increase
of the coefficients of variation is expected.

3.22 | Dry and saturated unit weight

The soil unit weight is significantly affected by the vol-
ume of the lower density phases (air, water). Therefore,
the analyses of the dry and saturated unit weight
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FIGURE 4
according to DIN 18196

represent lower and upper limits for a constant void ratio.
Both show a strong dependence on the void ratio, so that
the trends depicted in the results above are propagated in
the results for the dry and saturated unit weight.

The results of the dry unit weight distributions (see
Table 3) provide expected values between 15.9 kN/m>

Probability Fd) evaluated as cumulative density functions for the fractions d,, dsg, dsg, dso and dgs for 13 soil classes

(GE) and 23.4 kN/m® (GU*, GT*). Overall, the expected
values in 76.9% of the cases are around the lower empiri-
cal value of the moisture density described in the litera-
ture (tolerance +0.5 kN/m®). The expected values that do
not reach the empirical value are partly above (GU*,
GT*) and partly below it (SU, ST, TL). The observed
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TABLE 2

TABLE 3

Soil class
GE

GW, GI

GU, GT

GU*, GT*

SE

SW, SI

SU, ST

SU*,ST*

UL

UM, UA

TL

™

TA

Soil-class-related
evaluation of the void ratio (using
Equation (3) assuming I, = 0.5)

CIWE

Soil class
GE

GW, GI
GU,GT
GU*, GT*
SE

SW, SI
Su, ST
SU*, ST*
UL

UM, UA
TL

™

TA
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Distribution type®*
emp (N)
LN

LN

emp (N)
LN
emp (N)
emp (N)
LN

emp (N)
emp (N)
LN

emp (N)
LN

“Recommendations based on Uzielli et al. (2006).

_WILEY-L 2=

Mean (arithm) in (-) COV (%)
0.4984 7.60%
0.2492 293%
0.1928 2.96%
0.1108 10.20%
0.6352 4.82%
04161 1.18%
0.4818 6.62%
0.3086 4.96%
0.4902 8.61%
0.5189 15.82%
0.4169 8.23%
0.468 17.80%
0.5835 16.88%

Soil-group-related evaluation of dry (y4) and saturated () unit weight in (kN/m?) (using Equation 5 assuming I, = 0.5)

Property
Ya
Vsat
Ya
Vsat
Ya
Vsat
Ya
Vsat
Ya
Vsat
Ya
Vsat
Ya
Vsat
Ya
Vsat
Ya
Vsat
Ya
Vsat
Ya
Vsar
Fd
Vear
¥d

Vsat

Distribution type*  Mean (arithm) in (kN/m®)
emp (N) 15.9039
emp (N) 20.6185
LN 20.8106
LN 22.7676
LN 21.7954
LN 23.3807
emp (N) 23.4049
emp (N) 24.3829
LN 15.9039
LN 19.7124
emp (N) 18.3587
emp (N) 21.2409
emp (N) 17.5523
emp (N) 20.7388
LN 19.868
LN 22.18068
emp (N) 17.4602
emp (N) 20.6814
emp (N) 17.1625
emp (N) 20.4961
emp (N) 18.3578
emp (N) 21.2402
emp (N) 17.7688
emp (N) 20.8736
emp (N) 16.4789
LN 20.0704

COV in (%)

1.87%
1.20%
0.58%
0.33%
0.48%
0.28%
1.03%
0.61%
1.87%
0.94%
0.35%
0.19%
2.22%
1.17%
117%
0.65%
3.05%
1.60%
5.12%
2.67%
2.41%
1.30%
591%
3.13%
6.09%
3.12%

*Recommendations based on Lanzafame et al. (2017), Léfman and Korkiala-Tanttu (2019) and Uzielli et al. (2006).
PEmpirical values correspond to the partly-saturated unit weight according to Engel (2014).

Experience interval® in (kN/m?)

16.0
19.0
21.0
23.0
21.0
24.0
20.0
22,5
16.0
19.0
18.0
21.0
19.0
225
18.0
21.5
17.5
21.0
17.0
20.0
19.0
22,0
18.0
21.0
16.5
20.0
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coefficients of variation for non-cohesive soils is in the
range of 0.35% (SW, SI) to 1.87% (GE, SE) and for cohe-
sive soils above (3.05% for UL-6.09% for TA).

When analysing the saturated unit weight, 46.2% of
the cases show an expected value that lies within the
plausible interval of empirical values +0.5 kN/m* (shown
as italicized values in Table 3). The results deviating from
the empirical values underestimate the saturated unit
weight in three cases and overestimate them in four
cases. No typical pattern can be detected. The COV is
smaller for both non-cohesive and cohesive soils than for
the dry unit weight. This indicates that there is a similar
absolute deviation from the expected value in both cases,
but that it is less significant for the saturated unit weight
due to the generally higher values.

The observed mean values lie predominantly in the
experience intervals according to (Engel, 2014) and the
coefficients of variation confirm the observations of (Lee
et al,, 1983; Lumb, 1974; Uzielli et al., 2006). Overall, the
results for the investigation of the dry and saturated unit
weight can be regarded as plausible. Since the results of
the void ratio are incorporated into the determination of
the dry and saturated unit weight, the distribution types of
the dry and saturated unit weight agree almost completely
(exceptions: TL, TA) with those of the void ratio.

3.2.3 | Friction angle

The results show that the expected values of the friction
angle lie within the empirical interval for eight of 13 soil

SCHWIERSCH ET AL.

classes. Due to the superposition of the input distribu-
tions (fractions dyg, dso and dg as well as the void ratio
e), the results show different distribution types. Thus,
normal, lognormal and Weibull distributions as well as
empirical distributions are used for the parameter model-
ling. The results show variation coefficients between
0.66% and 17.7%. These reflect the expected coefficients
of variation of 2%-15% for non-cohesive (ISSMGE-
TC304, 2021b; Lee et al., 1983; Lumb, 1974; Ugzielli
et al, 2006) and 12%-56% for cohesive soils (Lee
et al, 1983; ISSMGE-TC304, 2021b). Therefore, the
majority of the results are considered plausible (shown as
italicized values in Table 4).

3.24 | Saturated permeability

Based on the expected values of the result distributions
(Table 5), a decrease of the saturated permeability can be
seen both with decreasing uniformity (non-cohesive soils)
and with increasing plasticity (cohesive soils). Only the
result for SW, SI deviates from this trend, with an
expected value of 3.61 x 107 m/s equal to the perme-
ability of SE (3.27 x 10™* m/s). The coefficients of varia-
tion, which are expected at 200%-300% according to Lee
et al. (1983) and Lumb (1974), show values between 73%
(SW, SI) and 1275% (TM). There is no discernible trend
within the individual soil classes. When comparing the
expected values with the experience interval used for the
validation (Engel, 2014), the results of 69% of the cases
are within the interval limits. The results of SU, ST and

TABLE 4 Soil-group-related evaluation of the friction angle in (°) (assuming Ip = 0.5)

Distribution Mean cov Experience”
Soil class Equation k-term type® (arithm) in (°) in (%) interval in (°)
GE Equation (6) Equation (9.2) emp (N) 39.13 4.23% 34-42
GW, GI Equation (6) Equation (9.1) LN 39.10 0.66% 35-45
GU, GT Equation (6) Equation (7.2) N 39.96 3.55% 35-43
GU*, GT* Equation (6) Equation (7.2) WB 36.76 8.47% 28-35
SE Equation (6) Equation (7.1) LN 35.13 211% 32-40
SW, SI Equation (6) Equation (7.2) WB 40.72 108% 33-44
SU, ST Equation (6) Equation (9.2) emp (N) 34.84 190% 32-40
SU=* ST Equation (6) Equation (9.2) LN 27.84 1.16% 25-32
UL Equation (13) — LN 29.22 7.51% 28-35
UM, UA Equation (13) — N 21.51 11.88% 25-33
TL Equation (13) — LN 26.02 5.32% 28-35
™ Equation (13) — WB 20.24 5.72% 25-30
TA Equation (13) — LN 16.16 17.7% 17-27

*Recommendations based on Uzielli et al. (2006).

Empirical values according to Engel (2014).
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TABLE 5 Soil-group-related evaluation of the saturated permeability (assuming Ip = 0.5)

Distribution Mean (geom.) Experience interval in
Soil class Approach type in (m/s) COV (%) (m/s) (Engel, 2014)
GE Terzaghi LN 8.08 x 10 2 1183 1x10 %-2x10?
GW, GI Terzaghi WB 2.66 x 10 * 320 1x10 °1x10°?
GU, GT Terzaghi WB 1.53x 10 ° 882 1x10 %2x10°
GU*, GT* Terzaghi LN 7.73 x 10 ¢ 106 I1x10 -2x10%
SE Hazen WB 327x10* 153 2x10 *-5x 10 ?
SW, SI Hazen LN 361 x 10 * 73 2% 10 °-5x 10 *
SU,ST Hazen LN 833 x 10 ° 166 5x10 -2x 10 °
SU*, ST* Hazen WB 1.69 % 10 ° 348 I1x10°-2x10°
UL Zunker LN 374x10° 115 1x10 7-1x10°
UM, UA Zunker LN 444 %10 7 1521 I1x10°-2x10°
TL Zunker LN 132%x10 ¢ 635 2%10 *-1x10 7
™ Zunker LN 504 x 10 7 1275 1x10 %2x10 8
TA Zunker LN 1.89 x 10 7 1240 1x10 *-1x10°
of the clays do not agree with the experience accordingto  TABLE 6 Plausibility of the results
(Engel, 2014). Furthermore, the saturated permeability
for all soil classes can be described using lognormal and SOl CasS e va  7m ¢k  Amount
Weibull distributions. A modelling of the saturated per- GE 1 1 — 1 1 4
meability by means of lognormal distribution is rec- GW, GI 1 1 1 1 1 5
ommended by (Baecher & Christian, 2003; Benson, 1993; GU, GT 1 1 - 1 1 4
de Marsily, 1993; Uzielli et al., 2006). GU*, GT* 1 _ — — 1 2
SE 1 1 — 1 1 4
3.3 | Summary of the results SW, 81 - ! ! ! ! 3
SU, ST 1 — — 1 — 2
Table 6 provides an overview of which of the result distri- SU% ST 1 1 - 1 4
butions are considered plausible (1) or implausible ( ). It UL 1 1 1 1 1 5
can be seen that for more than half of the soil classes, dis- UM, UA 1 1 1 - 1 4
tributions can be confirmed by comparison with experi- TL 1 _ _ _ _ 2
ence intervals and literature recommendations for at ™ 1 1 1 - . 3
least four of the five parameters considered. At the same
time, plausible distributions can be obtained for the void TA ! ! ! - - 3
ratio, dry unit weight and saturated permeability for at Totals A Y g L
least 10 soil types. Quote 92% 76% 46% 61%  76%

4 | DISCUSSION

Since the result distributions of this study are intended to
improve the probabilistic stability assessment of river
levees and thus ultimately flood risk management, specif-
ically a data basis on the results of classification tests col-
lected close to water bodies was evaluated. The
information on grain sizes used is all influenced by
water-dependent, geomorphological processes, so that
characteristics of soils far from water bodies are not taken
into account.

The statistical analysis of the classification results
allows the description of the trans-regional natural vari-
ability of grain sizes and water contents for 13 soil classes,
in which it was found that silts and clays can hardly or
not at all be distinguished in grain size. As a consequence,
the results of both soil groups are similar, which, however,
does not have to be an accurate representation of reality.
Due to the large sample size, the aleatory uncertainty
(natural variability) is represented in the results. Since the
subsequent quantification of epistemic uncertainty
(impossibility of exact description) is not possible on the
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basis of the original data set, it is neglected. By using
transformation models in the form of correlation terms,
an additional source of epistemic uncertainty is added to
the analysis, whose quantification can be conducted
according to (ISSMGE-TC304, 2021b), but requires a cali-
bration dataset which is not present within this study.

Although there is some information in the literature
on the statistical properties of soils (Baecher &
Christian, 2003; Benson, 1993; Lumb, 1974), it is mostly
vague and characterised by the specification of intervals
of the expected value or the coefficient of variation. The
mostly small values for the COV result from the investi-
gation of only one relative density (I,  0.5). Since data-
bases such as those compiled in 304db database
compilation (ISSMGE-TC304, 2021b) contain no to poor
information regarding the parameters considered in this
study, the results can only be considered plausible, while
validation is still pending.

5 | CONCLUSION

In this article, a method is presented to determine soil
mechanical parameter distributions by indirect statistical
deduction—as they are needed for reliability analyses in
flood risk management. The method is based on classifi-
cation test results and requires an initial assumption on
the relative density Ip.

The plausible parameter distributions presented for
about two thirds of the soil classes enable the probabilis-
tic stability assessment of river levees (e.g., slope stability)
and thus improve the basis for flood risk assessment. In
the context of further research, it is now necessary, on
the one hand, to create a validation basis by
supplementing (inter)national databases with informa-
tion on void ratio, soil weight, friction angle and satu-
rated permeability and, on the other hand, to quantify
the epistemic uncertainty associated with transformation
models.
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