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Revised Soil Classification System: Implementation and
Engineering Implications

Gloria M. Castro'; Junghee Park?; and J. Carlos Santamarina, A.M.ASCE?

Abstract: Soil classification systems help geotechnical engineers anticipate soil properties and provide early guidance for engineering
analyses. Current soil classification systems recognize the central role of particle size and inherent differences between coarse- and
fine-grained fractions. However, they adopt fixed classification boundaries irrespective of a broad range of fines plasticity and particle shape,
disregard the distinct fines thresholds for mechanical and hydraulic properties, and overlook pore-fluid chemistry effects on fines behavior.
The Revised Soil Classification System (RSCS) addresses these limitations and benefits from published data and physical insights gained
during the last century. By comparison, the classification boundaries in the prevailing Unified Soil Classification System (USCS) resemble
those in the RSCS only for the case of angular sands and gravels mixed with low-plasticity fines; in all other cases, extensive data sets
corroborate the transition thresholds adopted in the RSCS. The complete logic tree for the RSCS facilitates its implementation; it is available
as user-friendly Excel macro and a mobile application that automatically produce the soil-specific classification charts and show the soil
classification in terms of the controlling fraction for both mechanical and hydraulic properties. Multiple studies have demonstrated the pre-
dictive power of the RSCS in terms of soil properties (e.g., compressibility, strength, hydraulic conductivity, and capillarity), soil phenomena
(e.g., fines migration and bioactivity), and the preliminary selection of geotechnical solutions (e.g., soil improvement). DOI: 10.1061/
JGGEFK.GTENG-10447. This work is made available under the terms of the Creative Commons Attribution 4.0 International license,
https://creativecommons.org/licenses/by/4.0/.

Author keywords: Engineering relevance; Implementation; Mobile app; Revised soil classification system (RSCS); Unified soil

classification system (USCS).

Introduction

Current soil classification systems capture early efforts to under-
stand soil behavior and properties. Most classification systems rec-
ognize the central role of particle size d because it determines the
balance between particle-level forces. Capillary and/or electrical
forces gain relevance and control fabric formation when the grain
size is less than 75 pum (Santamarina 2003; Mitchell and Soga
2005); hence, Atterberg limits are valuable for the characterization
of fine-grained soils (finer than 75 pm). Conversely, particle shape
and relative size—i.e., coefficient of uniformity C,—determine
fabric and packing density in coarse-grained soils (coarser than
75 pm; Cho et al. 2006).

Classification systems developed in the 1930s have common
limitations (Casagrande 1948; Burmister 1951; Wagner 1957;
Holtz and Kovacs 1981; Howard 1984; Kulhawy and Chen
2009; Jang and Santamarina 2016; Park and Santamarina 2017):
(1) they adopt a fixed boundary to distinguish coarse soils from
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fine-dominant soils regardless of a broad range of fines plasticity,
(2) the shape of coarse-grained particles is not considered by any
classification system, (3) boundaries in current classification sys-
tems do not recognize the distinct effects of fines on mechanical
and hydraulic properties, and (4) current soil classification systems
disregard the critical role of pore-fluid chemistry on the behavior of
fine-grained sediments.

The recently proposed Revised Soil Classification System
(RSCS) addresses these limitations, benefits from the physical
understanding of granular materials gained in the field during
the last century, and takes into consideration extensive data sets
compiled from the geotechnical literature. This manuscript de-
scribes the implementation of the RSCS and demonstrates its
valuable engineering implications.

Fundamental Concepts Involved in the RSCS

Coarse-Fines Mixtures

The RSCS defines two threshold fines fractions to classify coarse—
fines mixtures into three categories: coarse-controlled, transitional,
and fines-controlled mixtures (Fig. 1). The low-threshold fines
fraction indicates the minimum amount of fines needed to fill
the voids in a granular skeleton made by the coarse grains and
it is attained when the coarse fraction is densely packed (eM)
and the fines are loosely packed (er;ax)’ Fp|t = elmin/(1 + eDin +
em™). Conversely, the high-threshold fines fraction is Fp|" =
e /(1 4 el 4 emin) - in which the coarse grains are loosely
packed (ep™) and the fines fraction is densely packed (e‘}"")
(Park and Santamarina 2017).
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Fig. 1. (Color) RSCS transition thresholds. The corresponding gravimetric ratios were computed in terms of the extreme packing conditions for each
fraction (details in Appendix I, II, and III). (Reprinted from Park and Santamarina 2017, © ASCE.)

Coarse Fraction

The packing void ratios ™" and e™* for coarse-grained sands and
gravels can be measured readily (preferred) or estimated from par-
ticle roundness R and the coefficient of uniformity C, (Appendix I);
the maximum and minimum void ratios decrease for rounder and
well-graded sands and gravels (Youd 1973; Cho et al. 2006). Ex-
perimental data revealed that coarse grains held in a fines matrix
affect the physical properties of the mixture even beyond eo >
e™* both in coarse—fines and gravel-sand mixtures (see data in
Fragaszy et al. 1992; Vallejo and Mawby 2000; Vallejo 2001;
Simoni and Houlsby 2006; Kim et al. 2007). Thus, the RSCS
adopts a data-informed empirical correction for the high-threshold
fines fraction Fp[l" = v+ e /(1 + a - €1 + eMin) [Fig. 1(d)].
From the analysis of data gathered for various physical properties,
we concluded that o = 1.3 for coarse fines mixtures, and « =
2.5 for gravel sand mixtures (see data collection in Park and
Santamarina 2017).

Fines Fraction

The void ratio of plastic fine-grained soils (remolded) effectively is
stress-dependent; therefore, the RSCS selects the void ratios mea-
sured in one-dimensional (1D) consolidation tests at o’ = 10 kPa
(eM* = ep|!0%Pa)y and at ¢’ = 1 MPa (e™" = ep|' M) as repre-
sentative void ratios for soft and stiff conditions; the selection of
alternative stress levels is discussed subsequently. These two
values can be determined from a consolidation test using remolded
specimens (although this is time demanding) or estimated from
correlations with the liquid limit (LL) typically gathered with the
saturating pore fluid (see correlations in Appendix II). Data sets in
Skempton and Jones (1944); Skempton (1970); Burland (1990);
and Chong and Santamarina (2016) confirm the strong correlation
between the liquid limit and compression index C..

Fluid Transport Control Boundary

The presence of fines plays a critical role in permeability. The
RSCS estimates the threshold fines fraction for fluid flow assuming
that fines form a suspension with a viscosity 100 times higher than
that of water, hence causing a marked decrease in the mixture hy-
draulic conductivity. Experimental data show that the suspension
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water content is several times higher than the liquid limit, w% = A -
LL, or, in terms of void ratio, ex|1% = X - ey|', where A = 2 for
silt (LL = 30-50), A = 3 for kaolinite (LL = 30-140), A = 4 for
illite (LL = 90-210), and A\ = 5 for bentonite (LL = 170-300).
Clearly, the A-factor scales with the liquid limit obtained with the
saturating pore fluid, and it is best estimated as A\ = [2 - log
(LL — 25)] > 1.0. Details were presented by Park and Santamarina
(2017).

RSCS Boundaries

The 13 notable mixtures described in Appendix III define the RSCS
boundaries. These boundaries constrain 10 soil groups in a textural
triangular chart (Fig. 2). Each group has a two-name nomenclature:
the first letter(s) identifies the component that controls the mechani-
cal properties, and the second letter indicates the component that
controls fluid flow (Fig. 2). For example, if the soil under consid-
eration falls into the S(F) zone, it will exhibit sand-controlled
mechanical properties but fines-controlled permeability.

Comparison of RSCS and USCS

The Unified Soil Classification System (USCS) boundaries are
similar to the RSCS triangular chart for angular sands and gravels
mixed with low-plasticity fines, i.e., liquid limit LL ~ 40
[Fig. 2(a)]. However, higher-plasticity fines and/or rounded coarse
grains result in lower boundaries for both mechanical and hydraulic
controls [Fig. 2(b)]. These sample charts capture the remarkable
differences between the RSCS and the USCS; in particular, the
RSCS boundaries are not fixed but are soil-specific in order to re-
flect properly the plasticity of fines and the shape of the coarse-
grained fraction. In general, classification boundaries in the RSCS
move down as the fines liquid limit increases and the coarse frac-
tion roundness and uniformity increase. Park and Santamarina
(2017) Fig. 10 presents multiple combinations of R, C,, and LL.

Fines Classification

The most salient characteristic of fine-grained soils is their sensi-
tivity to pore-fluid chemistry. Therefore, the RSCS classifies fines
based on the liquid limit LL measured using the fall cone method
for soil pastes prepared with three different liquids [Appendix IV

J. Geotech. Geoenviron. Eng.
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Fig. 2. (Color) Revised Soil Classification System in the triangular gravel-sand—fines chart: (a) RSCS chart for a mixture of low-plasticity fines
(LL = 40), angular gravel, and sand (Roundness R = 0.2, coefficient of uniformity C, = 1.5, e™* = 1.15, and ™™ = 0.65); and (b) RSCS chart for
a mixture of high-plasticity fines (LL = 250) and rounded gravel and sand (R = 0.5, C, = 1.5, e™* = 0.69, and ™" = 0.40).
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Fig. 3. (Color) Fines classification based on the sensitivity to pore-fluid chemistry: (a) circular boundaries correspond to electrical sensitivities
Sg = 0.4 (red) and Sg = 1.0 (blue); and (b) the two-letter nomenclature for fines classification indicates soil plasticity (N, L, I, or H) and electrical
sensitivity (L, I, or H). Colored datapoints correspond to different soils identified in the legend.

and (Jang and Santamarina 2016)]: (1) the LLpyw run with deion-
ized water magnifies double-layer effects and prevents the forma-
tion of face-to-face aggregation; (2) the LL,. obtained with
nonpolar kerosene prevents hydration and osmotic effects, and thus
van der Waals interparticle attraction prevails; and (3) the LLy ;.
conducted with a 2-M NaCl brine collapses the double layers. The
choice of 2-M NaCl solution takes into consideration most salt-
water bodies (ocean water = 0.6 M) and brine-filled reservoirs,
prevents salt precipitation during testing (saturation = 6.14 M),
effectively shields surface charges, minimizes double-layer effects,
and is prepared easily.

The three liquid limits LLpw, LLpe, and LL., render two
ratios LLy./LLyne and LLpw/LLye that capture the fabric
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sensitivity to the fluid electrical conductivity and permittivity
[Appendix IV; Fig. 3(a)]. The liquid limit ratio LLpyw/LLpgine
characterizes the reduction in double-layer thickness due to the
increase in pore-fluid conductivity (LLpw > LL ;. in most soils),
and the ratio LL;../LLy;, assesses changes in fines behavior
due to changes in fluid permittivity (see data compilation in
Santamarina et al. 2001, 2002).

We selected kerosene for its common availability worldwide;
however, its composition is variable, heavier components may
require days to evaporate, and its sale is banned in some countries
(e.g., Peru). Other nonpolar fluids can be used; in particular, decane
is a low-viscosity monomolecular liquid with convenient evapora-
tion rate for laboratory testing. Experimental results in Fig. S1 in
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the Supplemental Materials summarize the liquid limit measure-
ments for soil pastes prepared with kerosene and decane; the results
confirm the potential use of either fluid to obtain the representative
liquid limit for nonpolar liquids.

The origin at LLpw/LLy; = 1 and LL. /LLy . = 1 indi-
cates a nonsensitive soil response; the soil electrical sensitivity
Sg is the distance between the measured ratios and the origin
[Fig. 3(a); Appendix IV]. The new fines classification chart divides
fines into the 12 groups as a function of their plasticity with LLy ;.
(first letter: N, L, I, or H) and electrical sensitivity Sz (second
letter: L, I, or H) [Fig. 3(b); Appendix IV]. We do not expect
to find natural soils that fall into the low-plasticity and high-
electrical-sensitivity sector (i.e., NH and LH). However, the
opposite situation does take place: soils with intraparticle porosity
such as diatoms exhibit high plasticity but low electrical sensitivity
(HL). We select the liquid limit with brine LL;,. rather than
the liquid limit with deionized water LLpy to minimize uncer-
tainties in liquid limit results associated with excess salts in the
soil [the liquid limit obtained with brine is corrected to account
for salt precipitation during drying (Jang and Santamarina 2017;
Narsilio et al. 2017)]. The boundaries selected for plasticity reflect
[Fig. 3(b)]:

* LLy;ne = 30: maximum water content that very loose sands and
nonplastic silts may attain;

* LLyine = 30-50: intermediate plastic fines; and

* LL;.. = 75: separation of kaolinite and illite from smectites.

The boundaries adopted for electrical sensitivity capture the
following data clusters:

* below Sg < 0.4: nonplastic diatomaceous, silty, and sandy soils;

* 0.4 < Sg < 1.0: intermediate sensitivity, such as kaolinites; and

e above Sg > 1.0: highly sensitive to pore-fluid chemistry, such as
montmorillonite.

Fines with high LLpw /LL,e ratios are sensitive to changes in
pore-fluid ionic strength (e.g., rain-caused dispersion and erosion,
and contraction during salt water intrusion). On the other hand,
fines with high LL,.,/LLy. ratios would react to changes in fluid
polarity [e.g., the invasion of non-aqueous phase liquids (NAPLs)
or CO, injection for geological storage]. The combination of the
three liquid limits into a single parameter S hides some of the clus-
tering differentiation observed in Fig. 3(a); therefore, the Excel
macro and the mobile application associated with this manuscript
present both charts shown in Fig. 3 as part of the soil classification
results. In any case, the electrical sensitivity anticipates potential
fabric changes when fines are subjected to changes in pore-fluid
chemistry in general. For example, compressibility is more sensi-
tive to pore-fluid chemistry changes in high-plasticity fines with
high electrical sesnsitivy (H-H) than in low-plasticity fines with
low electrical sensitivity (L-L).

Various researchers have expressed concern with the selection
of the passing #200 fraction (it may remove important components
such as organic matter), the need to dry specimens to run the tests
with kerosene or decane (drying can affect the plasticity measured
with water, e.g., volcanic ash soils), potential mineral dissolution in
tests conducted with deionized water, and safety considerations
with kerosene (closure for Jang and Santamarina 2017; C. Vitone,
personal communication). The interpretation of all tests requires
careful consideration of underlying processes; the recommended
protocol places emphasis on the prevalent role of high specific
surface mineral fines on the physical properties of soil mixtures.

Diagenesis

The RSCS—as well as other classification systems—uses data gath-
ered with remolded specimens and lacks critical field information
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such as density, loading history, and diagenesis. In particular, small-
strain shear stiffness, which is best assessed using shear wave propa-
gation, can provide valuable insight related to aging and diagenetic
cementation (see fly ash example in Bachus et al. 2019).

Implementation

This section details the implementation of the RSCS. We first pre-
sent the complete logic tree. Then we introduce Excel-based and
mobile-based platforms to facilitate its implementation.

Logic Tree: Decision-Making

Fig. 4 shows the logic tree for the RSCS. It requires the mass frac-
tion passing sieves #4 and #200 to identify gravel F; (>#4), sand
Fg (<#4; >#200) and fines Fp (<#200) fractions (Appendix I).
Subsequent requests for input information depend on whether
the soil is a single, binary, or ternary mixture. For example, for
clean coarse soils, [i.e., G(G), GS(S), or S(S)], there is no need
for liquid limit information, but the coefficient of uniformity C,
is needed to determine either well- or poorly- graded sand or gravel
[Fig. 4, Procedures 1 and 2]. Conversely, if all the soil passes sieve
#200 (Fr = 100%), the RSCS will require the three liquid limits
LLpw, LLiine, and LL;,. to complete the fines classification [Fig. 4,
Procedure 3].

Simplified Classification

The differentiation between sands and gravels is unnecessary in
many applications. In such cases, the classification simplifies from
a ternary triangular plot to a binary linear segment to distinguish
coarse-controlled (>75 pm) from fines-controlled (<75 pm) soils.
The simplified classification requires only three input parameters:
(1) fines fraction Fp, i.e., the mass of fines passing sieve #200
divided by the total mass (%); (2) the liquid limit of fines obtained
with deionized water LLpy; and (3) the e™* and ™" values of the
coarse fraction retained on sieve #200 [Fig. 5(a)].

The only three notable mixtures in this case define Fy|", Fy|*
and F|"%, and correspond to Points 4, 8, and 13 in Fig. 2 and
Appendix III. Fig. 5(b) shows the simplified classification for
coarse C and fines F mixtures. The simplified classification results
in four soil groups to recognize mechanical and fluid flow control:
C(C), C(F), CF(F), and F(F). Clearly, when mixtures are fines-
controlled, the classification still requires the three liquid limits
to classify the fines: LLpw, LLyine, and LLy.,. The simplified clas-
sification reduces the number of required tests and expedites the
entire classification without losing physical meaning.

Reference Effective Stress for Fines: Soft and Stiff

The two reference void ratios for soft (e;|'% P and stiff (ey|' MP?)
fines reflect common stress conditions in near-surface engineering
applications (Appendix II). However, an initially load-carrying
fine-grained matrix compacts and may give rise to a coarse-grained
load-carrying skeleton at higher stress levels relevant to other ap-
plications. For example, the analysist may choose ej|'% ¥ and
ep|'"MP2 for reservoir engineering, or ep|! XP? and ep|'% kP2 for
near-seafloor offshore engineering projects. Implications can be
analyzed readily within the RSCS [Fig. 6 (refer to Appendix II)];
flow boundaries are based on suspension viscosity and are not ad-
justed for stress level. Preliminary results obtained for kaolinite and
bentonite show that higher stress levels shift boundaries to higher
thresholds, but changes have a relatively minor effect for classifi-
cation purposes (Fig. 6).
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Fig. 5. (Color) Simplified RSCS. This simpler classification may suffice when there is no need to distinguish sands from gravels: (a) logic tree; and

(b) triangular chart as a linear plot.

User-Friendly Excel Macro and Mobile App

We developed a user-friendly Excel sheet and a mobile application
to facilitate the implementation of the RSCS (Fig. S2). The Excel
sheet for the RSCS is available on the Energy GeoEngineering
Laboratory website 2021, and the mobile app is available in the
Android Play Store. Both the mobile app and the Excel sheet draw

all RSCS charts, identify classification boundaries, and plot the
point that represents the soil under consideration. The user-friendly
software is organized into three main zones: input box, soil-specific
triangular chart, and fines classification chart with electrical sensi-
tivity criteria.

The RSCS adopts the threshold fines fraction for fluid flow
ep|™Y = X ep|" where A = [2log(LL —25)] (Appendix II).
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Fig. 6. Modification to accommodate different stress regimes. Threshold fractions for mechanical control computed for stress levels of 10100 kPa,
100 kPa—1 MPa, and 1-2 MPa: (a) kaolinite—sand mixture; and (b) bentonite—sand mixture. The coarse fraction assumed for this analysis has e™* =
0.69 and e™" = 0.40. As a first-order approximation, fluid flow boundaries remain unaffected by changes in the stress level. For clarity, this analysis

was conducted for the simplified RSCS (refer to Fig. 5).

When the liquid limit of fines is LL < 25, the plasticity-dependent
parameter is A = 1, and the flow-control boundary is identical to
the mechanical control boundary for clean coarse grains. As a re-
sult, the chart for soils with low-plasticity fines LL < 25 does not
have G(F), GS(F), and S(F) soil groups.

Both the Excel sheet and the mobile app report the two-letter
group name to identify the load-carrying fraction(s) and the flow-
controlling fraction. If the soil group includes either F for load-
carrying fines or (F) for fines-controlled flow, the classification
adds information about the fines plasticity and electrical sensitivity.
For example, in S(F)-HI soil
* S indicates that sand controls the mechanical response;

e (F) indicates that fines control fluid flow; and
e HI indicates that fines exhibit high plasticity and intermediate
electrical sensitivity

We encourage users to report all input parameters, the soil clas-
sification, and the soil-specific classification charts in technical
documents and publications.

Sediment Properties

The RSCS is more involved than previous classifications such as
the Unified Soil Classification System. However, its implementa-
tion using the Excel sheet or the mobile app actually is simpler than
the USCS. Most importantly, the RSCS is much more informative
and predictive of the soil physical properties.

Ongoing and published studies have begun to show the RSCS
guiding capabilities in various applications: experimental data
analyses, specimen characterization, critical fines content, methane
hydrate pore habit, polymer bonding, clogging, bioactivity in soils,
geoacoustic properties, pore-fluid chemistry effects in fine-grained
sediments, compressibility, cyclic behavior, desiccation cracks, and
fluid flow in porous media (e.g., Cao 2017; Eslami et al. 2018; Lei
and Santamarina 2018; Cao et al. 2019; Ekici et al. 2019; Jang et al.
2019; Lei et al. 2019; Bachus et al. 2019; Shivaram 2019; Jarrar
et al. 2020; Wang et al. 2020; Terzariol et al. 2020; Vitone et al.
2019; Zhao and Santamarina 2020).

This section explores the transition from coarse-controlled to
fines-controlled soil properties. We superimposed RSCS and USCS
boundaries on each data set to compare the two classification
systems.

© ASCE

04023109-6

Mechanical: Compressibility

Fig. 7(a) presents compression index C. and swelling index C;
data for sand—kaolin mixtures versus the fines fraction F . Kaolin
is an intermediate plasticity and intermediate electrical sensitivity
fine-grained soil “II”” based on the RSCS. RSCS boundaries prop-
erly divide the mixture compressibility into the three categories:
(1) coarse-controlled, (2) transitional, and (3) fines-controlled. In
comparison, the USCS considers the transitional clayey sand zone
to be wider than the observed response (see similar data in Carrera
et al. 2011; Simpson and Evans 2015).

Mechanical: Shear Strength in Terms of tan ¢

Fig. 7(b) plots the residual friction angle tan ¢, against the fines
fraction Fr based on measurements using the ring shear test with
remolded specimens mixed with distilled water at an initial water
content near the liquid limit before consolidation using a multistage
ring shear. The mixture exhibits a significant decrease in tan ¢,
within the SF(F) group as it transitions from coarse- to fines-
controlled shear strength. The transition falls within a much wider
category in the USCS (see similar data for gravel-sand mixtures in
Simoni and Houlsby 2006).

Fluid Flow: Hydraulic Conductivity

Fig. 7(c) plots the hydraulic conductivity k versus sand fraction Fg
for gravel-sand mixtures. There is a dramatic reduction in hy-
draulic conductivity in the sand-controlled groups GS(S) and S(S).
Fig. 7(d) illustrates the hydraulic conductivity k versus fines frac-
tion F for coarse—fine mixtures; the RSCS captures the critical
role of fines in permeability. By contrast, the USCS does not iden-
tify the soil fraction responsible for fluid flow.

Unsaturated Soil: Suction Near AEV

Fig. 8(a) shows the effect of pore-size reduction caused by the
addition of kaolinite to sand on the magnitude of suction near
the air-entry value (AEV). The 11 sand—kaolinite specimens were
mixed homogenously with deionized water to form pastes near the
liquid limit. Specimens then were tested using a dewpoint hygrom-
eter device to determine the complete soil-water characteristic
curve (WP4C PotentiaMeter, Meter Group, Pullman, Washington).
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Fig. 7. (Color) Mechanical and fluid flow soil properties—trends and classification: (a) compressibility for sand—kaolinite mixtures (silica sand from
Jeddah, Saudi Arabia: e = 0.81, e‘gi“ = 0.45; RP2 kaolinite from Gordon: LLpyw = 67) (data from Cordero et al. 2017); (b) residual shear strength
in terms of tan ¢ for sand-bentonite mixtures (Toyoura sand: eg** = 0.95, e‘gi“ = 0.72; bentonite: LL = 250) (data from Tiwari and Marui 2005);
(c) hydraulic conductivity for gravel-sand mixture (5-mm glass beads: e = 0.72, e'&‘i“ = 0.54; Accusand: eg™ = 0.74, e?i“ = 0.50) (data from
Zhang et al. 2011); and (d) hydraulic conductivity for gravel-fines mixtures (uniformly-graded gravel d = 9-19 mm: e = 0.68, " = 0.44; mine
spoil from northeastern US: LL. = 37) The RSCS classification results appear at the top of each plot. For comparison, figures include the USCS at the

bottom (data from Shelley and Daniel 1993).

For completeness, Fig. 8(b) presents the gravimetric water content
at the air-entry value versus fines fraction F . The water content at
the AEV for sand-controlled mixtures decreased with an increase in
the clay fraction because clays fill pores and reduce the porosity at
low fines fraction. However, the gravimetric water content at the
AEV increased because the kaolinite controls the pore size at high
fines fractions. The effect of fines on the gravimetric water content
at the AEV is more remarkable when higher plasticity clays are
involved (Cordero et al. 2017). The RSCS boundaries superim-
posed on Figs. 8(a and b) properly anticipate transitions in capillary
phenomena.

Other Engineering Properties

As part of this study, we compiled data sets to explore other en-
gineering properties as a function of fines fraction. We determined
the RSCS boundaries using soil characteristics provided in each
case (Figs. S3-S12). Classification results clearly identify the
transition from fines- to coarse-controlled behavior in mechanical
and fluid flow transport properties. Engineering soil properties
compiled from the literature include critical state parameters M
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and I" [Figs. S3 and S4 (Marto et al. 2014; Carrera et al. 2011)],
thermal conductivity [Fig. S5 (Yun et al. 2007; Roshankhah et al.
2021)], geophysical properties such as P- and S-wave velocities
and electrical conductivity [Figs. S6-S8 (Kang and Lee 2015)],
compression index [Fig. S9 (Carrera et al. 2011; Simpson and
Evans 2015)], shear strength for gravel-sand mixtures [Fig. S10
(Simoni and Houlsby 2006)], and cyclic response [Fig. S11
(Law Engineering 1994)]. From the fines-classification point of
view, a minor addition of biopolymers has a marked effect on the
three liquid limits LLpy, LLy ., and LL., [Fig. S12 (Chang et al.
2019)]. All data sets confirmed that the RSCS boundaries properly
capture the coarse-controlled, transitional, and fines-controlled re-
sponse in each case in addition to fines sensitivity to pore-fluid
chemistry.

Engineering Relevance
This section explores other geotechnical phenomena and cases that
demonstrate the predictive power and potential value of the revised

classification RSCS.
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Fig. 8. (Color) Unsaturated soils—capillary phenomena: (a) suction at the AEV versus fines fraction; and (b) water content at AEV versus fines
fraction. Figures include the RSCS at the top and the USCS at the bottom. Soil mixtures included silica sand from Jeddah, Saudi Arabia (eg®™* = 0.81,
e‘gi“ = 0.45) and RP2 kaolinite from Gordon (LLpw = 67). (Data from Cordero et al. 2017.)

Fines Migration

Internal instability refers to the seepage-induced fines migration
through a load-carrying coarse granular skeleton (Moffat et al.
2011; Park et al. 2018). Fig. 9 plots internally stable and unstable
soils reported in the literature in a generic triangular chart. The
results show that clean coarse groups or soils in which the fines
contents are insufficient to be load-carrying [e.g., GF(F), G(F),
G(G), GS(S), S(F), S(S)] have a higher probability of undergoing
seepage-induced internal instability. Given the wide range of soils
reported in Fig. 9, the generic textural chart does not capture soil-
specific classification boundaries, but it does facilitate clustering to
anticipate internal instability below the green line.

Misclassification

Soil classification is a crucial preliminary step to guide the selection
of soil engineering strategies. Consider soils at the Savannah River
Site, South Carolina. We used the USCS and the RSCS to classify
99 soils gathered at two sampling locations: Site 1 used data from

0

Blue - Stable
Red - Unstable

Data from:

A Kenney et al. (1983)

> Kenney and Lau (1985)

<> Lafleur et al. (1989)

[J Sun (1989)

A Burenkova (1993)

O Skempton and Brogan (1994)
# Chapuis et al. (1996)

@ Wan and Fell (2004)

W Li (2008).

0 10 20 30 40 50 60 70 80 90 100
Sand [%]

Fig. 9. (Color) Seepage-induced internal instability and fines migra-
tion. Data reported from published studies (82 soils in total). Blue
symbols = internally stable; and red symbols = internally unstable soils.
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Law Engineering (1994), and Site 2 used data from Shannon and
Wilson 2007 (Figs. 10 and S11). The USCS classifies most of the
sediments as sands with some silt and clay (Fig. 10). In contrast, the
RSCS anticipates that the fines fraction controls fluid flow in all
specimens, and the mechanical properties in most cases [except
for soils made of angular coarse particles with low plasticity fines
(Fig. 10)].

The controlling role of fines was confirmed subsequently
through extensive laboratory studies. Fig. S11 displays results from
low-amplitude cyclic loading tests performed on soils from the
Savannah River Site; the RSCS clearly separates fines-dominant
mixtures F(F) from transitional mixtures SF(F), and shows that
fines-dominant soils generate a lower pore pressure ratio than
transitional mixtures at all shear strain levels. In comparison, the
USCS fails to relate the soil response to its composition—compare
Fig. S11(a) generated with the RSCS and Fig. 11(b) generated
using the USCS.

Bioactivity

The pore size is a critical limiting factor for bioactivity in soils
(Mitchell and Santamarina 2005; Rebata-Landa and Santamarina
2006), and it determines depth-dependent microbial cell counts in
deep sediments (Park and Santamarina 2020). The void ratio of
fines at the liquid limit with deionized water e;|'t = G, - LL/100
and the correlation between the specific surface S, and liquid limit
S, = 1.8 m?/g - LL34 m?/g (Farrar and Coleman 1967) allows us
to estimate the mean pore size dp in a soil as a function of its
liquid limit (Phadnis and Santamarina 2011)
k-ep|tt
pore S;pm
LL

~25(1.8 m2/gLL34 m2/g)p,,

(where k =4) (1)

where p,, = p,,G, = mineral density, where G, = specific gravity
of grains; and k = structure factor that depends on grain shape and
sediment structure (k &~ 2—4). This simple equation implies that a
sediment mixture in which a kaolinite (LL = 60, S, = 20 m?/g,

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2023, 149(11): 04023109


http://ascelibrary.org/doi/10.1061/JGGEFK.GTENG-10447#supplMaterial
http://ascelibrary.org/doi/10.1061/JGGEFK.GTENG-10447#supplMaterial
http://ascelibrary.org/doi/10.1061/JGGEFK.GTENG-10447#supplMaterial

Downloaded from ascelibrary.org by University of Strathclyde on 10/12/23. Copyright ASCE. For persona use only; all rights reserved.

LLow=180 LLpw=100  LLpy =30 LLow =100
C,=3 c,=3 C=2 C=3
R =0.45 R =0.20 R=10.18 R=0.4
100 - 100 + 100 +
80 - 80 - 80 -
F
ML or CL F |
60 4 . 60 - 60 -
»n b J
g F (F) g
40 " ce| 40 - 40 | I
SM or SC |
20 4 20 - 20 -
C
Dual symbol cF c 1
SW or SP 0. c 0 (©) 0

Mechanical control Fluid Flow control

(@) (b)

Fig. 10. (Color) Sediment misclassification. Comprehensive soil characterization studies at the Savannah River Site, South Carolina: (a) USCS
classifies most soils as SM, SC, or dual symbols; and (b) RSCS shows that the fines fraction controls the mechanical and fluid flow properties
in most cases (red symbols = F; orange symbols = CF; and green symbols = C). The three parallel mechanical control lines reflect representative
classification boundaries for each soil (selected LL, C,, and R values noted in each case). The coarse-controlled zone decreases as roundness and
liquid limit increase. Triangles and circles display results from two sampling locations. The liquid limit reported for Site 2 was measured with the
soil passing sieve #40 (420-pm) instead of sieve #200 (75-um) specified in the RSCS. The presence of nonplastic coarse grains decreases the
measured LL proportional to the clay weight content (CWC) = W,y /(Wng + Weay) (Jang and Santamarina 2016); we corrected LL values
for Site 2 sediments assuming a clay fraction CWC = 0.3 based on clay fractions reported for Site 1 (CWC = 0.2-0.5). (Data from Shannon
and Wilson 2007; Law Engineering 1994.)

0 Bioactivity

SF(F)

\\4/5/811——\/

GS(F) -

0 ’
/7
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Fig. 11. (Color) Pore-size-limited bioactivity in soils for three levels of fines plasticity: (a) nonplastic fines, LL = 25; (b) intermediate-plasticity fines,
LL = 50; and (c) high-plasticity fines, LL = 100. Triangular charts correspond to angular gravel and sand (™" = 0.65, e™* = 1.15).

pm = 10° g/m3, and k = 3) fills the pores between coarse grains
has a mean pore size ;1; = 0.09 pm and cannot accommodate bio-
logical activity. Therefore, we can anticipate biologically inactive
groups in the RSCS. Bioactivity is hindered in the white zones in
Fig. 11, in which plastic fines determine the pore size; conversely,
bioactivity can flourish in soils that fall within the red hatched
zones, i.e., silts or clean coarse soils.
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This first-order analysis [Eq. (1)] assumes that the fines fraction
is at the liquid limit and disregards the consolidation caused by
the overburden pressure. In fact, cell counts decrease with depth
(Parkes et al. 1994; Jgrgensen and D’Hondt 2006). A detailed
analysis involves soil compressibility, specific surface area, and
pore-size distribution to properly anticipate depth-dependent
microbial activity in sediments (Park and Santamarina 2020).
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The goal is to estimate the probability of pores size d being larger
than the nominal microbe size ~1 pum; the analysis showed that
P(d>1pm)=1.0 in silt and sand, 1072-10~> in kaolinite,
107310~ in illite, and 10~3~10~'? in montmorillonite (the ranges
reflect near-surface to ~1,000-m burial depth). Therefore, pore size
is not a limiting factor in coarse-dominant mixtures [Fig. 11(a)],
but bioactivity will diminish as the plasticity of fines increases
[Figs. 11(b and c)].

Soil Improvement

The selection of soil improvement techniques must recognize the
hydraulic and mechanical soil response. Therefore, the RSCS can
help preselect potential soil improvement techniques; for example
(based on Mitchell 1981), F(F) soils are best treated by preloading
with wick drains, whereas clean sands and gravels G(G), GS(S),
and S(S) can be treated by deep dynamic compaction, vibrocom-
paction, or even permeation grouting if the gravel fraction controls
G(G). Fluid flow in transitional soils GF(F), GSF(F), and SF(F) is
always fines controlled, but they may exhibit low compressibility;
in this case, jet grouting may be most advantageous.

Conclusions

Soil classification systems aim to help geotechnical engineers
anticipate soil properties and guide the preliminary selection of
geotechnical solutions. The physics-informed and data-driven Re-
vised Soil Classification System groups soils into similar response
categories based on soil index properties and adopts soil-specific
classification boundaries (rather than the fixed 50%-passing
boundaries in the USCS). This study clarifies the implementation
of the RSCS, provides supportive evidence, and addresses relevant
engineering implications. Salient conclusions are as follows:

The RSCS recognizes the pronounced effect of the fines fraction
and its plasticity on mechanical and fluid flow properties, the
role of particle shape on coarse-grain packing, and the relevance
of pore-fluid chemistry in the behavior of fines.

Differences between the RSCS and USCS become more appar-
ent for sediments that involve highly plastic fines and rounded
coarse particles. Extensive databases show enhanced predictive
clustering in the RSCS.

The RSCS can be adapted readily to address context-dependent
conditions; in particular, it can accommodate different stress re-
gimes and pore-fluid chemistries that are relevant to specific
field situations.

When the coarse fraction does not need to be divided into sand
and gravel fractions for a specific application, the RSCS can be
simplified without loss of physical insight.

The RSCS adequately captures the transition from coarse-
controlled to fines-controlled behavior in soil properties, includ-
ing small strain stiffness and shear wave velocity, compressibility,
shear strength and critical state parameters, response to repetitive
loading, hydraulic conductivity, capillarity-saturation response,
electrical conductivity, bioactivity, and sensitivity to pore-fluid
chemistry.

Clearly, the RSCS provides a more informative soil classifica-
tion in view of soil properties and preliminary engineering
choices. Its implementation is facilitated by a freely available
mobile app and Excel sheet.

The classification is based on index tests conducted with re-
molded samples. Therefore, diagenetic effects such as cemen-
tation are not captured by the RSCS, and require complementary
in situ testing to enhance the preliminary characterization of the
subsurface.

We encourage the community to document index properties and
both current soil classifications and the RSCS in future reports
and manuscripts. Ensuing databases will help future researchers
develop better tools to advance geotechnical engineering further.

Appendix I. Revised Soil Classification System—Necessary Input

Soil under consideration

Necessary input for RSCS boundary generation

Soil type Definition Void ratio Index property Threshold fraction
1
Gravel G (>4.75 mm) Fg=Mg/Mr eg™ or R and C, Fg =
R R
( I+eg l+ep l+eg>
. 1
Sand S (0.075-4.75 mm) F¢=Mg¢/My eg™ and e§"™" or R and C, Fg=—""""—¢
I+eg eg
(7( +1+ 1+e,.-)
1
Fines F (<0.075 mm) Fr=Mp/My ep|l0KPa o |IMPa o |LL or LL Fr=
(mﬁ 4lrer o 1)
e ey eg
Appendix Il. Revised Soil Classification System—Correlations
Process Soil fraction(s) Correlations
. 0.154 0522
Load carrying Gravel and sand: load-carrying e =0.032 + R + C
. 0.082 0371
eg™ = —0.012 +—R + C

Fines: load-carrying

(Youd 1973; Cho et al. 2006)
ep|l0KPa = g |1 KP2 _ = (0.026 LL + 0.07
ep|! MP = ¢ |l KPa _3C = 0.011 LL +0.21

(Chong and Santamarina 2016)
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Appendix Il. (Continued.)

Process Soil fraction(s)

Correlations

Fluid flow Fines: fluid flow

ep|™ =X - ep|"t = [2log(LL — 25)] - ep|*t & 0.05 LL - log(LL —25)(A > 1)

(Park and Santamarina 2017)

Appendix lll. Revised Soil Classification System Boundaries—Notable Mixtures

Notable mixtures—packing condition

Process Controlling fraction Mixture no. Gravel Sand Fines
Load-carrying Gravel-controlled 1 egﬁ" _ e |10 KPa
min max
2 e ey —
3 en61m e?ax ep ‘ 10 kPa
Sand-controlled 4 _ £in er| 10 kPa
max min
5 2.5¢eg ey —
max min 10 kPa
6 2.5e3 ey ep|
Fines-controlled 7 1.3ep _ ep|! MPa
8 _ 1.3egnax eFll MPa
max max 1 MPa
9 2.5e8 1.3¢5 er|
Fluid flow Fines-controlled 10 emin — Aep|tt
11 eq™ ey Aep |
max min LL
12 2.5¢m ey Aer|
13 — elmin Aep|t

Appendix IV. Fines Classification Based on Plasticity and Electrical Sensitivity

Input Liquid limit ratios defined from input Electrical sensitivity S defined from liquid limit ratios

LL with deionized water LLpy LL,  LLig 1 — Corine L1L80 Left: LLje/LLpgne > 1

LL with 2-M brine LLj . LLpine |lcor  Llbrine Gier LL, 2 LLpw 2

LL with kerosene LL;, LLpw _ LLpy (1 Lme) Se(left) = \/(Lmee a 1) + <LLbrme B l)
Llprneleor  Llone \ 2100 Right: LLo;/LLyipe < |

. LLbrine 2 LLDW 2
Sg(right) = ——1 —% ]
£ (Hg ) \/ ( LLker * LLbrine

Note: Left and right refer to the side in the x-axis on Fig. 3(a) with respect to a nonsensitive soil response (1).
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