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Introduction

Friction angles and consolidation characteristics are important para-
meters in many geotechnical analyses performed both on land and
offshore. Capacity analyses for drained loading require the drained
peak friction angles, and the constant volume friction angles and
dilatancy angles can also be relevant. The undrained effective stress
friction angle is needed for effective stress analyses of undrained
conditions, such as in the design of structures under cyclic loading
from waves or wind.

Settlement calculations require the modulus for virgin loading,
reloading, or unloading conditions, depending on the actual load
history of the soil deposit and the foundation. The constrained
soil modulus is nonlinear, and it also depends on the stress history;
i.e., virgin loading versus unloading and reloading. For instance,
dissipation of cyclically induced pore pressure is a reloading situa-
tion and requires the reloading modulus. The various moduli may
also be needed in cases with pore-pressure redistribution within
the soil. The use of constrained modulus assumes one-dimensional
(1D) conditions. This is a realistic assumption for the soil beneath
structures where the diameter of the structure is large compared with
the depth of influence in the soil, and can also be a reasonable
approximation in many other situations. For important projects,
the various soil parameters should be determined by site-specific
tests; however, in preliminary assessments or applications when
assumed parameters are acceptable, databases can provide valu-
able guidance. Databases can also be helpful in planning and
interpreting site-specific tests and in reducing the number of site-
specific tests.
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This paper presents a database of the (1) drained and undrained
effective stress friction angles; (2) dilatancy angle; (3) virgin, un-
loading, and reloading constrained moduli; and (4) coefficient of
permeability. The friction and dilatancy angles are mostly for sand
with little or no silt content. The constrained moduli are on sand
and silt. The permeability covers sand, silt, and clay. The data are
compiled from the Norwegian Geotechnical Institute (NGI) files
and published literature. The databases of other parameters, such as
the undrained shear strength, strength anisotropy, rate effect, initial
shear modulus, reconsolidated remolded strength, and thixotropy of
clay, can be found in Bjerrum (1973), Ladd et al. (1977), Lunne and
Andersen (2007), and Andersen et al. (2008). The parameters for
the cyclic shear strength of clay, sand, and silt are presented in
Andersen (2009).

Friction Angles

The friction angle database consists of more than 500 triaxial
compression tests on 54 different sands from 38 different sites.
Approximately 40-50% of the tests are from offshore sites. The
remaining sites show a wide geographical scatter and include beach
sands, river sands, and sands from onshore sites. Eighty percent
of the sands contain no silt (particles < 0.06 mm). The highest silt
content is 13% in one sample. The mean particle size of the sands,
Dsp, is 0.23 mm, whereas the average coefficient of uniformity is
C, = Dgo /Do = 1.95. The quartz content of the sands is on average
85% with a SD of 17%. For 75% of the sands, the grain shape has
been reported, and varies from rounded to angular. The most typical
characterization is subangular. Calcareous soils are not included.
The experience from the data available at NGI is that calcareous soils
have higher friction angles than noncalcareous soils, at least at low
consolidation stresses.

General Principles and Definitions

Fig. 1 shows the typical results from triaxial tests on dense and loose
sands sheared in compression in terms of the stress-strain curves and
stress paths. The drained tests on dense sand show a peak on the
stress-strain curve and a peak friction angle ¢, followed by a
continuous decrease in shear stress to large strains in which the

1140 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JULY 2013

J. Geotech. Geoenviron. Eng., 2013, 139(7): 1140-1155


http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000839
http://dx.doi.org/10.1061/(ASCE)GT.1943-5606.0000839
mailto:kha@ngi.no
http://crossmark.crossref.org/dialog/?doi=10.1061%2F%28ASCE%29GT.1943-5606.0000839&domain=pdf&date_stamp=2012-09-19

Downloaded from ascelibrary.org by Norges Geotekniske Institutt on 10/26/21. Copyright ASCE. For personal use only; all rights reserved.

A ', A
_ | g . Dense sand
g | ense san S
£ | £
S I =
1] ¢lcv 1
e l- - e e» e a» e v
e | T T =
/; | Loose sand | /3 Loose sand
1 ) .
) | Strain Strain
! |
' [
A | I A
" +
| Lo ©
- e» a» e e» -
gl -+ 7 I 2| Le=—"T7
0 | Ol o
o , | o
E 1 — o —>
g 1 Strain S Strain
] | 2
o
s ! I g
II LIJ
I y' =0 I
A A
tan o' = sin ¢'
4 v Dense sand ¢
£ = .
N N
1 1 Oy =
= e
¥— Loose sand
112 (' +6'5) 112 (c'+o'y)

(@) Drained test

(b) Undrained test

Fig. 1. Definition of friction angles in tests on loose and dense sands: (a) drained test; (b) undrained test

friction angle value may reduce to an ultimate value, ¢.,, where cv
denotes constant volume. As seen from Fig. 1(a), the dense sand
initially contracts and then expands (dilates) strongly until the end
of the test. The drained tests on loose sand showed no peak shear
stress but rather a stress-strain curve that flattened out at large
strains after substantial compression. Loose specimens also reached
an ultimate state with constant shear stress, increasing shear strain
and zero volumetric strain defined by a constant volume friction
angle, ¢.,.

The undrained tests on dense sand showed a shear stress that kept
increasing to large strains, as illustrated in Fig. 1(b). The undrained
tests included pore-water pressure measurements, which showed
that the pore-water pressure may increase at small strains but de-
crease with increasing strains. The effective stress path followed
close to the failure line defined by the undrained effective stress
friction angle, ¢,. The undrained tests on loose sand may show
apeak shear stress at a moderate strain and an increase in pore-water
pressure and a decrease in shear stress with increasing shear strain.
At large strains the stress path followed a failure line defined by ¢,
There was a connection between the shear strain—induced volu-
metric strain in drained tests and the excess pore-water pressure in

undrained tests. Loose specimens contracted in the drained tests
and generated positive pore pressure in the undrained tests. Dense
specimens expanded in the drained tests and generate negative pore
pressure in the undrained tests.

The friction angles ¢,, ¢, and ¢, are presented subsequently,
where they are related to the relative density and effective octahedral
consolidation stress, ¢,. All friction angles are defined by the secant
values and zero cohesion intercept. The number of tests and the typical
compositional properties are included in the various correlation charts
in Figs. 2,4, 5,7 and 9 in terms of the number of tests (1), mean value
(), and SD (o). The curves in the diagrams represent the calculated
mean values for various o intervals. There is considerable scatter in
the data; however, the trends are still clear. Some curves may
overlap because of scatter in the results and limited number of data.
No attempt has been made to avoid this overlap.

The determination of ey, and en.x in calculating the relative
density, D,, is seldom specified. However, for most of the tests
carried out at NGI, ey, is determined by a special NGI procedure in
which the specimen is built into a mold in six layers, and each layer
is vibrated by a pneumatic hammer that applies vibrations directly on
to the specimen. This gives a somewhat lower ey, than, forexample,
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the procedure according to BS 1377, Part 4, Clause 4 [British
Standards Institute (BSI) 1990].

Drained Peak Friction Angle

The drained peak friction angle, ¢;,, from all the tests is plotted in
Fig. 2, which shows that ¢, increases with increasing relative density
D, and decreases with increasing effective consolidation stress
level ¢.'. For very high consolidation stresses above 5,000 kPa,
the high stresses suppress the tendency to dilate, and ¢, seems
constant and independent of D,. At these high consolidation
stresses this is also likely caused by particle crushing, even for
quartz grains.

The data showed a tendency for ¢, to increase with decreasing
quartz content. This is somewhat surprising because quartz grains
are supposedly harder than the other minerals that dominate sand,
such as feldspars, mica, and calcite. However, an increased friction
angle with increasing content of feldspar was confirmed by Bolton
(1986). Angular particles seemed to give a higher ¢, than the well-
rounded ones; however, the effect was not clear. There was a slight
trend for ¢, to increase with increasing mean particle size, Dso. No
obvious correlation was found between ¢, and the coefficient of
uniformity. These relationships have not been presented in the
present paper because of space limitations.

The peak angle of internal friction versus relative density has
been compared with available data in the literature. Bolton (1986)
presented a correlation of the maximum angle of internal friction,
b1 to the friction angle of very loose sand with zero dilation, ¢/ ;.
For quartz, ¢/ = 33° is suggested, and the resulting ¢y, from
triaxial tests can be computed as ¢, = g+ 3k, where
I =D,(10 —1In p') — 1. In Fig. 3, two sets of d’;'a computed in this
way have been presented for p’ = 150 and 600 kPa;i.e., the stress
range suggested by Bolton (1986). Here, p’ is the average stress
at failure, and for drained compression tests with a friction angle
between 35 and 40° the corresponding average consolidation
stress, ¢, is of the order of 60% of the stress at failure. These
curves correlate very well with the relevant empirical curves from
the NGI database.

Two curves from Schmertmann (1978) are also included in
Fig. 3 for uniform fine sand and uniform medium sand. These
curves compare favorably with the empirical curves from the NGI
database. Schmertmann (1978) suggested that the peak friction
angle increases with the grain size of the sand; however, this is not
supported by the NGI database.

Drained Constant Volume Friction Angle

The constant volume friction angles, ¢, from all the tests are plotted
in Fig. 4, which shows that ¢, increases with increasing relative
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Fig. 2. (Color) Drained peak friction angle, ¢/, as a function of D, and o
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Fig. 3. Drained peak friction angle, ¢,, compared with data from Schmertmann (1978) and Bolton (1986)

density, D,, and decreasing effective consolidation stress, o. The
data showed no effect of quartz content or angularity.

Undrained Effective Stress Friction Angle

The undrained effective stress friction angle, ¢,, increases with
increasing shear strain. In Fig. 5, ¢, is plotted for a shear strain of
6%. Ideally, it would be best to use the shear strain where the failure
envelope in the effective stress path plot approaches a straight
line. Most tests were not run much further than 6% shear strain,
particularly tests on dense sand that dilate, and were terminated
because of practical limitations. The number of data points was
significantly reduced when a higher strain criterion was chosen.
However, the measured increase in ¢, from 6 to 15% shear strain
was, on average, less than 1°. The data show that ¢, increases with
increasing D,. For o= 100 kPa, there was no clear effect of con-
solidation stress.

Comparison of Drained and Undrained Friction Angles

The drained peak, drained constant volume, and undrained effec-
tive stress friction angles are compared in Fig. 6 for a consolida-
tion stress range of o =250 — 500 kPa. The comparison shows
that ¢, is significantly higher than ¢, and ¢, at high relative density.
The difference is less at lower D,.

Dilatancy Angle s

The dilatancy angle was determined for 127 drained triaxial
compression tests. The dilatancy angle in the triaxial test is defined
as

. _dé‘VO]
singy = 2de, — deyol

where dé&yo and de, = volumetric and axial strain increments, re-
spectively. This definition of the dilatancy angle is the most com-
monly referred to in the literature (e.g., Bolton 1986). The tangent
dilatancy angle at peak shear stress is shown in Fig. 7. The dilation
is normally at its maximum at peak shear stress. Fig. 7 shows that ¢/
increases with increasing D, and that it is relatively independent
of o¢. The maximum angle of dilatancy, ¢,,,, versus relative
density has been compared with available data in the literature.
Bolton (1986) suggested that (—deyo1/degs) ,x = 0.31r, where Ig =
D,(10 —In p") — 1. This implies that sin ¢, = 0.31g/(2 + 0.31).
In Fig. 8, two sets of ¢,,,, computed in this way have been presented
forp’ = 150 and 600 kPa; i.e., the stress range suggested by Bolton
(1986). These curves show slightly higher dilatancy angles than the
empirical curves from the NGI database, especially for high relative
densities. The secant dilation angle was also determined at axial
strain levels of &, =1, 2.5, and 5%, and at peak shear stress for
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Fig. 4. (Color) Drained constant volume friction angle, ¢.,, as a function of D, and o7

some of the tests (Fig. 9). The stress range for these tests was
0. =150 — 450 kPa. The secant dilation angle was corrected by
subtracting the volumetric strain caused by the increase in normal
stresses.

Constrained Modulus

Constrained Modulus Formulation

The constrained modulus is herein expressed by a nonlinear
modulus formulation. An attempt is made to establish correla-
tions between the parameters in this formulation and index
parameters such as the water content, void ratio, and grain size pa-
rameters for sand and silt. The constrained modulus, M, is expressed
as

M] =m;-Pq- (O'{,/pa)nl
My=m;-pa- (T max/Pa)~ M (00T max)

n,

M, =m; -p,- (U(),max/pa)m - my - (0'\’;/0'\’/,max)

where M;, M,, and M, = tangential effective stress—normalized
constrained modulus for the first loading (virgin), unloading, and
reloading, respectively; m;, m,, and m, = constrained modulus
number for the first loading (virgin), unloading, and reloading,
respectively; n;, n,, and n, = constrained modulus exponent for

the first loading (virgin), unloading, and reloading, respectively;
pa = atmospheric pressure (100 kPa); o), = vertical effective
stress; and o, ., = maximum vertical effective stress prior to
unloading.

The formulas distinguish between first loading, unloading, and
reloading, and they model the higher moduli that normally occur
during unloading and reloading compared with first loading. They
also model nonlinear behavior both for first loading, unloading and
reloading. The formulation for the first loading is similar to the one
used, forinstance, by Janbu (1963) and Hardin and Drnevich (1972);
however, they used a first loading modulus exponent ; = 0.5. In the
study reported herein, the best-fit exponents for the available data
were sought.

Assuming 1D conditions, the settlement of a structure can be
calculated by integrating the vertical strains in the subsoil. The
vertical strain, &,, which is valid for 1D conditions with no lateral
strain, derived by integration of the proposed modulus expressions
are as follows:

« Virgin loading from oy to oy:

1- 1-
& = {(aé/pa) " (o,0/Pa) n’} /[mz (1= ny)]-100(%)
« Unloading from o max to o7

1—-n,
& = O'\Iz,max' {(U\’//U’\/z,max) M 1}

Jpa-mi (@ man/pa)" - I (1 = )]} - 100(%)
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Fig. 5. (Color) Undrained effective stress friction angle, ¢,, at 6% shear strain as a function of D, and o
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Oedometer Tests

The oedometer test database consists of 49 oedometer tests; mainly
on silt and sand with varying grain size, density, mineralogy, and
angularity. Thirty-six of these were on noncalcareous soil. The in-
terpretation is meant to focus on silt and sand; however, some tests
with relatively high clay content were included because they may
help establish trends for the parameter variations. The tests were run
in a conventional oedometer with at least one unloading sequence.
Most tests had two unload/reload sequences at various stress levels.
Most of the tests with unloading had an overnight rest period before
start of unloading. The results of the oedometer tests were influenced
by false deformations of the oedometer system and by friction be-
tween the specimen and the oedometer ring. The measured vertical
deformation was corrected for the false deformations based on

deformations measured on a steel dummy. The oedometer ring was
made as smooth as possible on the inside to minimize friction. No
correction was made for side friction. Even if care is taken to reduce
the effects of false deformation and inside friction, these factors may
influence the results, especially the high unloading and reloading
moduli for dense sand.

Best-Fit Parameters

Examples of the measured oedometer test data are presented in
Fig. 10, which include the results of curve fitting with the proposed
constrained modulus formulation. The curve fitting was done by
calculating the vertical strain-log o’ curve by the previous equa-
tions and modifying the exponents to obtain the best fit. The best
fit was based on visual judgment. The test was run with a constant
rate of strain and had an overnight rest period of 16 h before start
of unloading. It can be seen that significant creep occurred during
the rest periods even if the sample had no clay content. The fines
content was 60%. The rest period is not directly modeled in the
curve fitting. In the modeling, the unload/reload curve is shifted
to the start of the rest period. It is assumed that the creep will
cause an apparent preconsolidation effect and that the loading
curve will join the virgin loading curve at a stress above the

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JULY 2013 / 1145

J. Geotech. Geoenviron. Eng., 2013, 139(7): 1140-1155



Downloaded from ascelibrary.org by Norges Geotekniske Institutt on 10/26/21. Copyright ASCE. For personal use only; all rights reserved.

50

/

a

Drained peak, ¢'

I

Undrained effective
stress, ¢'y, at 6% strain

//

]

% Drained , ¢'¢,

—

45
n
®
240
(0]
S
=
M
(@)
c
@
c
S 35
O
II /
30
1 E— —
0 20

Fig. 6.Comparison of drained peak, constant volume, and undrained effective stress friction angles for the consolidation stress range of 250-500 kPa

60

80 100

Relative density, D, (%)

25 I
: Consolidation stress,
J o'.in kPa
1| —— <25
20— eeeeeetenenne 50-55

—&— 80-105
—¥— 150-200
I J 3eereeee 250-500

Angle of dilatancy, v (degrees)
=

0 Number of tests, n = 127 H
4 n n G
B Dso 126 0.19 mm 0.05 mm
q C, 124 1.63 0.38
1 Quartz content 82 87 % 11%
B — —
0 20 40 60 80 100 120

Relative density, D, (%)

Fig. 7. (Color) Tangent dilatancy angle at peak shear stress as a function of D, and o~

1146 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING © ASCE / JULY 2013

J. Geotech. Geoenviron. Eng., 2013, 139(7): 1140-1155



Downloaded from ascelibrary.org by Norges Geotekniske Institutt on 10/26/21. Copyright ASCE. For personal use only; all rights reserved.

25 T T T T
| A: siny =031z /(2+0.3 ;) for p' = 150 kPa (c',~ 90 kPa
B: sinw=0314/(2+0.31;)forp' =600kPa (o', ~ 360 kPa)
) Quartz sand, Q= 10,R =1 / Q°
20— (Bolton, 1986) L
4 / fé“
] @Q\g'b
m 1 o
$ 15 27
5 )
(5]
S )
o )
5 )
210
< J
o )
=
- )
® )
© 5
< 4
0
547 — T
0 20 40 60 80 100 120

Relative density, D, (%)
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previous maximum stress. By visual inspection of the example in
Fig. 10 it can be seen that the proposed formulas are able to give
excellent agreement with the measured behavior. The formulas
capture the differences in moduli for virgin loading, unloading, and
reloading, as well as the nonlinearity within each of these loading
branches.

The best-fit parameters are given in Table 1. The constrained
modulus will depend on several factors, such as the grain size,
density, water content, angularity, and mineralogy. The best-fit m
and n parameters for all the tests in the database were attempted
correlated with the index parameters, such as the water content, void
ratio, and grain size. However, the database was not extensive
enough to establish correlations with all factors that influence the
behavior. Because the effect of all the factors could not be singled
out, there will also be scatter and uncertainty in the correlations that
were established.

The parameters m and n are not independent, and the parameter
set that gave the best overall fit was used. The best-fit curves that
are drawn in Figs. 11-14 are based on visual judgment. The cor-
relations are presented in Figs. 11-15. The labels give the data for
each individual test, and the curves are estimated average values.
The plots are for the noncalcareous soils.

Correlations for Virgin Modulus Number m; and
Virgin Modulus Exponent n,

In Fig. 11, the virgin loading modulus number, m;, is plotted as
a function of Djy with water content as the parameter. The virgin
modulus number increases with decreasing initial water content
and increasing grain size. In Fig. 12, the virgin loading modulus
exponent, ny, is plotted as a function of the grain size parameter
D)o with water content as the parameter. There is scatter in the

virgin modulus exponents with no obvious trend with respect to
water content or grain size; however, a constant value of n; =
0.65 is proposed for Djg <0.15 mm, with a reduction in n; for
Dio>0.15 mm.

Correlation for Unloading Modulus Number
m, and Exponent n,

The modulus expression contains many parameters that depend on
each other. To facilitate the correlations, the best fit for unloading
was made by assuming a constant unloading exponent, n,, and to
correlate the unloading modulus number, m,,, with the virgin mod-
ulus number, m;. Based on some initial attempts, it was decided to
assume an unloading exponent of n, = 1.05. In Fig. 13, the ratio
between the virgin loading and unloading modulus numbers, 1 /m,,
is plotted as function of m; with water content as the parameter.
The ratio between the modulus numbers, m;/m,, increases with
increasing virgin modulus number, m;, with no obvious trend with
respect to water content or void ratio. It is proposed to determine
my,, from the correlations given in Fig. 13, which can also be written
as

m, =8, when m; =200

my = my/[25 4 0.28 - (m; — 200)], when m; > 200
Correlations for Reloading Modulus Number
m, and Exponent n,

As for unloading, the best fit for reloading was made by assuming
a constant exponent and correlating the modulus number with the
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Table 1. Index Properties and Best-Fit Parameters for the Oedometer Test in Fig. 10
Grain size (mm) Loading Unloading Reloading
Water content (%) < 0.002 (%) < 0.06 (%) Dy Dgo my n my n, m, n,
27.5 0 60 0.018 0.073 225 0.67 5.7 1.05 1.7 0.1
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Fig. 11. Modulus number for virgin loading, m, as a function of Dyq (best fit for individual tests and curves for the overall average)

virgin modulus number, m;. Based on some initial attempts, it was
found justified to assume a reloading exponent of n, =0.1. In
Fig. 14, the ratio between the virgin loading and reloading modulus
numbers, ny/m,, is plotted as function of m; with water content as
the parameter. The ratio between the modulus numbers, m;/m,,
increases with increasing virgin modulus number, n1;, with no ob-
vious trend with respect to water content or grain size. It is proposed
to determine m, from the correlations given in Fig. 14, which can
also be written as

m, = 3.3,  when m; =200

m, = my/[60 4+ 0.6 - (m; —200)], when m; > 200

The ratio between the unloading and reloading modulus
numbers, m,/m,, is plotted as function of the virgin loading
modulus number, my, in Fig. 15. The ratio is given for the
individual tests, and the curve shows the relationship based on
the proposed equations in Figs. 13 and 14. The plot in Fig. 15
shows that there is considerable scatter in the m, /m, ratio, and
that there can be significant deviations from the proposed re-
lationship. There is no obvious correlation with the initial water
content.

Discussion of Constrained Modulus Parameters

The proposed modulus number, m; (Fig. 11) was tested by calcu-
lating the behavior of the individual tests from both the average
curves in the diagrams and the best-fit parameters for each test. The
comparison is summarized in Table 2, which shows the mean ratio
between the calculated values of strains for virgin loading to
0, =200 and 400 kPa. The comparison was made by calculating
the mean value and SD (1) for all tests and (2) by excluding tests
that gave a ratio outside a range of 0.5-2.

The proposed modulus numbers and exponents for unloading
and reloading were tested by calculating the reloading modulus for
the following two cases:

1. The secant reloading modulus when reloading from 100 to
200 kPa after first loading from O to 200 kPa and unloading to
100 kPa; and

2. The secant reloading modulus when reloading from 200 to
400 kPa after first loading from O to 400 kPa and unloading
to 200 kPa.

The ratio between the values using the proposed curves and
the values from the best-fit parameters for each test is presented
in Table 2, which shows a high SD, indicating that the proposed
parameter correlations should be used with care.
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Calcareous Soils

The database also contains data from oedometer tests on calcareous
soils. However, the virgin loading modulus number for the calcar-
eous soils were not included in Figs. 11-15 because m; and n; for
calcareous soils had a significant scatter, and in some cases deviated
significantly from the proposed curves. In some of the calcareous
soils the best-fit n; value was actually negative, meaning that the
compressibility increases with increasing vertical effective stress.
This is different from the noncalcareous soils, where the com-
pressibility decreases with increasing vertical stress, as can be seen
from the example in Fig. 10. The unloading modulus number, m,,
was significantly higher for calcareous than for noncalcareous soils;
my,, can be a factor of 10 higher for calcareous than for noncalcareous
soils. This may be explained by interlocking of the angular cal-
careous particles. However, the unloading modulus exponent did not
seem to deviate significantly from the noncalcareous soils. None of
the tests on calcareous soil in the database had reloading. However, it
is expected that the reloading modulus number also would be higher
than for noncalcareous soils.

Coefficient of Permeability (k)

The coefficient of permeability database contains permeability
measurements from 63 triaxial and 96 oedometer tests on 34 dif-
ferent sands, silts, and clays. The permeability of saturated soils will
depend on the particle size, void ratio, mineral composition, and
fabric (e.g., Lambe and Whitman 1969). The clays in the database are
marine clays with a wide range in plasticity from nonplastic to highly
plastic with a plasticity index up to I, = 80 — 90%. The clay content
ranges from very low to about 85%. The activity, which gives an
indication of the mineral composition, is generally low to medium
(activity = I,/% clay = 0.4 — 1.4). The sands and silts are mainly
quartz minerals with a range of angularity from subrounded to
angular. According to Lambe and Whitman (1969), the mineral
composition is of little importance with silts, sands, and gravels,
apart from the content of mica and organic matter.

In the oedometer tests at NGI the coefficient of permeability was
generally determined throughout the test by back-calculation from
the measured pore-water pressure in constant rate of strain consol-
idation (CRSC) tests and from the time history of the various load
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increments in incremental loading (IL) tests. Flow measurements at
two different stages of the test were, in most cases, also performed in
both the CRSC and IL tests. The coefficient of permeability was
extrapolated to the initial void ratio. In the triaxial tests, the perme-
ability was generally measured only at the end of consolidation.
The specimens were prepared directly from intact samples or
prepared by wet compaction, and the permeability properties cor-
responded to vertical flow. According to Terzaghi et al. (1996), the
coefficient of permeability for flow in the horizontal direction will be
about the same as in the vertical direction for homogeneous soft
marine clays. However, in general the horizontal permeability can be
higher than the vertical by a factor of 1.0-10, depending on factors
such as the soil fabric anisotropy, varied nature of lacustrine
deposits, and layering. All permeability values were measured on
water-saturated samples at temperatures of about 20°C. The co-
efficient of permeability at 5°C will be about two-thirds of the
coefficient of permeability at 20°C (e.g., Hazen 1920). The best
correlation of the coefficient of permeability with the index
parameters was found by plotting the coefficient of permeability as
a function of the void ratio and clay content for soils with more than
10% clay content (Fig. 16), and as a function of D¢ and the void ratio
for soils with less than 10% clay content (Fig. 17). Figs. 16 and 17

also present the water content calculated based on the void ratio
and the average unit weight of soil particles for the data set. The
maximum difference in the unit weight of the soil particles in the data
set gives an inaccuracy in the calculated water content of less than =
3.5%. The proposed curves in Fig. 16 are supported by the variation
in permeability measured during the CRSC tests. These results are
not included because of space limitations.

The coefficient of permeability determined by the formula from
Hazen (1920), k = C; - D), with C; = 100 cm™'s™! and Dy (in cm),
is included in Fig. 17. Hazen’s formula with C; =100 cm™!s™!
seems to agree best for a void ratio of about e = 0.7 (water content
of about w = 26%) when the clay content is less than 10%. However,
for a void ratio higher or lower than e = 0.7 the coefficient of per-
meability in the database can deviate significantly from Hazen’s
formula. Based on the data from Louden (1952), Terzaghi et al.
(1996) stated that Hazen’s formula may overestimate or underesti-
mate the coefficient of permeability by a factor of 2. Carrier (2003)
summarized recommendations with respect to Hazen’s formula
given in 10 different textbooks. Eight of these textbooks gave
ranges of permeability within a factor of about 2 higher or lower.
However, Lambe and Whitman (1969) reported permeabilities that
were 1-42% of the Hazen’s formula, and Mansur and Kaufman
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(1962) reported permeabilities that were 1-10 times higher than
Hazen’s formula. The data in Fig. 17 indicate that the deviation can
be much larger than a factor of 2, and that it may depend on the
void ratio (or water content).

The data in Fig. 17 have a coefficient of uniformity within the
range of C, = Dgy/Dyo = 1.5 — 4 for the soils with less than 10%
clay content. There was no detectable trend for the data to depend
on C,. This is in agreement with the laboratory studies on natural
sands and gravels with subangular grains by Kenney et al. (1984), who
found that the permeability was little influenced by C, within the
range of C,, = 1.04 — 12. However, Kjarmnsli et al. (1992) reported
data that were lower than Hazen’s formula, and that the difference
increased with increasing C,,.

It is recommended to use Fig. 16 when the clay content is more
than 10% and Fig. 17 when the clay content is less than 10%, and to
be cautious when using the diagrams for soils that are different from
those in the database described previously.

Summary and Conclusions

The paper presents diagrams of the (1) drained and undrained
friction angles of sand; (2) dilatancy angle of sand; (3) parameters
in a nonlinear constrained modulus expression for virgin loading,

unloading, and reloading on sand and silt; and (4) diagrams with
the coefficient of permeability for sand, silt, and clay. The dia-
grams are compiled from data in the NGI files and published
literature.

Friction Angles

The data show that the drained peak, constant volume, and un-
drained effective stress friction angles (¢,, ¢, and ¢,) all increase
with increasing relative density, and that ¢, is significantly higher
than ¢, and ¢, at high D, The difference is less at lower D,; ¢, and
¢., increase with decreasing consolidation stress, o, whereas ¢,
depends less on o.

Dilatancy Angle

The dilatancy angle, s, increases with increasing D,; i increases
with decreasing o7 at high D,.

Constrained Modulus

The constrained moduli for virgin, unloading, and reloading are
expressed by a nonlinear formulation. An attempt was made to es-
tablish correlations between the parameters in this formulation and
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Table 2. Mean Ratios for the Virgin Strain and Reloading Modulus

Virgin strain ratio (o7, = 200/400 kPa)

Reloading modulus ratio
(o= 100 to 200/200 to 400 kPa)

Data points Average SD Number of tests Average SD Number of tests
All 0.91/0.88 0.42/0.36 36 1.67/1.72 1.53/1.57 27
Excluding tests with ratios 1.03/0.99 0.35/0.27 30 1.11/1.10 0.49/0.47 19

outside 2 and 0.5

Note: Ratios calculated as the value with parameters from the average curves in Fig. 11 divided by the value from the best-fit parameters (noncalcareous soils).

index parameters such as water content, void ratio, and grain size
parameters. Correlations based on water content and Dj( are pro-
posed for noncalcareous soils. However, the constrained modulus
also depends on other factors, like angularity and mineralogy, and
the correlations have high standards of deviation. Therefore, the
correlations should only be used for rough estimates, and design
should be based on site-specific tests.

The oedometer data show that significant creep can occur in silt
and sand. Creep was not included in the proposed constrained
modulus expressions, which refer to the modulus from the constant

rate of strain tests or incremental loading tests with short duration
load increments. For calcareous soils, the constrained modulus
shows significant scatter and can deviate significantly from the be-
havior predicted by the parameters proposed for noncalcareous
soils.

Coefficient of Permeability

The proposed correlations present the coefficient of permeability as
afunction of D¢ and water content for soils with less than 10% clay
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content and as a function of water content and clay content for soils
with more than 10% clay content. Hazen’s formula agrees best with
the data for soils with less than 10% clay content and a water content
of 26%; however, it can deviate significantly for higher and lower
water content.
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