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a b s t r a c t

Preconsolidation pressure is a parameter obtained from the soil compression curve and has been used as
an indicator of load-bearing capacity of soil, as well as to characterize the impacts suffered by the use of
machines. Despite its importance in soil physics, there is a few software or computational routines to
support its determination. In this paper we present a computational package in R language, the package
soilphysics, which contains implementations of the main methods for determining preconsolidation
pressure, such as the method of Casagrande, Pacheco Silva, regression methods and the method of the
virgin compression line intercept. There is still a consensus that Casagrande is the standard method,
although the method of Pacheco Silva has shown similar values. The method of the virgin compression
line intercept can be used when trying to be more conservative on the value (smaller) of pre-
consolidation pressure. Furthermore, Casagrande could be replaced by a regression method when the
compression curve is obtained from saturated soils. The theory behind each method is presented and the
algorithms are thoroughly described. We also give some support on how to use the R functions. Examples
are used to illustrate the capabilities of the package, and the results are briefly discussed. The latter were
validated using a recently published VBA. With soilphysics, the user has all the graphical and statistical
power of R to determine preconsolidation pressure using different methods. The package is distribution
free (under the GPL-2|3) and is currently available from the Comprehensive R Archive Network (http://
CRAN.R-project.org/package¼soilphysics). The R platform and all the package dependencies are similarly
available from CRAN.

& 2015 Published by Elsevier Ltd.

1. Introduction

The emergence of agricultural mechanization provided ad-
vances and modernization of agriculture. Today, this is a reflection
of technology in the field. With the consolidation of mechanized
systems, we started to realize that operations with farm machin-
ery had negative impacts on soil, especially when operated with-
out traffic control (Imhoff et al., 2004; Saffih-Hdadi et al., 2009).
The main impact observed in the soil–machine interface is the
compression, resulting from a decreased volume of soil mass in
response to the imposition of external loads, caused by agricultural
traffic (Imhoff et al., 2004; Saffih-Hdadi et al., 2009).

One proposal to determine extent of damage by agricultural
traffic in order to avoid compaction is to study the soil compres-
sion process. It is characterized by compressibility tests, whose
results are analyzed using a compression curve (Keller and La-
mandé, 2010Q4 ; Keller et al., 2011). The latter reflects the history of
stresses experienced by the soil and is used as an indicator of load-

bearing capacity of soil, as well as to characterize the impacts
suffered by the use of the machines (Casagrande, 1936; Baumgartl
and Köck, 2004; Imhoff et al., 2004; Saffih-Hdadi et al., 2009).

The pre-consolidation pressure is obtained from a compression
curve. According to Imhoff et al. (2004), in practice, the agri-
cultural traffic control by use of information on the pre-con-
solidation pressure can be made when the machine load and the
tire inflation pressure applied on soil do not exceed the value of
pre-consolidation pressure. Thus, the pre-consolidation pressure
can be seen as the load bearing capacity of soil.

Using a mathematical definition, pre-consolidation pressure is
the point that divides the compression curve into two segments.
The first part is the portion of the curve corresponding to elastic
deformations (recoverable). The second part is called virgin com-
pression curve, corresponding to plastic deformations (irreversible)
(Casagrande, 1936; Baumgartl and Köck, 2004; Dias Junior and
Pierce, 1995). The region of the curve corresponding to elastic
deformation can be used to determine the appropriate time at
which the soil must be mobilized or trafficked without occurrence
of any additional compaction Q5(Dias Junior and Pierce, 1995). This is
because it is this component of the compression curve that reflects
the soil stress history (Baumgartl and Köck, 2004). Thus, the
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highest pressure that can be applied on soil to prevent compaction
is the pre-consolidation pressure (Dias Junior and Pierce, 1995;
Baumgartl and Köck, 2004; Imhoff et al., 2004; Saffih-Hdadi et al.,
2009). Therefore, it has been widely used for the control of agri-
culture, based on traffic data for various management classes and
ground systems worldwide.

There are several determination methods of pre-consolidation
pressure, such as the method proposed by Casagrande (1936),
Pacheco Silva (ABNT, 1990), the regression methods presented by
Dias Junior and Pierce (1995) and the method suggested by Ar-
vidsson and Keller (2004). Some comparison results can be found
in the works of Gregory et al. (2006), Cavalieri et al. (2008) and
Rosa et al. (2011). Moreover, Cavalieri et al. (2008) analyzed the
results obtained with the methods of Casagrande, regression
methods based on the first 2 and 3 points of the compression
curves and the method proposed by Arvidsson and Keller (2004)
on the same compression curve.

The determination of the pre-consolidation pressure by any
method requires mathematical manipulation of the compression
curve, which may be facilitated by means of computer programs.
However, there are only a few computational environments that
assist the calculations of pre-consolidation pressure through the
underlying methods. One of them is a Visual Basic Application
developed by Gubiani et al. (2014).

The software R (R Core Team, 2014) is a distribution-free
computing environment that receives contributions from re-
searchers and experts in various fields of science worldwide.
Notwithstanding, packages destined for soil science are scarce
(Omuto and Gumbe, 2009) and there is still no package that can
deal with pre-consolidation pressure.

In this paper we present and illustrate the capabilities of the R
package soilphysics, version 2.4, in determining preconsolidation
pressure using the methods of Casagrande (1936), Pacheco Silva
(ABNT, 1990), the regression methods presented by Dias Junior and
Pierce (1995) and the method presented by Arvidsson and Keller
(2004). Graphics and simple outputs facilitate the understanding
of each method.

2. Methods principles

2.1 Casagrande (1936) method

The Casagrande method is widely accepted and used as a
standard method for determining the pre-consolidation pressure
(sp) in studies of comparison of methods. To obtain the Casa-
grande method, the compression curve can be modeled by a
polynomial of a higher degree (usually four or five) and by the van
Genuchten (1980) equation (Cavalieri et al., 2008). After fitting the
model, the sp value can be obtained using the following algorithm:

i. Determine the maximum curvature point of the curve in a log10
scale;

ii. Draw a parallel line to the x-axis and a tangent line from this
point, in order to obtain a bisector of the angle formed by these
lines;

iii. The intersection between the bisector and the extension of
virgin compression line defines the value of sp on the x-axis.

An illustration of the method is shown in Fig. 1.

2.2 Pacheco Silva (ABNT, 1990) method

The Pacheco Silva method was published by Associação Brasi-
leira de Normas Técnicas – ABNT (1990). The sp value can be ob-
tained using the algorithm:

i. Extend the virgin compression line until it intercepts the hor-
izontal axis corresponding to the initial void ratio;

ii. From the intersection point, move down a vertical line until the
compression curve is reached;

iii. From this point, draw a horizontal line to the extension of the
virgin compression line;

iv. The intersection between the horizontal to the extension of the
virgin compression line defines the position of sp.

2.3 Regression methods

In their work, Dias Junior and Pierce (1995) presented a theory
for calculating the sp using regressions that intersect the virgin
curve by different numbers of points. The sp value can be obtained
with the following algorithm:

i. A regression line is drawn considering 2, 3, 4 or 5 points at the
part of the curve that corresponds to deformations;

ii. The virgin compression line is extended;
iii. The intercept of the virgin compression line with the regression

line defines the position of sp.

2.4 Arvidsson and Keller (2004) method

Arvidsson and Keller (2004) presented another way of calcu-
lating sp, the fundamental aspects of which can be found in their
work. The pre-consolidation pressure value is calculated with the
following algorithm:

i. Extend the virgin compression line until it intercepts a hor-
izontal line drawn from the initial void ratio;

ii. The point defined by the abscissa intercept of virgin compres-
sion line with the horizontal line drawn from the initial void
ratio defines the position of sp.

3. Calculation of rp in soilphysics

When loading soilphysics (type library(soil-
physics)), the following packages are required: MASS (Ven-
ables and Ripley, 2002) and rpanel (Bowman et al., 2007). The first
is called by the function simSigmaP(), which has been de-
signed to simulate preconsolidation pressure. Currently, the
functionalities of rpanel are used only when fitting soil water
models.
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Fig. 1. Pre-consolidation pressure through Casagrande (1936) method. (Extracted
from Baumgartl and Köck (2004)).
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In the soilphysics manual (Silva and Lima, 2015), the user will
find a list of functions, including the sigmaP() function, which
determines the sp, in accordance with the following command:

R4 sigmaP(voidratio, stress, method,
n4VCL, mcp)

where,

voidratio A numeric vector containing void ratio values.
method A character indicating which method is to be

computed.
n4VCL The number of points for calculating the slope

of the soil Virgin Compression Line (VCL),
which is obtained by linear regression.

mpc The maximum curvature point in log10 scale of
stress; required only if the method “casa-
grande” is used.

graph Logical; if TRUE (default) the compression
curve is plotted.

In the argument method, the user can enter the method with
which they wish to calculate sp, with the following being
available:

"casagrande" Casagrande (1936)
"pacheco" Pacheco Silva (ABNT,

1990)
"VCLzero" Arvidsson and Keller

(2004)
"reg1", "reg2", "reg3",

"reg4"
Dias Junior and Pierce
(1995)

In particular, for the Casagrande method, the user has two
options. First, the point of maximum curvature can be entered
directly into the mpc argument, in log10 scale, as proposed by
Casagrande (1936), with which the point of maximum curvature of
the compression curve is arbitrarily chosen. The boundaries for the
mpc argument in sigmaP() are 0,0 and 3,2, corresponding to
the following log10 scaled values: 1,0 and 1600 kPa, usually taken
as a range of applied pressure in soil compression tests.

In the second option, sigmaP() will automatically calculate
the maximum curvature point using the third derivative (Appen-
dix A.1.1) of a fourth degree polynomial function modeling the
compression curve, as suggested by Arvidsson and Keller (2004)
and Cavalieri et al. (2008).

For determinations by regression methods, the user must
choose the number of points that they want to use in the regres-
sion intercept virgin compression line. The soilphysics fit a simple
linear regression model with 2, 3, 4 or 5 starting points of the
curve, as shown by Dias Junior and Pierce (1995).

In all of the methods available to the user, there is the option to
choose the number of points for the adjustment of the linear vir-
gin compression through n4VCL argument, which defaults to 3,
thus using the last three points of the curve.

In sigmaP(), the function is required to be a numerical in-
put vector containing values of the void ratio. If the user does not
have a void ratio, this can be calculated using the voidratio
() function. In this case, it is assumed that the user only has data
relating to the sample used in the compression test (strain data).
The vector containing the void ratio can be obtained as follows:

R4 voidratio(wetsoil, drysoil, diam.cylinder,
þ height.cylinder, dens.particle, deformation)

where,

wetsoil The weight of wet soil

drysoil The weight of dry soil
diam.

cylinder
The diameter of the cylinder

height.
cylinder

The height of the cylinder

dens.particle The particle density value
deformation A numeric vector containing soil deformation

values

The flow chart calculate of pre-consolidation pressure in soil-
physics is illustrated in Fig. 2.

4. Examples

Considering the results of a compression test (Table 1), we can
observe the values of the void ratio after each stress applied.

In the R console, the data must be entered as two vectors: one
containing applied stress and the other containing void ratio.
Then, we can use the function sigmaP() to perform the cal-
culations according to the method chosen. For example, for de-
termining sp using the Casagrande method, type:

R4 pres o- c(1, 12.5, 25, 50, 100, 200,
400, 800, 1600)
R4 VR o- c(0.846, 0.829, 0.820, 0.802,
0.767, 0.717, 0.660, 0.595, 0.532)

R4 sigmaP(VR, pres, method ¼ "casa-
grande", mcp ¼ 1.6)

Note that, although sigmaP() can automatically determine
the maximum curvature point when the Casagrande method is
being used, we chose to pass the argument mcp. We used the
value 1.6. A good guide for this value is a graphical analysis, using
the command:

R4 plot(log10(pres), VR)

The result is the first plot (top left) shown in Fig. 3.
If the user does not have the void ratios, but only the com-

pression test data, it is still possible to calculate sp. Consider for
example the data presented in Table 2.

In this case, the calculation of sp depends on the calculation of
void ratios. It can be done with the function voidratio(), as
follows:

R4 def o- c(0, 0.0230, 0.0352, 0.0605,
0.1070, 0.1750, 0.2525, 0.3395, 0.4250)
R4 pres o- c(1, 12.5, 25, 50, 100, 200,
400, 800, 1600)
R4 VR o- voidratio(wetsoil ¼ 170.62,
drysoil ¼ 134.08, diam.cylinder ¼ 6.95,
height.cylinder ¼ 2.5, dens.particle ¼
2.61, def)

The object VR contains the same values (rounded) of void ratio
presented in Table 1. Thus, the pre-consolidation pressure through
Casagrande method is calculated as indicated early, using sig-
maP().

5. Results and discussion

The results of the calculations performed using with the

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

A.R. da Silva, R.P. de Lima / Computers & Geosciences ∎ (∎∎∎∎) ∎∎∎–∎∎∎ 3

Please cite this article as: da Silva, A.R., de Lima, R.P., soilphysics: An R package to determine soil preconsolidation pressure. Computers
& Geosciences (2015), http://dx.doi.org/10.1016/j.cageo.2015.08.008i

http://dx.doi.org/10.1016/j.cageo.2015.08.008
http://dx.doi.org/10.1016/j.cageo.2015.08.008
http://dx.doi.org/10.1016/j.cageo.2015.08.008


examples from Tables 1 and 2 are shown in Table 3, for each
method available in sigmaP(). The graphical output illustrat-
ing the calculations is shown in Fig. 3.

Note that different methods promote different values of sp. For
example, Dias Junior and Pierce (1995) analyzed and compared
Casagrande with regression methods and checked that their

agreement decreases as the number of points used by the re-
gression method gets increased. The correlations of the regression
methods based on two, three and four points with Casagrande
method were of 0.87, 0.80 and 0.71, respectively.

In other studies Arvidsson and Keller (2004) and Cavalieri et al.
(2008) analyzed different methods to calculate sp. In both studies
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Table 1
Data set containing values of stress (kPa) and soil void ratio.

Stress (kPa) 1 12.5 25 50 100 200 400 800 1600
Void ratio 0.846 0.829 0.820 0.802 0.767 0.717 0.660 0.595 0.532

Arvidsson & Keller 
(2004)

Output 

Alternative 
process 

Input 

Decision 

Calculation 

Calculate void ratio? 

No

Yes
voidratio() 

ws, ds, dc, 
hc, pd, df 

Stress, void ratio 

Specify number point of 
VCL? 

No

Yes 

Calculate σp

2, 3, 4 or  
5 point? Auto or standard? 

Calculate void ratio 

soilphysics

Method 

Pacheco Silva 
(1990) Casagrande (1936) 

“reg1” “reg2” “reg3” “reg4”

Regression 
(Dias Junior & Pierce, 1995)

“casagrande” “pacheco” “VCLzero” 

standard auto 

“mpc” 

“n4VCL” 

OUTPUT: σp, graphic solution 

sigmaP() 

Fig. 2. The flow of the pre-consolidation pressure in soilphysics. ws – the weight of wet soil; ds – the weight of dry soil; dc – the diameter of the cylinder; hc – the height
of the cylinder; pd – the particle density; df – a numeric vector containing soil deformation values; sp – pre-consolidation pressure; VCL – Virgin Compression Line.
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the authors considered Casagrande method (polynomial fit) as the
standard and used it to evaluate other methods. The correlation
values between Casagrande and regression methods based on two
and three points were in the range 0.60–0.70, as found by Ar-
vidsson and Keller (2004); likewise, Cavalieri et al. (2008) found
values ranging from 0.65 to 0.77. Rosa et al. (2011) stated that the
values obtained using the method of Pacheco Silva are similar to
those obtained with the Casagrande method.

According to Arvidsson and Keller (2004) the VCLzero method

was considered by McBride and Joosse (1996) as a “conservative”
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Fig. 3. Graphical output of the function sigmaP()from the data given in Tables 1 and 2. Vertical dotted lines in Casagrande method represents the maximum curvature
points (mcp) and the red line corresponds to the pre-consolidation pressure.

Table 2
Data of a compression test.

Stress (kPa) 1 12.5 25 50 100 200 400 800 1600
Deformation (cm) 0 0.0230 0.0352 0.0605 0.1070 0.1750 0.2525 0.3395 0.4250

Height of the cylinder (cm) Diameter of the cylinder (cm) Weight of wet soil (g) Weight of dry soil (g) Particle density (Mg m�3)

2.50 6.95 170.62 134.08 2.61

Table 3
Values of sp (kPa) using the data from Tables 1 and 2.

Casagrande
(mcp ¼ 1.6)

Casagrande
“auto”

Pacheco reg1 reg2 reg3 reg4 VCLzero

91.1 108.7 87.8 71.7 75.0 83.4 100.7 52.5
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or “minimum possible” sp value. Therefore, the VCLzero method
can be used when trying to be more conservative, because in
general the values are much lower (Arvidsson and Keller, 2004;
Rosa et al., 2013Q3 ) than the other methods, such as those in Table 3.

Despite the availability of different methods, most of the re-
searches, such as Dias Junior and Pierce (1995), Arvidsson and
Keller (2004), Cavalieri et al. (2008), have taken Casagrande as the
standard method.

Especially about the Casagrande method, Cavalieri et al. (2008)
explain that the determination of the maximum curvature point
(mcp) is often subjective, although the original method was pro-
posed this way. The authors have recommended the determina-
tion of mcp mathematically, thus avoiding the subjectivity. Dias
Junior and Pierce (1995) explained that when using undisturbed
soil samples, the selection of the point of minimum radius can be
difficult in high soil water content because the compression curve
is almost linear. The same observation was given by Arvidsson and
Keller (2004), remarking a very strong influence of water tension
on sp when it is calculated through the Casagrande method. In this
case, Dias Junior and Pierce (1995) suggested that Casagrande
would be replaced by a regression method.

We compared the results obtained by soilphysics with those
obtained using the VBA developed by Gubiani et al. (2014), con-
taining the following methods: Casagrande (with automatic cal-
culation of mcp), reg1, reg2, reg3 and reg4. For the methods of
Pacheco and VCLzero we have found no software or published
routine. Using the data from Table 2, comparison results are
shown in Table 4. Note that the codes used to calculate sp using
Casagrande method in soilphysics are exactly the same used for
obtaining the results in Table 3. However, for calculating sp
through the regression methods, we considered only the values of
applied stress starting from 12.5 kPa, as does the Visual Basic
program, although it receives all the values of applied stress as
input. In soilphysics, the use of the initial value of applied stress is
an option of the user.

Despite modeling the compression curve using van Genuchten
(1980) model when the Casagrande method is chosen, results
obtained by both computational resources are essentially the
same, with a negligible difference. We observed similar results
when using regression methods.

6. Conclusions

With soilphysics it is possible to determine the preconsolidation
pressure using the methods of Casagrande, Pacheco Silva, four
regression methods and the method of the virgin compression line
intercept. Casagrande is considered the standard method.

The package produces graphics with high quality that illustrate
the process of preconsolidation pressure determination and may
be used for subsequent publication in scientific journals and re-
ports. soilphysics is distribution free (under the GPL-2|3) and is
currently available from the Comprehensive R Archive Network
(http://CRAN.R-project.org/package¼soilphysics). The R platform
and all the package dependencies are similarly available from
CRAN.

Currently, the model available in soilphysics for modeling
compression curves is only the fourth-degree polynomial function.
The van Genuchten (1980) and Gompertz models, as used by
Gregory et al. (2006), may be implemented in future versions.
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Appendix A. Casagrande (1936) method

A.1. Fourth degree polynomial model

Function:

v f s s s s slog log log log A10 1 2
2

3
3

4
4β β β β β ε= ( ) = + + ( ) + ( ) + ( ) + ( )

where v is the void ratio, s is the applied stress (kPa), 0β , 1β , 2β , 3β
and 4β are the parameters of the model and ε is a random variable.

First derivative:

dv
d s

f s s s s
log

2 log 3 log 4 log
A21 2 3

2
4

3β β β β= ′( ) = + + ( ) + ( )
( )

Second derivative:

d v
d s

f s s s s
log

2 log 6 log 12 log
A3

2

2 2 3 4
2β β β

( )
= ′′( ) = + + ( )

( )

Third derivative:

d v

d s
f s s

log
6 24 log

A4

3

3 3 4β β
( )

= ′′′( ) = +
( )

A.1.1. Determination of the maximum curvature point
The log10 stress value corresponding to the maximum curva-

ture point, slog 0, should be indicated by the user. Otherwise,
sigmaP() then calculates it using the third derivative of the
fourth-degree polynomial function, i.e., by setting it to be null.
Then,

mcp slog
4 A5

0
3

4

β
β

= =
−

( )

A.1.2. Tangent to the function at the maximum curvature point

⎛
⎝⎜

⎞
⎠⎟g s f s f s

s
s

log
A6

0 0
0

( ) = ( ) + ′( )
( )

A.1.3. Bisector between the tangent and a horizontal line

⎛
⎝⎜

⎞
⎠⎟h s f s f s

s
s

0.5 log
A7

0 0
0

( ) = ( ) + ′( )
( )

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

Table 4
Values of preconsolidation pressure calculated using soilphysics and a Visual Basic
program by Gubiani et al. (2014).

Program Casagrande “auto” reg1 reg2 reg3 reg4

soilphysics 108.7 82.4 96.7 123.4 170.5
Visual basic 107.3 81.4 96.1 121.9 169.6
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A.1.4. Calculation of the preconsolidation pressure
Consider l s b b slog0 1 ε( ) = + + as the model of the virgin

compression line (VCL). Then, take

⎡⎣ ⎤⎦b f s f s s

f s b

0.5 log

0.5 A8
P

0 0 0 0

0 1

σ̂ =
^ − ( ) − ′( )

′( ) − ^ ( )

as the estimate of the preconsolidation pressure.

Appendix B. Pacheco Silva (ABNT, 1990) method

Consider l s b b slog0 1 ε( ) = + + as the model of the virgin
compression line (VCL). Calculate a slog value, x0, that represents
the interception between VCL and a horizontal line from the initial
value of void ratio (v1):

x
v b

b B1
0

1 0

1

= − ^

^ ( )

Then, take

f x b

b B2
P

0 0

1

σ̂ = ( ) − ^

^ ( )

as the estimate of the preconsolidation pressure, where f .( ) is the
model defined in A1.

Appendix C. Regression methods

Consider l s b b slog0 1 ε( ) = + + as the model of the virgin
compression line (VCL) and k s a a slog0 1 ε( ) = + + as the model of
the initial compression line, based on 2, 3, 4 or 5 initial values of
void ratio. Then, take

b a

a b C1
P

0 0

1 1

σ̂ =
^ − ^

^ − ^ ( )

as the estimate of the preconsolidation pressure.

Appendix D. Arvidsson and Keller (2004)

Consider l s b b slog0 1 ε( ) = + + as the model of the virgin
compression line (VCL) and v1 as the void ratio value at zero strain.
Then, take

v b

b D1
P

1 0

1

σ̂ = − ^

^ ( )

as the estimate of the preconsolidation pressure, where f .( ) is the
model defined in A1.

Part of this appendix was adapted from Arvidsson and Keller
(2004) and Cavalieri et al. (2008).

Appendix A. Supplementary material

Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.cageo.2015.08.008.
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