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ABSTRACT
The prediction of consolidation rate under applied loading is one important element in the design of
staged preloading operations. The rate of consolidation can be theoretically estimated using the
coefficient of consolidation, cv. Nevertheless, it is difficult to assessed the field cv value from laboratory
consolidation test because of sample disturbance and scale effect. Moreover, cv is not a material
constant, but varies with consolidation pressure. Although a number of analytical solutions have been
proposed in the literature for non-linear consolidation rate, all of them consider a variable cv indirectly
based on the combined effects of soil permeability k and soil compressibility mv. In particular, the
accurate determination of k needs a hydraulic conductivity test, which is relatively costly and time
consuming for clayey soils.
This paper documents the results of cv estimated from piezo-cone testing conducted at a number of
soft soil sites in Australia, as well as some oedometer test results from published literature. The cvOCR relationships for these field and laboratory data are presented, and can be shown to be
represented by a format in terms of a power function of cv = cv (NC) OCR, in which the normally
consolidated cv (NC) at OCR = 1, and the parameter  that controls the rate of increase of cv, are
material specific and can be related to soil index properties.
Keywords: staged construction, coefficient of consolidation, dissipation tests, over-consolidation ratio

1

INTRODUCTION

When an embankment is constructed on saturated soft ground, the factor of safety against slope
instability is a minimum at the end of construction due to the generation of positive excess pore water
pressure within the underlying foundation soils. With time, consolidation under the applied load will
progressively strengthen the most highly stressed soils and hence increase the factor of safety against
a shear induced failure. “Staged construction” is a common strategy adopted for the construction of
moderate to large heights of embankments on soft ground whereby fill placement takes place in two or
more stages, so that soil strengthening within each stage due to consolidation is sufficient to support
the maximum required load safely.
In the design for staged construction, it is necessary to assess the rate of consolidation in order to
estimate the duration of wait periods between lifts. A key design parameter for this assessment is the
coefficient of consolidation cv, which is where the greatest uncertainty lies. It has long been recognised
that laboratory consolidation tests underestimate the field cv value. This is generally due to the
presence of macro fabric in the sedimentation such as silt and sand lenses, which give rise to faster
drainage in the field. Moreover, cv is dependent on the over-consolidation ratio (OCR). It is higher in
the over-consolidated range of stress than in the normally consolidated range. The OCR of the in-situ
soils varies with depth, and again changes as the embankment load is applied. Therefore, cv is not an
intrinsic soil property and may not be valid to be assumed as a constant value in the consolidation
analysis. Although a number of analytical solutions have been proposed in the literature for non-linear
consolidation rate, all of them consider a variable cv indirectly based on the combined effects of soil
permeability k, and soil compressibility mv. In particular, the accurate determination of k needs a
hydraulic conductivity test, which is relatively costly and time consuming for clayey soils.
This paper documents the results of cv measured from piezo-cone testing conducted at a number of
soft soil sites in Australia, as well as some published oedometer test results from literature. The
relationships of cv-OCR for the tested sedimentary soils with different index properties are presented.
While the relationships are inevitably site and material specific, it can be shown that certain patterns
may be established and used to predict the change in cv with OCR for staged construction design.
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STRESS HISTORY DEPENDENT COEFFICIENT OF CONSOLIDATION

According to Terzaghi’s theory of one-dimensional consolidation of soils, the coefficient of
consolidation, cv is theoretically related to the coefficient of volume compressibility, mv and the
coefficient of permeability, k by:
(1)
where w is the unit weight of water and mv is the change in volume induced in a material under an
applied stress. For one dimensional consolidation, mv can be defined in terms of the compressibility
index cc, or the recompression index cr, depending on the vertical effective stress ’v relative to the
preconsolidation pressure, ’p, as follow:
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where e0 is the initial void ratio. For the derivation of k in equation (1), Tavenas et al (1983) indicated
that it can be related to the void ratio, e by:

e = e0 + ck log (k / k0)

(3)

where ck and k0 are defined in Figure 1b. The data presented in Tavenas et al (1983), and later the
experimental works by Nagaraj et al (1994) indicate that the above linear e – log k relationship holds
irrespective of stress history. Substituting the equations (2) and (3) into (1), and following the
derivation similar to that given in Walker et al (2012), a theoretical cv versus ’v relationship can be
obtained as shown in Figure 1c. For the normally consolidated stress range, both k and mv decrease
rapidly with decreasing void ratio (i.e. with increasing effective vertical consolidation pressure ’v),
hence cv is fairly constant and this is consistent with the general understanding about the variation of
cv with pressure (e.g. Terzaghi and Peck, 1967). For the over-consolidated stress range, the soil has a
lower compressibility with less reduction of mv with decreasing e whilst the rate of change of k with e
remains the same as for the normally consolidated stress range. This results in higher cv values for the
soils in the over-consolidated stress range than in the normally consolidated stress range.
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Figure 1. Soil model with void ratio dependent (a) compressibility (b) permeability, and (c) calculated cv
Whilst the soil model described in Figure 1 captures the behaviour of cv in an overall sense, it is by no
means a sophisticated constitutive model that cover all aspects of the complexity of cv that may be of
design significance in practice. Some of these complex cv behaviour are listed below:



The experimental works by Robinson and Allam (1998) and Karunaratne et al (2001) have shown
that cv could increase or decrease with ’v, depending on the type of mineralogy present within
the clay.



In the over-consolidated stress range, the theoretical cv curve (Figure 1c) shows to increase with

ˊv, then followed by a sudden drop of cv as the loading changes from recompression (OC) to
virgin compression (NC). This calculated cv appears to be contradictory with the expected trend
outlined in Figure 1c (cited Ladd and DeGroot, 2003), which show that cv (OC) decreases to a fairly
constant cv (NC) value as the stress level increases up to ’p,. Therefore, the soil model may
overestimate the consolidation rate in the design of staged fill operations, especially when the soil
is slightly over-consolidated. The authors considered likely that this inconsistency could be due to
the use of the simplified bi-linear recompression and compression e –log ’v curves in the model.
Should a non-linear e –log ’v equation is adopted such as that in the ILLICON program
described by Mesri and Choi (1985), the resulting cv could be more in line with expectation.



It is difficult to assess the field cv value accurately from oedometer tests due to variability of
natural soil, sample bias, sample disturbance and the inability to capture the macro fabric such as
silt and sand lenses. Triaxial consolidation can be carried out to test sufficiently large samples to
include soil fabric. However, the side drains in these tests may become a control on the rate of
pore water flow from the soil.

The remaining of this paper focuses on the behaviour of varying cv (OC) with stress as well as the
influence from various types of sedimentary clays. This paper considers a constant cv (NC) within the
normal consolidation range despite the potential influence of the soil mineralogy.
Some limited data published by previous researchers has demonstrated the variability of cv with ’v.
Figure 2a shows a typical example given by Davies and Humpheson (1981) for a soft silty clay of high
plasticity that was present at a trial embankment site in Belfast. The results from the piezocone
dissipation tests, in-situ permeability tests and the range of values covered by the oedometer test
results all suggest that cv reduces as ’v increases up to ’p and beyond which cv is fairly constant. As
soil structure is determined not only by the effective stress but also by its stress history, it is logical to
replot Figure 2a in terms of cv versus over-consolidation ratio (OCR), in which OCR is calculated
based on a ’p of about 130 kPa as indicated in the figure. The replotted data, as shown in Figure 2b,
can be represented by a linear log cv – log OCR curve (i.e. power function) in the following form:

log (cv (OC)) = log (cv (NC)) +  log(OCR) or cv (OC) = cv (NC) OCR

(4)

The y-intercept of equation (4) is the cv (NC) at OCR = 1, and ‘’ controls the rate of increase of cv with
OCR and may be influenced by material types.
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Figure 2. (a) cv vs ’v (Davies and Humpheson,1981); (b) Replotting (a) in log cv – log OCR space

In order to substantiate the above cv – OCR relationship and to assess the effect of soil types and soil
index properties on this trend line, data from three soft soil sites along the east coast of Australia were
assessed as described below.
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SOFT SOIL SITE NO.1 - NAMBUCCA FLOODPLAIN

3.1

Site and Ground Conditions

Situated in the Mid North Coast region of New South Wales, Australia, the 2.5 km wide Nambucca
Floodplain is on the southern side of the Nambucca River near Macksville. The soil profile comprises
generally soft Holocene alluvial clay to a depth of about 15 m, then underlain by approximately 5 m
thick soft/firm Holocene alluvial sandy clay, followed by about 10 m thick Pleistocene sandy deposits.
Towards the Nambucca River, data from the site investigation indicates generally a more sandy subsoil profile, which comprises approximately 15 m thick soft/firm Holocene sandy clay, followed by the
Pleistocene sandy deposits. Existing monitoring wells installed within the floodplain indicate that
groundwater is generally near the ground surface. The characterisation of the alluvial clay and the
sandy clay within the Holocene sediments are summarised in Table 1 below.
Table 1:
Soil
Type

Characterisation of the alluvial clay and sandy clay from Nambucca Floodplain
Compression Recompression
RR/CR
Plasticity
Fine
ratio CR
ratio RR
Liquid limit (LL)
ratio
Index (PI)
content
[=cc/(1+e0)]
[=cr/(1+e0)]

Alluvial
clay

>90%

35% – 50%
(medium plasticity)

10% –
30%

0.18

0.025

0.139

Sandy
clay

50% 70%

20% – 40% (low to
medium plasticity)

5% – 20%

0.11

0.016

0.145

3.2

Assessed cv – OCR relationship from piezocone tests

The cv assessed from oedometer tests may differ significantly from field values due to the variability of
natural soil and sample disturbance. For improved cv assessment, the horizontal coefficient of
consolidation (ch) is firstly assessed from the available piezo-cone pore pressure dissipation test in the
field. Published literature (e.g. Beales and O’Kelly, 2008) and our experience in the regional of Mid
North Coast of NSW generally suggest that the ch/cv ratio is between 1.5 and 2. An average ch/cv ratio
of 1.75 is therefore adopted for the Nambucca soft soil site. Moreover, the piezocone inferred cv values
are between two and four times greater than the values determined from the oedometer test data with
the discrepancy most likely arising due to scale effects.
The OCR that corresponds to the cv (= ch/1.75) from the dissipation tests can be assessed from the
piezocone inferred undrained shear strength su using SHANSEP method (su = S(OCR)m v0’) proposed
by Ladd (1991). Refer to Figure 3 for typical profiles. For sedimentary clays of low to moderate
sensitivity, Ladd (1991) has adopted the relationships of S = 0.2 + 0.05PI and m = 0.88(1 - RR/CR) ±
0.06. For the clay and sandy clay encountered, PI = 5% - 30% and RR/CR ~ 0.14 (Table 1), hence S
= 0.21 and m = 0.8. Moreover, the inferred su from piezocone has been assessed based on the
corrected cone resistance (qt) and using a cone factor (Nkt) of 17. Where available, the adopted Nkt
factor has been calibrated against the undrained shear strength inferred from in-situ vane shear, T-bar
and dilatometer test results.
The observed relationship between the inferred in-situ cv from the piezocone and OCR is presented in
Figure 4a. The results indicate a prominent linear trend between cv and stress history in the
logarithmic space for each soil type that is consistent with the laboratory data as indicated previously
in Figure 2b. The field testing of sandy clay occur mostly in the area near the Nambucca River,
whereas the testing of clay are spatially distributed over the 2.5 km long floodplain. This may explain
the wider data range of clay due to variability, as compared to the data range of sandy clay. Adopting
the power function of Equation (4), regression analyses for the piezocone data give a best fit line with
cv (NC) = 10m2/yr and  = 1.0 for the Nambucca clay and cv (NC) = 22m2/yr and  = 3.38 for the
Nambucca sandy clay.

1
0
-1
0.21σ'vo -2
-3
WT
-4
-5
-6
-7
-8
-9
-10
-11
-12
-13
-14
-15
-16
-17
-18
-19
-20
-21
-22
-23
1CPT17

sand lenses

4CPT20

RL (mAHD)

Alluvial clay

0.21σ'vo

Inferred
Sandy
Material

1
0
-1
-2
-3
-4
-5
-6
-7
-8
-9
-10
-11
-12
-13
-14
-15
-16
-17
-18
-19
-20
-21
-22
-23

(c) Inferred Cv from piezo-cone (m2/yr)
100

OCR
10

(b)
1

WT

150

50

0

1CPT16

100

Su (kPa)

(a)

sand lenses

Alluvial clay

Inferred
Sandy
Material

0
1
0
‐1
‐2
‐3
‐4
‐5
‐6
‐7
‐8
‐9
‐10
‐11
‐12
‐13
‐14
‐15
‐16
‐17
‐18
‐19
‐20
‐21
‐22
‐23

20 40 60 80 100 120 140 160 180

sand lenses

Alluvial clay

1CPT16

1CPT17

From CPTU, cv = ch / 1.75 adopted

Figure 3. Typical profiles of (a) Piezocone inferred su vs.RL, (b) Piezocone inferred OCR vs. RL and
(c) Inferred cv vs Reduce Level (RL) at Nambucca Floodplain

Figure 4. (a) cv vs OCR, (a) cv vs.LL for Nambucca clay and sandy clay
For the comparison between the two soil types, it is of interest to correlate cv (NC) and m with soil index
properties. The Naval Facilities Engineering Command (NAVFAC,1971) has developed correlations of
cv of remoulded, normally consolidated and over-consolidated clay soils with their liquid limits (LL) as
shown in Figure 4b. The field cv of clay has a LL range of about 35 to 50, which was determined from
the laboratory tested samples obtained from adjacent boreholes and at similar depths. These cv data
generally lie between the NAVFAC curves for normally and over-consolidated soils, indicating that the
soils are lightly over-consolidated. By using a mean LL value of 42 and extrapolating down to intersect
the NAVFAC curve for normal consolidation, it can be assessed that cv (NC) is about 8m2/yr, which is
consistent with that assessed in Figure 4a. Similarly for sandy clay, the LL range of the field cv is 25 –
40, the cv (NC) as determined from NAVFAC correlation in Figure 4b (=20m2/yr) is consistent with that
from the cv – OCR plot in Figure 4a (=22m2/yr). For the parameter m, it can be seen that sandy clay
has a steeper increase of cv with OCR and a higher  value than that of clay. Further discussion is
provided in Section 6 with the observations of other soft soil sites.
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SOFT SOIL SITE NO.2 – HASTINGS RIVER FLOODPLAIN

Rises in the Great Dividing Range and joined by seven tributaries, the Hastings River flows generally
south before reaching its mouth at Port Macquarie on the east coast of Australia. The Hastings River
Floodplain described herein is located at the middle reach of the river west of Port Macquarie and is
near an existing river crossing of the Pacific Highway that connects between Sydney and Brisbane.
The alluvium within the floodplain is typically up to about 20 m deep. A possible palaeochannel
coincides with the current Hastings River channel. The Holocene alluvium is characterised by “soft
soils” composed of clays, silts and sands. The deepest and most continuous layer of “soft soil” occurs
on the northern side of the Hastings River and is dominated by fine grained soils. Shell and coral
fragments were also noted in this deposit. Gravel layers (Pleistocene) are prominent throughout the
lower portions of the alluvial sediments, typically forming a basal sequence above the bedrock.

Figure 5. (a) cv vs OCR, (a) cv vs LL for silt/clay and sand clay mixture (Hastings River Floodplain)
Using the approach outlined in Section 3.2, Figure 5a presents a plot between the cv values and the
corresponding OCR estimated from piezocone soundings. The field data have been separated into
fine grained silt/clay soils and sand clay mixtures which generally range from sandy clay through to
clayey sand. A similar linear trend is observed between cv and stress history in the logarithmic space
for each soil type. Using the power function of Equation (4), the average trends from regression
analyses of the field data indicate cv (NC) = 3.2 m2/yr and  = 1.39 for silt/clay and cv (NC) = 12.5 m2/yr
and  = 2.16 for the sand clay mixtures.
The LL ranges of the field cv are 48 – 69 for silt/clay and 25 – 45 for the sand clay mixtures. Using the
mean values from the respective LL ranges, the cv (NC) as determined from NAVFAC correlations are
3.5m2/yr and 13m2/yr (Figure 5b), which are consistent with those from the cv – OCR plot in Figure 5a.
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SOFT SOIL SITE NO.3 – KOORAGANG ISLAND

Kooragang Island lies near the mouth of the Hunter River, Newcastle (NSW) and extends upstream as
far as Hexham. The Hunter River splits at Hexham into two main channels (North and South Arms),
which circumnavigate the island. The eastern and more well-known part of Kooragang Island is
primarily a coal export port. Most of the coal terminals are situated on reclaimed swamp lands typically
consisting of ‘mud’ deposit of very soft, dark grey clay with shells (denoted as Soil Type B) extending
up to about 5 m depth, followed by soft sandy clays and loose sands (denoted as Soil Type A) before
encountering dense sand sequence at about 9 to 10 m depth. The Atterberg limit tests indicate that
the mud (Unit B) is highly plastic with average LL and PI values of 80 and 54 respectively. Conversely,
the sandy clay (Unit A) is of low plasticity with average LL and PI of 25 and 9 respectively.

As discussed previously, the laboratory oedometer and triaxial test results generally under-estimate
the value of cv due to sample disturbance. This is demonstrated in Figure 6b. The likely cv values for
normal consolidation on the basis of NAVFAC correlation are at least 25 m2/yr and 1.5 m2/yr for Soil
Types A and B, respectively. The field dissipation tests from piezocone provided more realistic time
rate behaviour. Regression analyses from the cv – OCR plot in Figure 6a indicate that the cv (NC) values
are 28 m2/yr and 2.2 m2/yr for Soil Types A and B, which are commensurate with NAVFAC for
normally consolidated soils. The assessed  values for Types A and B are 2.02 and 0.89 respectively.

Figure 6. (a) cv vs OCR, (a) cv vs LL for Soil Types A and B at Kooragang Island
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DISCUSSION OF cV RESULTS AND THE PARAMETER ‘’

From the different site data presented above, it can be seen that understanding the site geology and
identifying the soil stratigraphy are paramount in the design assessment as these geological features
are intricately linked to the field cv values inferred from the piezocone. Prior to the cv assessment, the
following design tasks were carried out: (i) Careful sorting and identifying the material types at which
the piezocone dissipation tests were conducted, using the adjacent borehole information as well as
the piezocone test data for assessing the inferred material behaviour types; (ii) Identifying the
corresponding LL of the field cv based on Atterberg limit test results from the tested samples obtained
from adjacent boreholes and at similar depths; and (iii) Assessing the corresponding OCR of the field
cv using SHANSEP method (Ladd,1991) in conjunction with the piezocone inferred su.
Following the works of identifying material types and assessing field cv values and their corresponding
LL and OCR, it can be shown from the illustrated soft soil sites that the cv-OCR relationship inferred
from piezocone test data for a particular material type follows a linear trend in the double logarithmic
space. This is equivalent to the power function given by Equation (4). The y-intercept of this equation
is the normally consolidated cv (NC), which has been shown to be consistent with that determined by the
published NAVFAC correlation for cv (NC) with LL for normally consolidated soils.
It is observed that there is a steeper increase of cv with OCR as the clay soil become less plastic with
lower liquid limit (LL) value. Subsequently, the parameter ‘’ in Equation (4) that controls the rate of
change of cv with OCR increases as LL reduces. Hence and LL are inversely related. Figure 7
presents a plot of with the corresponding mean LL vales that were assessed from the illustrated soft
soil sites. It can be seen that a correlation exists between and LL, albeit with the limited available
data sets. This correlation can be represented by:

= 55×LL-0.96

(over LL range of 20 – 80 with available data)

(5)

It is envisaged that correlations of with other soil index properties such as PI, clay content or
shrinkage index may exist. The investigation of these correlations warrants further research.
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CONCLUSION

In this paper an attempt has been made to investigate the variation of cv with stress history (i.e. OCR)
for soils with different soil index properties, which is important for the design of staged preloading
operations. The influences and conclusions drawn are based on cv results obtained from pore water
pressure dissipation tests in piezocones and index properties determined from laboratory tested
samples obtained from adjacent boreholes and at similar depths. Based on these results, a correlation
equation in the format of power function has been proposed to predict cv in terms of OCR:

In which, it has been shown that cv (NC) is consistent with NAVFAC correlation with LL for normally
consolidated clay and is inversely related with LL. It is envisaged that  could also be well correlated
with other soil properties such as PI, clay content or shrinkage index, which merits further research.
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