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Abstract. In this study, design charts for estimating consolidation settlement are proposed according to finite strain
consolidation theory using a nonlinear constitutive relationship equation. Results of parametric sensitivity analysis shows that
the final settlement, initial height, and initial void ratio exerted the greatest effect, and the coefficients of the void ratio—effective-
stress. Proposed design charts were analyzed for three regions using a representative constitutive relationship equation that
enables major dredged-reclaimed construction sites in Korea. The regional design charts can be calculated accurately for the
final settlement because it is applied directly to the numerical analysis results, except for reading errors. A general design chart
applicable to all marine clays is proposed through correlation analysis of the main parameters. A final self-weight consolidation
settlement with various initial void ratios and initial height conditions should be estimated easily using the general design chart
and constitutive relationship. The estimated final settlement using the general design chart is similar to the results of numerical
analysis obtained using finite strain consolidation theory. Under an overburden pressure condition, design charts for estimating
consolidation settlement are proposed for three regions in Korea.
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1. Introduction

The most critical issue of dredged-reclaimed marine
clay is large consolidation settlements. To estimate large
settlements, finite strain consolidation theory should be
applied instead of small strain consolidation theory. Gibson
et al. (1967) proposed a finite strain consolidation theory
applicable to nonlinear compressibility and permeability.
Numerical analysis conducted using the equation that is
governed by the finite strain consolidation theory is known
to estimate a large consolidation settlement (Stark et al.
2005a, Stark et al. 2005b, Liu and Griffiths 2015, Hu et al.
2018, Liu et al. 2019)

Research on finite strain consolidation theory has been
performed to solve governing equations by numerical
analysis and a solution chart suggested has been for
expanding usability. Gibson et al. (1981) and Cargill (1984)
suggested a solution chart using finite strain consolidation
theory. Fox (1999, 2000) proposed a solution chart where
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linear and nonlinear constitutive relationships are applied
for void ratio-effective-stress and void ratio-permeability
using the piecewise linear approach method. Morris (2002)
studied a solution chart using finite strain consolidation
theory with a linear constitutive relationship. Brandenberg
(2017) propsed an implicit finite difference code, and
deployed through an HTML user interface.

Estimating the consolidation phenomenon by the finite
strain consolidation theory is difficult owing to the lack of
understanding the theory or the difference in consolidation
parameters in Korea. In this study, design charts are
proposed to calculate the final consolidation settlement of
three regions (Busan, Gwangyang, and Incheon in Korea),
which are classified from a major dredged-reclaimed
construction site. Furthermore, a general design chart for
the final consolidation settlement is proposed for all
regions. A design chart of consolidation settlement under
overburden pressure is proposed for the three
abovementioned regions in Korea.

2. Methodolgy

In this study, constitutive relationship equations for
three regions in Korea are applied result of research by Jun
& Kwon (2020), as shown in Table 1. The constitutive
relationship equation is non-linear relationship between
void ratio (e) and effective stress (o'), void ratio and
permeability coefficient (k), and used to estimate the
consolidation behavior by the large consolidation
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Table 1 Representative constitutive relationship equations (Jun and Kwon 2020)

Region Representative Constitutive Relationship Applicable Range of
Void Ratio-Effective Stress (kPa) Void Ratio-Permeability (m/day) Liquid Limits

bs-L-clay e=31 ¢ " k=9x107¢ 55 40~60%
Busan

bs-H-clay e =43 ¢'0% k=6x1076 *5 60~80%

gy-L-clay e=29 ¢'7018 k=9x1076 &0 40~60%

Gwangyang

gy-H-clay e =39 ¢'702 k=8x10"° e*5 60~80%

ic-L-clay e=17 g'7%15 k=1x10"* 55 20~30%
Incheon

ic-H-clay e=22 ¢ k=5x%x10"5 ¢55 30~40%

Table 2 Applied values for parametric sensitivity analysis

Type Parameters Symbol Ranges Default values
Specific gravity of soil solid Gs 2.60-2.80 2.70
Unit weight of water (kN/m?) Yw 9.81-10.2 10.01
Physical and 1.0-5.0 3.0
consolidation e=Ac'? (0':kPa)
properties 20.3t0-0.1 -0.2
(0.001-1) x 1073 5x107
k=Ce? (k m/day)
3.0-8.0 5.5
Initial void ratio ey 2.0-30.0 16.0
Conditions of reclamation Reclaimed initial height (m) ho 2.0-30.0 16.0
Overburden pressure (kPa) Q 0-200 0
. . Parameters
deformation. Jun and Kwon conducted physical o e g
experiments for 23 specimens of the main reclaimed- T Ras e
. . . -=A=-- -0.3t0 -0.. ’
dredged sites in Korea, and proposed 6 representative T aem )
equations for 3 regions by back-analysis of the centrifugal o
experiments using finite strain consolidation theory. The bs- e=Ac® (o1 kPa) s

L-clay means marine clay of the Busan region having liquid
limit of 40-60% range, and the bs-H-clay means marine
clay of the Busan region having liquid limit of 60-80%. The
gy-L-clay and gy-H-clays mean marine clay of Gwangyang
region having liquid limits of 40-60% and 60-80%,
respectively. The ic-L-clay and ic-H-clays mean marine
clay of Incheon region having liquid limits of 20-30% and
30-40%, respectively.

The six constitutive relationship equations are used to
analyze consolidation settlement by self-weight or
overburden pressure under the consolidation conditions
such as initial void ratio, initial height and so on. The
consolidation settlements are estimated by the computer
program ‘Primary Consolidation, Secondary Compression,
and Desiccation of Dredged Fill” (PSDDF) by Stark et al.
(2005a, 2005b).

3. Sensitivity analysis of the parameters

The parameters for the finite strain consolidation
analysis of dredged-reclaimed marine clay are basic
physical properties, such as the specific gravity of soil
solids and wunit weight of water; and consolidation
properties, such as void ratio—effective-stress and void
ratio-—permeability. In addition, the parameters include
those of construction conditions, such as initial void ratio

Rate of change in final consol. settle., AR (%)

100 | | | |
min. default value max

Difference rate of parameters
Fig. 1 Parametric sensitivity analysis for final self-weight
consolidation settlement

and initial height. Parametric sensitivity analysis was
performed to estimate the effects of these parameters on the
finite strain consolidation theory.

The range and default values of the parameters were
applied from the results of laboratory tests and back
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Fig. 2 Final settlement design chart for Busan region
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Fig. 3 Final settlement design chart for Gwangyang region
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Fig. 4 Final settlement design chart for Incheon region

analysis using many specimens in-situ by Jun & Kwon
(2020), as shown in Table 2. The construction conditions,
such as the initial void ratio and initial height, were
obtained from actual reclaimed site conditions in Korea.
Fig. 1 shows the results of parametric sensitivity
analysis for the final self-weight consolidation settlement.
The initial void ratio and initial height exerted the greatest
effect. The coefficients for void ratio—effective-stress of
constitutive relationships, A and B, imposed a significant
effect. The specific gravity of the soil and unit weight of

water exerted a relatively small effect, and the coefficients
for void ratio-permeability coefficient C and D did not
impose any effect. Based on the parametric analysis,
coefficients C and D were not considered in the proposal for
the design chart of the final settlement, and the specific
gravity of the soil solid and unit weight with relatively
small effects were applied as representative values.

The relationship between the initial void ratio and final
settlement was nonlinear; however, the relationship between
1/(1 + eo) and the final settlement was linear. Therefore, a
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design chart of 1/(1 + e) was suggested instead of that of
the initial void ratio.

4. Design charts for the three regions

The design chart for calculating the final consolidation
settlement of dredged-reclaimed clay was suggested using
the representative constitutive relationship (Jun and Kwon
2020) of the three regions divided into six regions based on
liquid limits (LLs) (Busan L clay, Busan H clay,
Gwangyang L clay, Gwangyang H clay, Incheon L clay, and
Incheon H clay). Fig. 2(a) shows the final self-weight
consolidation settlement of the Busan region with 40%-60%
of the LL; Fig. 2(b) shows that of the Busan region with
60%-80% of the LL; Fig. 3(a) shows that of the
Gwangyang region with 40%-60% of the LL; Fig. 3(b)
shows that of the Gwangyang region with 60%-80% of the
LL. Figs. 4(a) and 4(b) show the final settlements of
Incheon regions with 20%-30% and 30-40% of LL,
respectively.

The proposed design chart directly reflects the
calculation of finite strain consolidation analysis. Therefore,
the final settlement from the design chart can be regarded as
the same as the results of numerical analysis.

5. General design chart
5.1 The proposed general design chart

The major parameters affecting the self-weight
consolidation settlement sgy are coefficients A and B for
the void ratio—effective-stress, initial void ratio, and initial
height, i.e., spq) =f(A,B,eyH,) . The relationship
between s;) and H,/(1+e,) is approximately linear
with an intercept of zero. In addition, the relationship
between e, and sf = s * (1 + €y)/H, for a normalized
by void ratio is linear, as shown in Eq. (1) and Fig. 5 at B =
0.2and Hy =5m.
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where @, is the slope of the linear relationship between e,
and s;; P is the intercept of the linear relationship
between e, and sf.

a; and B; are functions of A, B, and H, when it is
normalized as e,. Fig. 6 (a) shows the linear relationship
between coefficients A and «;. The slope and intercept of
the linear relationship between A and «; are defined as a;
and fq, respectively. Fig. 6 (b) shows the linear relationship
of coefficient A and B, with an intercept of zero. The slope
of A—pB, is defined as 6. The relationships can be
represented by Egs. (2) and (3). a,, B, and 6. are
functions of B and H, because coefficient A is an
independent variable.

Fig. 7 shows the values of a. and B, according to the
dependent variables B and H,. a. decreases as the initial
height increases. The relationship between H, and S is
unique without the variation of coefficient B.

The relationship between @, and 6, is linear, with an
intercept of zero, as shown in Fig. 8 (a). The slope of «a
and 6 is defined as y,, as shown in Eq. (4); x, is a
function of coefficient B. The relationship between y and
B indicates a power function, as shown in Fig. 8 (b), and the
determination coefficient R? of the relationship is estimated
to be 0.995.
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In Eq. (5), a, and B are functions of B, which are the
coefficient of void ratio and effective stress, and the initial

height, respectively. y. is a function of B. Therefore, a
general design chart for final self-weight consolidation
settlement is proposed as shown in Fig. 9. a, and B, can
be obtained from B and H,, and y. can be calculated from
the power function of Eq. (4) in the design chart.

The design chart of Fig. 9 can be applied in the
preliminary design stage using a nearby constitutive
relationship equation of void ratio—effective-stress or in the
construction stage for calculating the final settlement in
situ. The design chart included errors because some
relationships were assumed to be linear, and the relationship
between B and y. was assumed to be a power function.
The estimated error range was 10% lower than that of the
numerical solution, as shown in Fig. 10.
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Table 3 Clay properties and experimental conditions for Yamagami et al. (2000)

Soil properties

Sample mud A of Naruto coast

Physical properties

Gs :2.704, PI : 40.1%

Constitutive relationship equations
Void ratio - effective stress (kPa)

e =2.631¢g'70226

Test ACl1 AC2 AC3
Centrifuge and Analysis .. . .
ge an Y Initial void ratio 6.65 6.65 19.94
conditions
Initial height (m) 9.0 18.0 9.72
Final settlement by numerical analysis of
al settlement by numerical analysis o 5.77 12.11 8.20
finite strain consolidation theory (m)
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Fig. 11 Estimation of final settlement by general design chart (AC1 case)

Table 4 Clay properties and analysis conditions for Kim (2006)

Soil properties

Sample mud A of Naruto coast

Gs 2.70 2.69
. . LL (%) 47212 55.85%2
Physical properties
PI (%) 20.68+2 32.30%2
Void ratio - effective stress (kPa) e =6.72¢'7031 e = 6.045'7%%7
Constitutive relationship equations e = 2.631g'-0226
Void ratio - effective stress (kPa) -
. . Initial void ratio 8.10 8.07
Analysis conditions
Initial height (m) 8.60 7.93
Final settlement by numerical analysis of 336 355

finite strain consolidation theory (m)

5.2 Application of the general design chart

Yamagami et al. (2000) calculated consolidation
settlements using specimens from the coast of Naruto in the
East of the Tokushima prefecture. The properties and final
self-weight consolidation settlement of clay are shown in
Table 3.

The final settlements of three cases (AC1, AC2, and
AC3 in Table 3) were calculated using the general design
chart. a, and B, can be read from the general design chart
shown in Fig. 11. The values of a. were 0.0146, 0.0127,
and 0.0144 in AC1, AC2, and AC3, respectively. The read

values of S, were 0.9860, 0.9930, and 0.9872 in ACI,
AC2, and AC3, respectively. y, was 34.01, which is the
calculated suggested power function (y, = 5.3(-B) -1.25 =
5.3(0.226) -1.25 = 34.01). The final settlements were 5.88,
12.34, and 8.19 m in ACI, AC2, and AC3, respectively,
which were calculated using Eq. (5) using the read
parameters. These values were similar to 5.77 and 5.88 m in
ACI1; 12.11 and 12.34 m in AC2; and 8.19 and 8.20 m in
AC3.

Kim (2006) analyzed consolidation behavior of the
Gwangyang marine clay in Korea. The properties and final
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self-weight consolidation settlement of clay are shown in
Table 4.

The final settlements of two cases (Sample-A, Sample-C
in Table 4) were calculated using the general design chart.
a, and B, can be read from the general design chart
shown in Fig. 12. The values of ag were 0.0180 and
0.0169 in Sample-A and Sample-C, respectively. The read
values of f; were 0.9855 and 0.9844 in Sample-A and
Sample-C, respectively. y, values were 22.96 and 27.26 in
Sample-A and Sample-C, respectively, which are calculated
by Eq. (4). The final settlements were 3.99 and 3.79 m in

Sample-A and Sample-C, respectively, which were
calculated using Eq. (5) using the read parameters. These
values were similar to 3.86 and 3.99 m in Sample-A; and
3.55 and 3.79 m in Sample-C.

6. Design chart for overburden pressure
An overburden pressure induces an additional

consolidation settlement (As;(,y) of clay. The additional
consolidation settlement by an overburden pressure was
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Fig. 16 Design chart of final settlement by overburden pressure (Incheon region)

analyzed for various heights of the solid. The height of the
solids (H) is defined as H,/(1 + e;). The analysis results
for the case of H; =1 for Busan L marine clay is shown in
Fig. 13. Asg(,) increased nonlinearly with the overburden
pressure (q). The variable amounts of Asf,, by the
variable initial height were the same, as shown in the small
box in Fig. 13(a). Ass,, was governed linearly according
to the variation in the initial height, as shown in Fig. 13(b).
The tendency was similar regardless of the change in the
height of the solids, i.e., when an additional settlement by

overburden pressure is provided by the height of solids at a
standard initial height, the additional settlement can be
calculated in any condition.

Design charts based on the overburden pressure are
proposed, as shown in Figs. 14-16. The standard initial
height was set to 20 m for the proposition as a positive
number. To estimate the additional settlement by the
overburden pressure, the self-weight consolidation
settlement should be calculated first. The height of the
solids was calculated by the initial height and initial void



304 Sang-Hyun Jun, Jong-Ho Lee, Byung-Soo Park and Hyuk-Jae Kwon

ratio. Subsequently, the Y-axis value was read from Figs.
14-16. The final settlement by the self-weight and
overburden can be calculated using the following equation:

(Ho — 20)
Sr(0) = Sf(0) + Yaxis_value - 1—00 (6)

7. Conclusions

In the present study, design charts were proposed for
easily estimating consolidation settlements according to
finite strain consolidation theory using a nonlinear
constitutive relationship equation. For the proposed design
chart, the effects of parameters on the final settlement were
analyzed. Parametric sensitivity analysis indicated that the
order of the initial height, initial void ratio, and coefficients
of the constitutive relationship equations A and B exerted a
significant effect on the final settlement. These results can
be applied to select the major parameters for the design
chart. From the constitutive relationship equation of void
ratio—effective-stress on dredged-reclaimed marine clay
construction sites, regional design charts were proposed to
estimate the final settlement under various initial
conditions. The regional design chart comprised numerical
analysis results and can be used to accurately calculate the
final settlement. A general design chart was proposed by the
correlation between parameters and was applied to all
marine clays. The final self-weight consolidation settlement
with various initial void ratios and initial height conditions
can be estimated easily using the general design chart and
constitutive relationship. The estimated final settlement by
the general design chart was confirmed to be similar to the
results of numerical analysis obtained using finite strain
consolidation theory. Under an overburden pressure
condition, design charts for estimating consolidation
settlement were proposed for three regions in Korea. For the
future study, a design chart for the consolidation degree
according to the time will be proposed. These design charts
will be able to estimate the settlement according to the
consolidation time.
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