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ABSTRACT

Seabed soils’ stress-strain relationships are nonlinear, and the complexity associated with soil constitutive
behavior increases substantially as the loading becomes reversed. This study focuses on the constitutive behav-
ior of cohesive seabed soils under monotonic and cyclic wave loadings. The theoretical framework developed is
based on Bounding Surface Plasticity, where soil strain-hardening is addressed through a proposed hardening law
to calculate plastic strains and their evolution during the loading history. Considering clays and clay-like cohesive
soils located mainly on the surface of the seabed, the plastic hardening modulus is updated using deviatoric plastic
strains, and a new degradation function, which is a novel contribution in the study, is developed and incorporated
into the theoretical framework. The proposed model, whose mathematical formulation is more practical and sim-
pler compared to other similar models for cohesive seabed soils, is integrated into a computer program using an
explicit numerical scheme. Then, several drained and undrained monotonic and cyclic triaxial tests for normally
and over-consolidated clays are simulated to verify the proposed constitutive formulation. Results indicate that
simulations of cyclic triaxial tests using the proposed model successfully capture the essential static and dynamic
behavior of cohesive seabed soils, including large number of load cycles. The proposed model stands out with its
predictive power and the simplification advantage it brings to the theory through the hardening law compared to
previous models, as successfully demonstrated in this study. The proposed model can be used in solving coastal

and offshore geotechnical engineering problems with high accuracy.
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1. Introduction

Soils are inherently heterogeneous and complex
multi-phase materials with a particulate structure. Un-
derstanding and predicting the nonlinear cyclic and
monotonic behavior of soils under complex loading has
been a major focus of geomechanical research for sev-
eral decades. The constitutive behavior of cohesive soils
haslongbeen a subject of interest to researchers seeking
to understand the fundamental characteristics of their
response to various time-dependent loadings, such as
earthquakes and waves. The nature of such research pro-
vides invaluable information for designing soil-structure
systems against external effects. Early studies provided
the foundation for constitutive models that could cap-
ture soil behavior beyond the assumptions of classical
plasticity. In the laboratory, experiments are performed
to measure soil properties irrespective of the soil type.
While such an effort is often preferable, resulting in the
most accurate values, it is not feasible to experiment
each time there is a need for such soil data. Therefore,
it is of utmost necessity to develop accurate constitu-
tive theories to predict the actual soil static or dynamic
response in a broad spectrum. Particularly, the stress-
strain relationship and shear-strength characteristics of
cohesive seabed soils need to be modeled using mathe-
matical theories to solve related geotechnical engineer-
ing problems through numerical methods.

Among these theories, the multi-surface kinematic-
hardening theory by Mroz!!! is one of the first successful
ones, which was later improved?-l. These early mod-
els introduced the ability to represent cyclic hysteresis
and strain accumulation under repeated loading, which
are critical phenomena for offshore and earthquake en-
gineering applications. By adopting two surfaces, such
a model was independently proposed by Kriegl®! and

7].

Dafalias and Popov!7l. This theory later evolved into

»[8-11] Subsequent devel-

the “Bounding Surface Theory
opments produced a range of elastoplastic, kinematic,
and anisotropic hardening models, capable of describ-

ing liquefaction and other cyclic loading effects. Around

that time, a bounding surface model was developed, in-
troducing several deformation modes and the progres-
sive generation of pore pressure in granular seabed soils

[12]

by Pietruszczak and Poorooshasb!*“! and Poorooshasb

and Pietruszczak[13].

The study by Poorooshasb and
Pietruszczak ' simplified the model regarding its kine-
matic hardening rule. These works capture the over-
all cyclic behavior, including the pore pressure buildup,
showing the robustness of the bounding surface the-
ory. However, they were too complex with their hard-
ening laws and inefficient in their numerical implemen-
tation. Despite their advances, Bounding Surface Mod-
els were limited in reproducing plastic deformation dur-
ing unloading and stress reversal, restricting their appli-
cability to strongly cyclic environments. To overcome
these shortcomings, as an alternative to bounding sur-
face models, Zienkiewicz and Mroz!'® developed the
framework of generalized plasticity. A Bounding Sur-
face Model was used for nonlinear analysis of seabed by
Poorooshasb et al.!*®! and then a comprehensive model

17]
)

was developed by Zienkiewicz et all and subse-

11181, However, bounding

quently extended by Pastor eta
surface plasticity allows plastic strains to be developed
during loading-unloading cycles through plastic poten-
tial functions. Putting a bulk of earlier studies aside,

1.11%1 developed a model for over-consolidated re-

Yaoeta
constituted clays, considering the variation in the yield
Later, Chen et al.[?9] de-

veloped an elastoplastic model for structured clays ac-

surface of structured clays.

counting for the change in fabric post-yield deformation.
These models exhibit rather more complex implementa-
tion procedures and do not model the entirety of cohe-
sive soil behavior with high success. Cheng and Wang 2!
proposed a total stress-based bounding surface model
to predict the undrained behavior of saturated soft clays
under cyclic loadings based on the anisotropic harden-
ing modulus. Their modelis not an effective stress-based
model with a new hardening rule and a complex interpo-
lation function. Park!??] examined the strength loss and
the softening rate for weakly cemented clays for both ar-

tificially cemented high-plasticity clay and low-plasticity

277



Sustainable Marine Structures | Volume 07 | Issue 04 | December 2025

soils. Their highly specialized study also characterizes
the softening behavior of weakly cemented sensitive
clay. Elia and Rouainia(?3! studied the cyclic behavior
of clays through a kinematic hardening model. Carlton
and Pestanal?¥l developed a model for estimating var-
ious soils’ in-situ small-strain shear modulus. Buchely
etal.[?®! proposed a model to investigate the high-strain
behavior of clays, and Cuvilliez et al.[?®] proposed an
elastic-viscoplastic model for claystone response. Deng

and Ren 7]

studied energy methods for capturing the de-
formation behavior of soft clays. Although these models
are effective for specific soils, they are highly specialized
and do not accurately capture the monotonic and cyclic
behavior of cohesive soils.

For clay-like seabed soils to be represented in nu-
merical analyses, one needs to consider their nonlinear
dynamic properties28-3% under wave loading, even if it
means using relatively simple elastic-plastic constitutive
models 3%, Shi et al.[3%] developed a hybrid flow rule for
understanding cyclic clay response. More recently, Yao
et al.[33] proposed a unified constitutive model for soils.
Other most recent models attempt to capture the dy-
namic response of soils relying on many well-known the-
ories, including multi-surface plasticity and bounding
surface plasticity 34401, More recently, Liu and Xue 4!
performed a series of undrained cyclic triaxial tests on
kaolin clay to investigate strain accumulation under con-
secutive and intermittent loading patterns.

While these classical and advanced plasticity mod-
els have significantly improved the understanding of
soil behavior under cyclic and monotonic loads, their
integration into reliability frameworks and numerical
codes for offshore structures remains limited. In par-
ticular, soil-structure interactions in offshore systems
introduce coupled hydro-mechanical complexities such
as evolving pore pressure, strain softening, and load
redistribution—that are not fully captured by existing
models. The problem is that these models cannot ade-
quately simulate the cyclic softening and degradation be-
havior of soft clays. More advanced constitutive models
for simulating the cyclic behavior of cohesive soils with
varying levels of plasticity have been developed [*?-5%,
However, a need still remains to verify and validate these

models, which are implemented in various software pro-

grams commonly used in our engineering practice. The
problem with the current state of practice involving the
development and use of constitutive theories associated
with soils is that many advanced models for represent-
ing the stress-strain relationships of granular soils are
available in finite element codes, whereas the models for
cohesive soils achieving a successful predictive capabil-
ity spanning various over-consolidation ratios in these
codes are not that widespread. That is, engineers who
urgently need accurate solutions to the problems in en-
gineering practice face limited options. The same is the
case for ‘intermediate soils’ such as low-plasticity silts,
sandy silts, or sandy clays, whose cyclic responses are
not well-understood compared to those that are reason-
ably captured by available constitutive models for sand-
like or clay-like behaviors®>>1, Thus, there is a con-
stant need to seek the most efficient and accurate solu-
tion for the constitutive behavior of cohesive soils under
both static and cyclic loadings. Also, among such exist-
ing models, simpler and more practical constitutive rela-
tions, in particular, hardening laws, are still necessary to
capture the response of clays.

In this study, the monotonic and cyclic behavior of
cohesive seabed soils are revisited through a simple yet
robust constitutive model developed using the bound-
ing surface plasticity framework. The hardening law ad-
dresses the soil’s strain-hardening response, including
a new interpolation function for evaluating the plastic
hardening modulus based on plastic deviatoric strains.
The developed hardening law is simpler compared to
several others used to model similar seabed soils within
the bounding surface or generalized plasticity models.
This novel hardening law is then incorporated into the
model, considering the essentials of the critical state soil
mechanics, allowing the capture of the cyclic mobility of
both normally and over-consolidated clays. While the
presented model is more straightforward in its formula-
tion with the proposed hardening law than the conven-
tional Bounding Plasticity Theory, it is still sophisticated
enough to capture the main features of clay soil response.
In that sense, the proposed model has several advan-
tages based on its theoretical foundations compared to
earlier models with similar backgrounds, such as gener-

alized plasticity. Also, the proposed hardening law re-
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quires two parameters to be determined to capture the
response of cohesive seabed soils. It should be men-
tioned that stress anisotropy and loading rate effects are

not considered in the study.

2. Modeling Constitutive Behavior
of Cohesive Soils

Modeling the constitutive behavior of cohesive
soils differs from that of cohesionless soil behavior in
that pore pressure generation stays limited, allowing
plastic deformations to develop more rapidly in the soil.
Similar to loose sands, clay-like soil undergoes elasto-
plastic deformation when it is unloaded for the first time.
Upon continued reloading-unloading cycles, the soil ex-
hibits plastic strains until failure. Therefore, there is
a significant need for a mechanism that distinguishes
virgin loading behavior from that of stress reversals,
also called non-virgin loading. In this section, the static
and dynamic response of cohesive soils is modeled us-
ing a mathematical framework based on bounding sur-
face plasticity, implemented explicitly within a computa-
tional domain.

2.1. Bounding Surface Formulation

2.1.1. Bounding Surface

In bounding surface plasticity, the variation of
stress vector located on a ‘loading or yield surface’ is de-
termined based on a stress counterpart located on the
bounding surface, often called ‘image stress, which dis-
tinguishes between admissible and inadmissible stress
states. Satisfying such a condition through the function
taken in this study is:

= 2
F=(om+B)’+3(=) —p*=0 ()

where the mean stress, deviatoric stress invariant, and
the deviatoric component of the stress vector are de-
fined respectively as:

Oii /
O’mzllz?,()': 1/251'1'51;]', Sij:Uij_éiij (2)
The other parameters are defined as,
g e
WL:Mci15:p77 :pcfﬁ (3)
P r

with M, being the slope of the critical state line (CSL)
on the compression side as in Figure 1; p., the pre-
consolidation pressure, which acts as a hardening pa-
rameter, and is the ratio of the diameter of the ellipse to
the distance of the center measured from the origin for
the F function. In the case of triaxial stress state, which
is utilized to simulate laboratory triaxial tests, we write
p=-opandq= -V30. To be consistent with a potential
Mohr-Coulomb type rule, M, slope becomes,

M. = 6tsin ¢/ (3t — sin ¢) 4
where t takes + 1 for the compression test, and -1 for the

extension test. The ‘loading or yield surface’, f = 0, hav-
ing a similar form to (1), is,

;= (9,,,L+B)2+3<;>2_52

where ‘G’ indicates the stress on the loading surface; the

=0 (5

same is true for other parameters also defined on the
loading surface, f. The following are now redefined:

-~ rﬂ\/\ /ﬁc/\ i~ A
m:MCiaB:fvp:pc_B (6)
p r

where the same distance is now measured from the ori-
gin for the f function. The loading/unloading distinc-
tion is made based upon associated unit vectors pre-
scribed on the loading surface by a vector operation as:
n :do > 0for loading, n :do < 0for unloading, and
n : do = 0 for neutral loading. Here, the unit vector, n
on f = 0, shows the loading direction defined as:
1/2
N = ﬁ <8f af) (7

n=—= ——=
do do do

The above is valid only for hardening materials and
is changed in the case of softening behavior with the in-
troduction of do® calculated using elastic strains. That s,
a slightly more complex relationship should be used for
loading and unloading (see Mroz and Zienkiewicz52),
such that the sign of n : do® gives the correct direction

where:

do® = Dde (8)
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Figure 1. Loading and bounding surfaces.

2.1.2. Stress-Strain Relationship and Plas-
tic Strains

Decomposition of strains is written incrementally

using classical plasticity as,

)

deij = dej; + dej;

where the elastic and plastic strains are calculated indi-
vidually as,

deij© = z‘ejkldg;cz (10)

dEijp = -

L/U “}. !
n ®@n|:do;;
HL/U |: J

g

(11D

Here C7;;, is the inverse elastic matrix, and Hyy is the
elastic modulus, which should be defined in loading (L)
or unloading (U). With the help of the consistency con-
dition, the elastoplastic constitutive matrix, D, is eval-
uated. Although the plastic flow direction and the di-
rection of the stress vector could be selected differently
through a plastic potential function, g(o), in this study,
for simplicity, an associated flow rule is employed with-
out giving up much of the accuracy of the yielding, n, =
n = n. Effective stress increments, da;j are calculated
through the stress-strain relationship as,

do;; = Dib, de (12)

where D:ka , is in matrix form, and dey; is the strain incre-
ment. Carrying out the usual steps of derivation through
the consistency condition, we have the following written
in the particular order leading ultimately to the material

matrix,
de?P = d)\a—F (13)
Oo
F
do’ = D¢ [5 — d)\a} (14)
Oo

oF OF Op.
dF = —d —_—
95 "7 Op. Oe,
Here (13) and (14) are used in (15), giving the plas-
tic strain slip rate as:

OFT

—DF° OFT __OF de (16)
0o /(6UD%+H)]

which, when used back in (14) yields:

dzp =0 (15)

d\ =

(aTan
D = D¢ | I~

OFT e OF
(3" D 2+ 1)

oF BFTDE>

(7)

Here the plastic modulus is H = H;,y depending
upon loading (L) or unloading (U). It is self-evident that,
(DenL/U TLTDE)
n” D¢ nyy+ Hr )

D = [De 1 ] (18)

where
IF

- _ 0o
" (19)
do 0o
The soil’s elastic shear and bulk moduli, G., and K,
depend on mean effective stress. Thereby:

’

d
det = 24 G, = Gy (20)
Ge DPo
. dp/ B p/
dey, = Ke7KS = K()Po (21)

are written with Gy and K as their initial values and py

as the reference pressure.
2.1.3. Proposed Hardening Law

The evolution of strain-hardening behavior is
achieved by updating the hardening parameter p.. Along
with this, an interpolation rule considering the location
of the current stress vector on the loading surface, & in
relation to the location of the corresponding stress vec-
tor on the bounding surface, 7 (Figure 1), is introduced.
In this study, a new hardening rule, along with a new lo-
cal degradation function through a model parameter vy,
to evaluate the plastic hardening modulus, is proposed.
The following form of such a function is adopted using

volumetric plastic strain as a dependent variable as:
Pc

X =m(r) (100) (;1 )

m

(22)

where p is in kPa unit and updated using the following
function,

Pe = Do exp (—poed) (23)
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where
. 14 eg

- (24)

Mo

with ey as the initial void ratio and A, k being the loading
and unloading slopes of the compression behavior about
the critical state theory, €,” is the total volumetric plastic
strain. In Equation (22), E;n is the current mean effective
stress on the loading surface, and m(r) is a function of r,
the ratio of the diameter of the ellipse (i.e., p. of a given
F function) to the distance of the center measured from
the origin. So, a definition of the stress vector inside the
bounding surface is included in determining the ratios of
stresses, X. Such a form is proposed for m as:

m(r) = co+ 1 M. (25)
whose coefficients, ¢y and c;, are determined either as a
function of r or taken simply as constants for a specific
experimental simulation. In this study, we seek a simple
relation between X and the slope M., as in (25), which
we find varies linearly to capture the soil response and
is also a function of the r value (see Figure 2). While r
> 2 is mostly applicable except for large values of r; for
r =2, X can also be determined directly by solving F = 0
equation for the stress vector, Gon the bounding surface.
Also, the range 2 < r < 3 varies as much as r = 3, and this
study distinguishes between them. The plastic modulus
now becomes:

Hp = H. X7 (26)

where y varies with the accumulated deviatoric plastic
strain, g, through an exponential function as:
v =0 exp (—DeY) (27)

where yp and D are the additional model parameters and:

2
el = / wgdsgdaf (28)
et = de}; — 6ijdel /3 (29)

Also, H. in (26) is the critical state value of the plas-
tic modulus calculated using the following,

or ( OF
0l \ Oo,n

(55)" (%)

Hcs = - (30)

2.5
=3
2 bl =4
=5
o =6
15 - o
b%
1 -
03 1 o g— £
0 T T : . .
0.5 0.75 1 1.25 1.5 1.75

M.
Figure 2. Variations of X with M. for various r.

This method of defining the plastic modulus pro-
duces relatively successful results, particularly for clay-
like cohesive soils. The y controls the degradation of the
plastic modulus Hj, essentially controlling how close it
is to its critical value H ;. While the parameter y; is the
initial value of y signifying the starting point of X, the pa-
rameter D controls the curvature of degradation, which
determines how fast the soil will reach failure through
plastic strain accumulation. The presented formulation
is used to simulate several triaxial compression tests.

2.1.4. Elastic Response

Elastic strains are calculated using the initial values
of elastic moduli, which evolve during loading depend-
ing upon the change in effective mean stress. To under-
stand the effect of nonlinear elastic behavior in terms
of pressure dependency of elastic moduli on the sandy
soil response, the study of Tathoglu et al.[>3] employs
several nonlinear elastic behaviors associated with the
variations of elastic bulk modulus, K, and shear modulus
G. Based on their results, the following relationships are
also employed in this study:

1 Pr
de¢ = = = Prgo, 31
88 G p/GO o ( )
1 r
de¢ = = =P 4o (32)

VK pKy "

The proposed model consists of several parameters:
some are soil physical properties, while others are associ-
ated with model calibration. The parameters, Gy, Ky, are
the initial shear modulus and bulk modulus, respectively;
initial void ratio is eg; the stress ratios of compression and
extension sides are M. and M.; the radius of the yield sur-
face is r; the model parameters are cy, c1, Hy, yo, D; the
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slopes of compression are A, k, and the initial value of pre-
consolidation stress is pe. These parameters can be eas-
ily determined from a series of triaxial compression tests
on a specific soil sample. In light of other similar models,
the yield surface parameter r, as well as the coefficients cg
and cq, which are defined through an additional function
in the hardening law, provide further support for the pro-
posed model. These parameters are sufficient for the cur-
rent model to accurately capture the cohesive soils’ mono-
tonic and cyclic behavior, compared with other bounding
surface models.

3. Simulation of Triaxial Compres-
sion Tests

The preceding formulation is implemented in a
computer program and verified with available tests,
whose simulations are presented to demonstrate the
model’s capability. Equation (14), which now employs
(18), is computed using the relationship in (12), which
is now rewritten as:

(Ao )31111 =

(Dep)i+1

n+l (Ag)i+1

n+1 (33)

where ‘n’ is the load increment and ‘1’ is the iteration

number. In this study, the integration of the necessary

constitutive equations is carried out using the fully ex-
plicit integration scheme requiring the previously con-
verged stresses, o, strains ¢, as well as the hardening
and related parameters, (Hy)n, (€2),,, (€%),,, (X)n and yn
to update the current values of the same variables with
‘n+1’ subscript. Hence, a direct integration procedure
is employed in the computational scheme, where Equa-
tions (13) through (19) are computed in the given order
to calculate the D’ matrix of (33). In this explicit integra-
tion procedure, Equation (22) through (25) are sequen-
tially computed to integrate Equation (26) into (18).

3.1. Monotonic Loading Tests

Drained and undrained triaxial compression tests
are simulated on normally consolidated (NC) and
over-consolidated (OC) clays under stress and strain-
controlled loadings. Figure 3 shows NC undrained clay
simulation results in a monotonic drained test, which
is used in calibrating the model parameters. Model re-
sults match the test results of Balasubramaniam and
Chaudhry®*, particularly in the stress-strain relation-
ship and stress-path behavior, although there is an aver-
age error amount of about 3% in the mean stress behav-
ior. Pore pressure variation captures the initial and resid-
ual response qualitatively along with the actual trend.

0.25

= 200
)
100
0
p' (kPa)
(b)

Figure 3. Cont.
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Figure 3. Constant mean stress triaxial undrained test simulations of NC Bangkok clay, (a) Deviatoric stress-strain relationship,
(b) Stress path, (c) Pore pressure-strain relationship.

The following test data are used in predicting the tion process of the parameters given in Table 1 as men-
monotonic behavior of clay soils based on the calibra- tioned.

Table 1. Model parameters of static triaxial test simulations.

Figure No. Go (kPa) Ko (kPa) Dco (KPa) M Ho r D Yo
Figures 3-4 12,420 15,000 414 1.1 6.6 2.0 100-150 10
Figures 5-6 5280 5510 414 0.9 165 2.1 100 10

Another test used to verify the current formulation larly in terms of shear behavior. Volumetric response
is the constant mean stress-triaxial drained test of the is slightly underpredicted (showing a higher maximum
same Bangkok clay, as shown in Figure 4. The stress discrepancy at a single location with an average value of
ratio-strain relationships are presented, where the over- 5%) compared to the experimentally measured behav-
all drained behavior is successfully captured, particu- ior.

1
1 N oo U -
Y] S S E0 ]
(=l '
— i D |
T | S £
D
Dl—_l | |
] 0.05 0.1 0.15
(@
! ! !
R L ir g
: 0.
o 06 - T3 --- - aame” e EGRRREEEEE S EEELERLEE —
PO :
= S s et - M odel |------ —
; o
02 I e : Test | _
ok ; ;
0 0.05 0.1 0.15
Ev
(b)

Figure 4. Constant 03’ drained triaxial test simulation of NC Bangkok clay, (a) Stress ratio-shear strain relationship, (b) Stress
ratio-volumetric strain relationship.
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Figure 5 presents the drained triaxial simulation
of the tests on NC clay!®®l. The volumetric behavior

is captured more accurately with less amount of max-

strain relationship. The current formulation captures
both volumetric strain-axial strain and deviatoric stress-

axial strain relationships.

imum error in the drained case, including the stress-

40 O
e e | | ! ' =i 7
<10 NN S S NS SO W e S S
z L
R T e B T
S A
10L- FH SRS NS AR o e o Model
' ' ' : : O Test
oth | i | | | | i L |
0 002 004 006 008 01 012 014 016 018 02
€1
(a)
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008 b e :
003F------- A A S
& 5 :
0.02 )b N S S N RSN S S
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O | |
0 002 004 006 008 01

€1
(b)
Figure 5. Drained triaxial response of NC clay, (a) Deviatoric stress-axial strain relationship, (b) Volumetric strain-axial strain
relationship.

0.12

Another monotonic test simulated is a highly OC

clay given in Figure 6 under constant mean effec-

5]

tive stress! This prediction is significant in that it

presents the robustness of the proposed model and its

implementation in the case of a high OC clay. Pore pres-
sure response is captured reasonably well, with a slight
discrepancy in the amount of axial strain required to

switch from compression to tension.

(a)

Figure 6. Cont.
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€1

(b)

Figure 6. Constant o3’ triaxial simulations of undrained OC clay, OCR = 24, (a) Deviatoric stress-axial strain relationship, (b)

Pore pressure-axial strain relationship.

3.2. Cyclic Loading Tests

Cyclic undrained triaxial tests of NC clays are mod-
eled in this section. G is either taken as a constant oras in
(14) in the analyses. For the bulk modulus, the following
relationship is employed:

K=(1+4e)p /r (34)

Figure 7 shows the strain-controlled test as pre-
dicted by the simulation performed in this study using
the proposed hardening rule. Results, given in terms
of stress-strain relationship, stress path, and pore wa-
ter pressure generation are well simulated. They are all
compared to the test results of Taylor and Bacchus[>®]

and predictions of the Generalized Plasticity Model by

terpolation rule for the plastic modulus:

Hy, = Hps(6/0)” (35)

where Hj; is the value of the plastic modulus on the
bounding surface, 6y is the distance from the origin to
the image stress on bounding surface, ¢ is the distance of
current stress from the origin. The parameter y is taken
here as in (27). Under a cyclic deviatoric strain of g; = +
0.8%, a predictable response is obtained, where the ef-
fect of yp as used in (35) in terms of providing a sensitiv-
ity analysis is also presented. The analyses well capture
that the pore pressure build-up remains limited, leading
to a limited decrease in the deviatoric stress (see Figure
7a). The difference between the previous analyses and

predicted results is about 5% average. Analyses’ param-

Zienkiewicz et al.['7], who used the following simple in- eters are shown in Table 1.
400 T
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Figure 7. Cyclic strain-controlled undrained triaxial test simulation of NC clay, (a) Deviatoric stress, (b) Mean effective stress,
(c) Pore pressure vs. N, (d) Stress path for various y, pco = 300 kPa.

Figure 8 presents the pore pressure behavior of
a soil fill, where the new interpolation rule with a con-
stant is tested with the test data of Seed et al. 5”1, which
is also compared with the prediction of the Generalized
Plasticity Model by Zienkiewicz et al.['], measured in
the first ten loading cycles. The simulation of this study

s57], where, depending

gives a good match with the test
on the value of D, the difference becomes about 3-5%.
As the loading continues, however, the response is cap-
tured more accurately by a linear relationship of degra-
dation employing the parameter D.

Another simulation is performed on the cyclic triax-
ial test results as performed by Taylor and Bacchus [>°].

Strain-controlled simulations of clay, presented in terms

of stress path, pore pressure, and mean effective stress
variations for p.y = 442 kPa of initial consolidation stress,
are simulated in Figure 9. While the reduction in mean ef-
fective stress is predicted well, including the stress path
variation, the pore pressure response is over-predicted
towards the end of the load cycles. Simulation of a strain-
controlled two-way loading test of Kuntsche 8! on NC
kaolin clay can be seen in Figure 10. The hysteretic be-
havior and reduction in effective stress leading to cyclic
mobility are captured fairly well with the new proposed
hardening rule. In contrast to the previous test in Fig-
ure 9, the stress path response is captured with less suc-
cess here through the ongoing cycles of loading with some
underprediction except for the initial static response and
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the final prediction of the deviatoric stress ratio, which Figure 10 also shows the hysteretic cyclic-stress strain re-
are evaluated accurately. The root mean square error of lationship, which is captured by the proposed model for

Figure 10 is calculated to vary between 0.02 and 0.88. this cohesive soil as well.
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Figure 9. Strain-controlled undrained triaxial simulations of NC clay, (a) Stress path, (b) Pore pressure, (c) Mean effective stress
variation, pq = 442 kPa.
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Another comparison was made using a fairly new N Figure 11a-f show the test data and its calibrated

set of data by Duque et al.[>°! on Malaysian kaolin for var- model developed with the proposed model. The re-
ious cyclic stress ratios (CSR) and number of load cycles, sponseunder monotonicloading was analyzed by means
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of undrained monotonic triaxial experiments with dif-
ferent initial mean effective stresses and overconsolida-
tion ratios. Stress path responses are very well captured
by the proposed hardening law of the kaolin clay under
undrained cyclic triaxial tests. The percent error is ob-
tained to be less than 1%. Figure 11a,c,e give the results
of the calibrated test data via the proposed model while
Figure 11b,d,f present the cyclic undrained triaxial test
data.

According to the experimental study of Duque et
al.>°! on Malaysian kaolin clay, it is suggested that a dras-

tic increase in the accumulation rate of vertical strains
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and pore water pressures with increasing deviatoric
stress amplitudes are obtained. The simulation results
of this study match fairly well with the experimental data
given in Figure 11. While the stress path response goes
until about 100 kPa of mean effective stress before fail-
ure as in Figure 11a,c,e show more resilient behavior
until about 20-30 kPa of residual mean effective stress is
left in the soil. The stress-controlled cyclic shearing be-
havior obtained in these cyclic triaxial experiments led
to a significant amount of stress softening prior to fail-
ure of the soil samples. Table 2 shows the parameters
used in the cyclic triaxial test simulations.
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Figure 11. Modeling cyclic undrained response of Malaysian clay in terms of stress paths; (a,b) CSR = 0.075, N¢ > 5000; (c,d)
CSR = 0.125, N = 343; (e,f) CSR = 0.150, N¢ = 36; (a,c,e) Model predictions; (b,d,f) Duque et al.®® experiments, OCR = 1.

Table 2. Model parameters of cyclic triaxial test simulations.

Figure No. Go (kPa) Kp (kPa) r () M. M. Yo D A K Dco (KPa)
Figure 7 17,300 2.0 0.962 1.5 1.0 10 100 0.132 0.021 442
Figure 8 25,000 34,000 2.3-2.5 1.5 1.0 10 0-500 0.1 0.005 103
Figure 9 17,300 2.0 0.962 1.5 1.0 17.5 100 0.132 0.021 442
Figure 10 8000 2.0 0.962 0.74 0.6 20 100 0.2 0.05 400
Figure 11a 5500 11,900 2.02 1.327 1.23 1.0 8.0 100 0.04 0.042 200
Figure 11c 5500 11,900 2.02 1.340 1.23 1.0 8.4 100 0.41 0.042 200
Figure 11e 5500 11,900 2.02 1.311 1.23 1.0 8.4 100 0.51 0.035 200

4. Discussion

In this study, a novel hardening law proposed to
capture the monotonic and cyclic behavior of clay-like co-
hesive seabed soils is presented. It is implemented with
a novel formulation and integrated into the Bounding
Surface Theory. An associated flow rule is used to sim-
plify the formulation, in which the rate effects and soil
anisotropy are not included. This can be considered a
limitation for the proposed study. On the other hand, the
developed hardening law requires only two additional
model parameters to be calibrated to capture the mono-
tonic and cyclic response of clay soil. The monotonic
loading behavior of the clay is modeled with fairly good
accuracy, with an average error of about 3% in the mag-
nitudes of the response results. Cyclic loading-induced
behaviors of cohesive soils are also captured fairly accu-
rately by the proposed model, as shown by the stress-
strain relationships, stress path responses, and pore
pressure time histories. While about the same amount

of error is obtained in the majority of analyses, some re-
sults indicate slightly larger error margins; however, the
general trend is still accurately captured. Overall, the
proposed study presents a novel hardening law for cohe-
sive soils implemented within a bounding surface model.
The proposed model, whose mathematical formulation
is more practical and simpler than that of other similar
models for the same type of soil, is integrated into a com-
puter program that uses an explicit numerical scheme.
The proposed model can be used to solve ocean, coastal,
and offshore geotechnical engineering problems, includ-
ing the response to a large number of stress cycles with
fairly high accuracy.

5. Conclusions

In this paper, the constitutive behavior of cohesive
seabed soils, in particular clays, under monotonic and
cyclic loading is studied. A more effective, straightfor-
ward, yet novel hardening law, along with a new inter-
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polation function, is proposed to evaluate the plastic
hardening modulus associated with accumulated plas-
tic strains. The related theoretical relations are devel-
oped and incorporated into a Bounding Surface Plastic-
ity framework. The proposed model’s mathematical for-
mulation is more practical and simpler than those of sim-
ilar models for cohesive seabed soils. It is integrated
into a computer program through an explicit numerical
scheme. Then the constitutive behavior under mono-
tonic and cyclic loadings, including the stress-strain re-
lationship, stress path, volumetric strain responses in
drained tests, and corresponding pore pressure-time his-
tories in undrained tests, is evaluated. Predictions are
verified using monotonic and cyclic tests for both NC and
OC clays to ensure rigorous model validation. Results in-
dicate that the proposed model matches well with the
available tests, yielding results that not only capture
the main features of the constitutive behavior of seabed
clays but also do so through a simple hardening law.
That is, the proposed model leverages the simplification
and sophistication introduced into its theory, as demon-
strated in this study:.
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