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Abstract

Hydraulic structures, such as shiplocks, are typically surrounded by backfills, leading to various contact interactions
between the backfills and the outer surfaces of the structures. To investigate the evolution of contacts under different
loading conditions across the entire structure and to explore the influences of contacts on stress distributions between the
shiplock structure and soil, three-dimensional numerical analysis was conducted on the lock head of a shiplock,
considering various loading scenarios and contact interactions. Results show that, the opening areas and displacements on
the contact surfaces vary significantly during different phases of the construction and operation of the hydraulic structure.
The entire process can typically be divided into pouring, backfilling, and water-filling phases, with the backfilling phase
showing the largest opening displacement. Compared to calculations without considering the contact, the relative peak
maximum principal stress can increase by up to 18.85% when the contact is taken into account, and its peak value is
reached after the backfilling process being completed. The conclusions obtained in this study can offer the theoretical and

practical references for the design of hydraulic structures and the assessment of their safety.
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1. Introduction

Contact is a fundamental aspect of structural systems [1].
Friction and compression at the contact surfaces influence
the deformation and stress of the entire system. This is
especially important for the hydraulic structures, such as
shiplocks, which involve a significant amount of soil-
structure contact due to the surrounding backfilled soil. The
friction and sliding between the soil and structure have a
significant impact on the distribution and magnitude of the
stress on the surface of the structure. Changes in the relative
positions of soil and structure can lead to the redistribution
of stress throughout the entire structural body. Therefore, to
accurately understand the influence of contact on structural
safety in hydraulic structure design, it is essential to
thoroughly investigate variations in the contact status
between typical hydraulic structures and soil in three-
dimensional space under different loading scenarios, as well
as their impact on structural stress. It is crucial to accurately
assess the safety of hydraulic structures.

In previous research, most studies on soil-structure
interaction have focused on engineering systems, such as
retaining wall structures [2-4]. Hydraulic structures, such as
shiplocks, especially their lock heads, present inherent
complexity for both experimental and simulation studies due
to the complex spatial configurations, extensive soil-
structure contact areas, and nonlinear characteristics of the
subsoil. To simplify the spatial complexity, the three-
dimensional structures have been simplified to two-
dimensional representations for the numerical analysis of
specific lock head types [5, 6]. However, these studies have
not considered the impact of structural spatial effects and
cannot fully depict the stress distribution on the sidewalls.
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To better capture stress, three-dimensional lock head models
have been developed and used to analyze predefined load
combinations [7]. Nevertheless, these studies were unable to
effectively account for the impact of the backfilling process
and could not fully capture the evolution of the contact state.
In order to fully comprehend the three-dimensional
contact behavior of a lock head, considering the impact of
the backfilling process and its effect on the magnitude and
distribution of structural stress, a finite element contact
analysis was conducted on a typical lock head structure. A
detailed comparison was made with an analysis that did not
consider contact. Given that shiplocks were typically built
on soft soil foundations, the Duncan-Chang model was
utilized to simulate the soil, aiming to achieve a more
accurate representation of the structural system’s response.

2. State of the art

Numerous numerical methods have been proposed in
previous studies for accurately solving contact problems.
The finite element model (FEM) for conducting research on
the contact phenomena was previously developed [8] and
has continued to evolve up to the present [9]. Furthermore,
various emerging methods for facilitating contact analysis
have been proposed, such as the particle finite element
method [10], smoothed particle hydrodynamics method [11],
discrete element method [12], and material point-finite
element coupling method [13]. However, the FEM remains
the most popular approach for analyzing complex contact
problems owing to significant advancements in commercial
software. Therefore, the FEM was adopted in this study.
Additionally, several types of contact problems have been
investigated, including frictionless contact [14], large
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deformation contact [15], discontinuous contact [16], and
other engineering contact problems [17-19]. Among various
contact problems, the soil-structure contact problem between
the soil and the deformed structure is essential for this study,
and this problem has attracted significant attention from
numerous scholars [20, 21]. However, the aforementioned
studies have not paid attention to evolution state and
influence of contact on stress distributions between the
shiplock structure and soil, especially for structures like the
shiplock.

The shiplock serves as a crucial infrastructure on
channels and rivers, facilitating navigation. Water
transportation significantly benefits from its pivotal role. As
a conventional hydraulic structure, the lock head of a
shiplock is a complex and sophisticated construction [22].
Meanwhile, this structure involves various characteristics,
such as extensive excavation and deep burial [23], resulting
in substantial contact areas between the outer surfaces of
concrete structures and backfills. The status of contact
demonstrates variations when subjected to different loading
conditions. In this context, significant effort has been
exerted to enhance the accuracy of structural analysis
through extensive research [24, 25]. Gao et al. [26, 27]
conducted investigations on contact-related issues in gates
and lock chambers. They utilized the finite element method
as their primary approach to investigate nonlinear contacts.
In practical lock projects, a variety of contact elements are
frequently used, including non-thickness elements [5] and
Desai elements [6]. These elements have the potential to
offer considerably accurate and detailed understanding of the
internal forces within projects implemented using emerging
technologies. These studies always focused on a specific
case that could not demonstrate evolutions of contact state
under different loading conditions. Furthermore, the studies
that aim to quantitatively analyze influencing factors (e.g.,
friction forces on wall backs), which may have been
disregarded in past research, have been conducted; the
findings offer valuable insights into the redistribution of
stress within the lock head under different contact conditions
[7, 28]. However, contact behaviors under backfilling loads
have not received much attention.

Reviewing the literature indicates that the majority of
research in this particular field has been on investigating two
dimensional scenarios. However, the lock head is a
sophisticated structure encompassing water corridors and
hollow spaces, and there is a scarcity of studies that have
explored the complete structure in three-dimensional
coordinates. Given that the lock head structure frequently
exhibits notable spatial effects, conducting rudimentary two-
dimensional analyses may lead to an underestimation of the
influences of structural complexities. Therefore, a
comprehensive three-dimensional model should be used to

enhance analyses of the shiplock, taking into account contact.

To investigate the evolutions of contact state between the
lock head structure and surrounding soils under various load
cases and the influences of contacts on structural stresses,
the finite element model of a full lock head-foundation-
backfills system in the three-dimensional space was
developed and corresponding analysis was conducted. The
researchers used the Duncan-Chang model [29, 30] to
effectively simulate the nonlinearity of the soil foundation.
The analysis involves contacts between the floor and
foundation, as well as the interactions between walls and
backfills.

The rest of this study is organized as follows. Section 3
provides a brief summary of the constitutive models adopted

to describe soils and contacts. This section also presents and
analyzes an engineering construction project. Section 4
explores the changes in contact status and evaluates the
impact of different opening statuses on structural stresses,
and finally, the conclusions are summarized in Section 5.

3. Methodology

3.1 Duncan-Chang model

The Duncan model is a widely used nonlinear model in
engineering applications and is invaluable for simulating
elastic soils. Its applicability extends across a series of
scenarios, offering a significant representation of soil
deformation with a balance between accuracy and
computational complexity, particularly when compared with
more complicated soil models. To determine the stress—
strain responses of soil, Kondner [31] conducted an
extensive series of triaxial tests and proposed the following
hyperbolic expression:

£
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where, a and b are constants; &, represents the maximum
principal strain; o) is the maximum principal stress in the
stress space, and o3 corresponds to the minimum principal
stress.

The original model was modified on the basis of the
established  hyperbolic  expression, particularly by
developing an incremental elastic model called the Duncan-
Chang model. In the early version of this model, the
Poisson’s ratio was always supposed to be an unchanged
value for calculations [29]. Thereafter, this assumption was
modified and two variations of the Duncan-Chang model
were proposed: (1) the E-v model, in which the Poisson’s
ratio is related to stress [32]; and (2) the E-B model, in
which the bulk modulus is related to stress [33]. The present
study utilizes the £-v model in all simulations. The physical
interpretations of the parameters in this model are as follows.

3.1.1 Tangent elastic modulus E;

Based on the hyperbolic relation, Mohr-Coulomb law, and
the linear correlation between log(Ei/p,) and log(os/pa), the
tangent elastic modulus expressed in Eq. (2) was developed
by Duncan and Chang [30].

E =Kp, [“—] (1-r,S) @)
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where, S is called the stress level and K and n are constants
derived from experimental tests. The parameter ¢ represents
the cohesion force of the tested soils, which is one of the two
soil parameters derived from a series of tested Mohr’s circles.
The second parameter, denoted as ¢, refers to the internal
friction angle. The term R, signifies the failure ratio,
conventionally constrained to values below 1.0 [30]. In
addition, p, corresponds to atmospheric pressure,
incorporated to neutralize the influences of the unit system.
E; is the initial tangent elastic modulus, which is typically
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determined by the initial tangent slope derived from the (oi-
03)-€, curve. It is noteworthy that the tangent elastic modulus
is synonymous with the reciprocal of parameter a as
depicted in Fig. 1.
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Fig. 1. Diagram of the (o1-03) - &, curve from a triaxial test.

3.1.2 Tangent poisson’s ratio v;

Kulhawy et al. [32] showed that the correlation between the
axial strain ¢, and the negative value of the lateral expansion
strain-¢, can be fitted with a hyperbolic curve. The tangent
slope of the curve is called tangent Poisson’s ratio, and the
value of this parameter can be calculated using the following
equations:

v, _;{G—Flog[ﬁﬂ “
(1-4) P,

where, F' and G are test constants, and 4 is defined in the
following form:

D(O'1 —0'3)

: Kp, [f’j [1_ R, (1-sing)(o, _03)} (5)
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where, D is a test constant.

The value of Poisson’s ratio may be larger than 0.5
owing to soil dilatancy. However, adopting a Poisson’s ratio
exceeding 0.5 during finite element analyses can result in a
singular coefficient matrix. Therefore, if the Poisson’s ratio
exceeds 0.49, then it is constrained to 0.49.

3.1.3 Unloading-reloading elastic modulus E,,
The Duncan-Chang model utilizes the unloading-reloading
elastic modulus to distinguish recoverable and unrecoverable

parts of the deformation. The modulus can be
mathematically expressed as follows:
E, =K,p, (ﬂ (©)

where, K, is a test constant and #» is the same as the one
used in Eq. (2).

3.2 Implementation of Duncan-Chang model

In the present study, numerical calculations of the contact
problem are conducted using the finite element method. This
method discretizes the domain containing soil and concrete
structures into discrete elements. Apart from the contact
areas, each element has a strong connection with other
elements that share nodes with it. External loads are
distributed among these nodes. Moreover, the finite element
method has been widely employed for solving various
governing equations and obtaining displacements, strains,
and stresses.

Finite element analysis was conducted by using the
ABAQUS software in this study. To incorporate the
Duncan-Chang model, a user material subroutine (UMAT)
was created in FORTRAN to compute appropriate stiffness
matrices. The primary function of UMAT is to calculate
stress increments and final stress at the end of the current
increment step, based on the strain increments provided by
ABAQUS. Thereafter, UMAT updates the defined state
variables. Moreover, it must provide the Jacobian matrix,
and the matrix element ([J];) represents the partial derivative
of the i element of the incremental strain vector with
respect to the /™ element of the incremental stress vector.
The Jacobian matrix can be used for controlling the
convergence rate of the nonlinear iteration process.

Within the development of UMAT, the midpoint method
was utilized to compute the incremental value of the stress
and final stress state of the Duncan-Chang model during the
current increment step. The computational procedure is
depicted in Fig. 2. The process was divided into five major
parts: input step, three updating steps (as indicated by 1, 2,
and 3 in Fig. 2), and output step. The input information
primarily includes the stress state and strain increments
obtained from the previous increment step, calculation
parameters of the Duncan-Chang model, and defined state
variables. For the Duncan-Chang model, the defined state
variables include deviatoric stress (o1-03) and stress level (as
defined in Eq. (3)). Within the updating steps, parameters E;
and v; must be calculated for forming the stiffness matrix.
Before calculating these values, a necessary step is needed to
determine the deviatoric stress and stress level based on the
current stress state. Thereafter, a comparison was made with
the historical maximum values of deviatoric stress and stress
level. If both current values are lower than the historical
maximum values, then the unloading-reloading elastic
modulus is used. The stress state used in the first updating
step is the initial stress at the beginning of the current
increment step. The second updating step uses the average of
the results from the first step and initial stress. The third
updating step utilizes the results obtained from the second
updating step.

3.3 Contact model

The lock head of the ship lock is a complex structure
characterized by extensive excavation, deep burial, and
considerable volume of concrete. Given the significant
differences in material properties, slippage or even cracking
may occur at contact surfaces between concrete and soil.
Contact between concrete and soil can be divided into two
main categories [34].

3.3.1 Normal pressure

Contact problem in construction is typically regarded as a
hard contact. When two bodies come into contact and are
compressed, they generate normal pressure. This pressure
disappears when contact surfaces separate, as illustrated in
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Fig. 3. Normal stress and relative displacement can be
described as follows [5]:

c,=0, o,=0, Au >0 Open
(7

0,20, Au =0 Contact

where, u represents the displacement, g, is the normal part of
the stress, g, is the tangent part, and A denotes the increment.
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| Form stiffness matrix [D, ] |
v
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lCalculate {AE} - [51{&9} |
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| Form stiffness matrix [D] |
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I v '
| | Calculate Jacobian matrix | |

Fig. 2. Flowchart of the computational procedure in UMAT.

Contact Pressure

>
>

Normal Pressure

No Pressure after open

<@ < >
- < >

Opening
Fig. 3. Interdependence diagram of contact pressure and opening in hard
contacts

3.3.2 Friction force

Friction arises between two contact surfaces when these
surfaces come into contact and resist motion resulting from
other forces. Friction load can be obtained using the Mohr-
Coulomb friction formula as follows:

T, =up ®)

where, p represents the normal pressure originating from the
interaction between contact surfaces and u is the friction
coefficient. If external forces exceed the friction force, then
the contact surfaces start sliding. Otherwise, they remain
bonded.

The correlation between tangent stress and tangent
displacement can be described as follows [5]:

o, < po,,Addu, =0 Bonding ©)
o, =uo,,Adu, 20  Sliding
3.4 Project background

The lock head of the studied ship lock has a horizontal
length of 28.5 m along the river and width of 53.8 m across
the river. The height ranges from -6.5 m to 5.4 m. This lock
head is symmetric along the Y-Z plane, so only half of the
geometry in the river-crossing direction is simulated. The
entire geometry of the lock head-foundation-backfills system
has been meshed, as presented in Fig. 4.

The lock head is a massive concrete structure cast in
layers. It can be seen consisting of three main sections: floor,
water corridor, and hollow space sections. Backfill materials
are layered during construction. The construction sequence
is illustrated in Fig. 5.

[ Lock head
I Backfills
I oundation

Fig. 4. Finite element mesh for numerical analyses of the lock head.

=
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2 -;
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Fig. 5. Diagram of the construction sequence.

3.5 Material properties
To simplify the calculation, all materials in the analysis are
assumed to be isotropic. Elastic modulus and bulk density of
concrete are set to 30 GPa and 24.5 kN/m?, respectively. The
value of 0.167 is adopted for the Poisson’s ratio of concrete.
The subsoil beneath the lock head structure comprises
four soil layers with different soil properties. The material
properties of all layers are described using the E-v model,
with the calculation parameters listed in Table 1 [6, 35, 36].
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Table 1. Calculation parameters in the £-v model of the foundation

Layer ykNm®) | K n R, o) ¢ (kPa) G F D K
1 17.7 500 0.37 0.6 26 10 0.14 0.1 0 1000
2 17.9 350 0.37 0.7 19 11 0.14 0.1 0 700
3 18.8 350 0.37 0.6 30 10 0.14 0.1 0 700
4 18.7 350 0.37 0.6 23 10 0.14 0.1 0 700

Contact conditions have been specified between the top face
of the first soil layer beneath the lock head structure
(designated as the slave surface) and the bottom face of the
concrete floor (designated as the master surface). Contacts
are defined between the backfills (designated as the slave
surface) and external surfaces of the walls (designated as the
master surface). These contact interactions are modeled as
hard contacts, using the Mohr—Coulomb friction model to
characterize tangential contact, with the friction coefficient
set to 0.35 [37-39].

4. Results Analysis and Discussion

After the completion of the first layer of backfills
After the completion of the third layer of backfills

After the completion of the sixth layer of backfills

After water is filled to the maximum navigable stage of channel

The analysis covers three load cases: pouring, backfilling,
and water-filling cases. The water-filling case encompasses
two scenarios: water filled to the top of corridors (H1 in Fig.
5) and water filled to the maximum navigable stage of the
channel (H2 in Fig. 5).

4.1 Evolutions of the contact status

During the pouring phase of concrete, contacts primarily
occur at the surfaces between the floor and foundation. The
analysis results indicate that these contacts are fully closed
during this phase. As backfills are filled, contact surfaces
begin to open gradually, as illustrated in Fig. 6.

Opening (mm)
+4.006
+3.673
+3.339
+3.005
+2.671
+2.337
+2.003
+1.669
+1.335
+1.002
+0.668
+0.334
+0.000

Fig. 6. Opening of contact surfaces between lateral walls across the river and backfills.

Initially, contact opening occurs in the bottom layer of
backfilled soils, and the opened area is concentrated in the
chamfer and lateral walls. As the height of backfills
increases, the opening area gradually expands, but changes
are relatively small. Meanwhile, the maximum opening
displacement changes sharply and reaches 1.1 mm when the
first layer of backfills is completed. The opening
displacement reaches 4.0 mm when all backfills are
completed. In addition, there is a reduction in the opening
area as the lock head fills with water, and the opening
displacement decreases as water level rises. The reason for
this phenomenon is that the load generated by water pressure
causes the opening area to close.

Fig. 7 illustrates that the most prevalent contact openings
occur on the outer surface of the walls along the river.
Furthermore, the calculation results indicate that these
openings are mainly located on the middle part of the floor
and top of the backfills. The opening displacements of
contact surfaces between the middle part of the floor and
backfills are small, and they are inversely proportional to the
filled height of backfills. By contrast, the opening
displacements are positively proportional to the filled height

of backfills at the contact surfaces between the top part of
the backfills and the walls.

Contact areas between the top face of the first soil layer
beneath the lock head structure and the bottom face of the
floor are initially closed when backfills begin to fill. Fig. 8
shows that until the fourth layer of backfills is completed,
the openings begin to occur with the maximum opening
displacement reaching 1.375 mm. As the backfills fill, the
opening area gradually expands. After the completion of all
backfills, the maximum opening displacement increases to
10.41 mm.

After the shiplock is completed, the water level in the
lock head will rise during operations. Figs. 6 to 8§
demonstrate that after water-filling, the opening area shrinks
and displacements of contact surfaces reduce caused by the
effects of water pressure. Fig. 6 indicates that contacts
between walls in the river-crossing direction and backfills
remain nearly unchanged. However, Fig. 7 reveals that the
opening area of contact surfaces between the middle part of
the floor and backfills increases, while it decreases
significantly on the contact surfaces between walls and the
top part of backfills. In the case of contact surfaces between
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the floor and foundation, Fig. 8 demonstrates that openings
almost disappear after the water level reaches the maximum
navigable stage of the channel.

l'_"__'_"_'__' ———— 1

I After the completion of (hc. first layer of backfills |

I Walls in Walls in |
upstream downstream
I Opening (mm)) Opening (mm). |

+10.16

+5219
+4.784
+4.349 ||
+3.914

After the completion oflhu third layer of backfills

wr*

After the completion of the sixth layer of backfills

= |
— .

L Allpr water i is ﬁllud to |hu ma:umum navi ngnhlc stage of ofch:mncl 1
Fig. 7. Opemng of contact surfaces between walls along the river and
backfills.

Opening (mm)
+10.41
+9.574
+8.679
+7.811
+6.943
+6.075
+5.207
+4.340
+3.472
+2.604
+1.736
+0.868
+0.000

After the completion of the
fourth layer of backfills

After the completion of the
sixth layer of backfills

After water is filled to the
maximum navigable stage
of channel

After water is filled to
the top of corridors

Fig. 8. Opening of contact surfaces between the floor and the
foundation.

4.2 Influences of contacts on structural stresses
Constraints on the outer surfaces of the lock head change
with the varying contact statuses. When contact surfaces are
closed, the structure is constrained on these surfaces by
contact forces. Conversely, when the contact surfaces open,
the surfaces become free. Therefore, changes in contact
statuses will cause redistributions of structural stresses,
which affect the lock head performance.

To explore the impact of contacts on structural stresses,
calculations were carried out with and without contact
effects. The obtained results in Table 2 indicate that contacts
have a substantial influence on the peak value of the
maximum principal stress (omax). The absolute value of the
relative increment is up to 18.85% when the water is filled to
the maximum navigable stage of the channel. In general, the
peak value calculated without considering contacts is

relatively lower during the construction phase but
significantly higher when the shiplock is in operation.

The analysis of the calculation results demonstrates that
contacts have a significant impact on stress distributions. Fig.
9 shows the differences in maximum principal stress
distributions for scenarios with and without consideration of
contacts. The calculations without contact interactions
overestimate the stress development of the structure. As
shown in Fig. 8, the maximum opening displacement can be
observed at the intersections of chamfers and walls. This
location is where stress distribution is apparently different
between cases with and without consideration of contacts, as
shown in Fig. 9. Three specific sections along the river (Y-
axis) are depicted in Fig. 10. Evidently, the middle section
(Y="-0.5 m), which is farthest from the chamfer, experiences
the smallest change in the maximum principal stress
distribution.

r - —
Oy (MPa)

With considerations of contacts

— e e e e o]
Fig. 9. Distributions of omax on the outer surfaces of walls after the
completion of backfills

i R e ey A D tTey S |

Without considerations of contacts

45.926 =77 |
+5.424
+4.922
+4.420

Y=-0.5m

L+t +++4+ 4+

OCOO==IINWW,

= e e e e e e ey
Fig. 10. Distributions of omax at sections extracted from the floor along
Y-axis

Table 2. Peak values of omax in the lock head at six time points (MPa)

Name TP1 TP2 TP3 TP4 TPS TP6
Without contact 1.18 0.88 2.76 6.44 5.40 3.94
With contact 1.33 0.91 2.77 5.48 4.64 3.20
Difference/MPa 0.15 0.02 0.01 -0.96 -0.76 -0.74
% 12.81 2.72 0.25 -14.90 -14.08 -18.85

Note: TP1 is the time after pouring of concrete; TP2 is the time after completion of the first layer of backfills; TP3 is the timeafter completion of the
third layer of backfills; TP4 is the time after completion of the sixth layer of backfills; TPS5 is the time after water is filled to the top of corridors; TP6
is the time after water is filled to the maximum navigable stage of channel.
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5. Conclusions

The primary emphasis of the current investigation centers on
the lock head of a shiplock, chosen as a representative
hydraulic structure. The comprehensive analysis extends to
the entire superstructure-foundation-backfill system. Within
this analytical framework, the nonlinear elastic behavior of
the subsoil and backfilled soil was described by the Duncan-
Chang model. In addition, an appropriate contact model was
used at all contact surfaces, effectively determining the
complex interactions between concrete structures and soil.
The main conclusions can be obtained as following:

(1) Contacts significantly affect structural stresses and
their distribution on contact surfaces. Contacts were found to
increase the relative peak maximum principal stress by up to
18.85%. This result demonstrates the importance of
considering contacts during feasibility studies and design
phases.

(2) The evolution of contact statuses can be divided into
three periods: before backfilling, after backfilling, and after
operating. Contacts are closed before backfilling and
gradually open after backfilling, with the opening area and
displacements increasing. When the ship lock is operating
and water is filled, the opening area and displacements
decrease.

(3) When backfilling begins, contact openings appear.
Opening surfaces exist mainly at the bottom and top layers
of backfills. The opening area and opening displacements
reach the maximum value after the completion of backfilling.
The evolution of contact status and a variety of stress results
provide guidance for similar hydraulic structures.

This study focuses on a specific lock head type, resulting
in qualitative research findings that can serve as references
for similar projects. For other projects, quantitative analysis
is necessary to obtain accurate results. In addition, soil
essentially exhibits elasto-plastic behavior. Therefore, a
more sophisticated constitutive model should be adopted to
describe the soil more precisely, instead of the Duncan-
Chang model, which is only capable of determining
nonlinear elasticity.
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