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ABSTRACT

The purpose of this paper is to propose an innovative and efficient shear
connection for large underground reinforced concrete storage tanks constructed
by diaphragm walls and inverted lining or large-scale open caisson method
where an extra-deep diaphragm wall is employed to prevent the inflow of
ground water during construction. This connection has been introduced because
of its potential advantages for both economy and safety. A general nonlinear
finite element model to analyze the proposed shear connection is presented. To
account for the varied material properties the analytical model is divided into
concrete and steel elements. Two-dimensional isoparametric eight nodes
quadrilateral plane stress elements having two degrees of freedom at each node
are used to idealize both concrete and steel parts. The interface between concrete
and steel elements is represented by special six nodes quadratic line gap
elements having both normal and shear stiffness. The steel material is modeled
using an elasto-perfectly plastic model with a Von Mises yield criterion. The
concrete behavior under compression is modeled using an elasto-plastic model
with a Drucker-Prager yield criterion and associated plasticity. The concrete in
tension is modeled using a smeared cracking model with tension cut-off, tension
softening and variable shear retention. The analytical results are compared well
with the calculated ones using the principles of static and material properties.
Furthermore, the simplified design equations for the proposed shear connections
according to ECP’01 are given.

KEYWORDS: Inground Tanks; Reinforced Concrete; Shear Connectors;
Nonlinear Analysis; Modeling.
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1. INTRODUCTION

The role of crude oil, liquefied natural gas (LNG), and liquefied petroleum gas
(LPG) in the world energy market are becoming more and more significant year
by year. In this situation, in many countries, it is likely that large reinforced
concrete storage tanks will be built so as to secure a stable long-term supply and
increase diversity of energy sources. These storage tanks are now existing
throughout the world and they may be classified according to their structural
features into inground and above-ground tanks. The completely buried
underground storage tanks present minimal disruption of surrounding landscape
because the great bulk of the tanks are below the ground level. Therefore,
several inground tanks have been built and are in operation from 1970 up to the
present time. As an example, the world’s largest LNG inground storage tank that
was constructed in Japan in 1996 with an inner diameter of 68,130 mm and a
liquid depth of 55,100 mm (i.e. capacity of 200,000 m’).

However, in an inground storage tank, the treatment of ground water both during
construction and after completion is an important factor in deciding on the

structure type, design conditions, and construction methods [1].
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Fig. 1 Types of Inground Storage Tanks Classified by Methods of Groundwater
Treatment
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With respect to the ground water treatment method to be adopted after
completion, the inground storage tanks can be classified into the following types
(see Fig. 1): (a) A type in which uplift pressure due to the ground water acts on
the underside of the base (Fig.1(a)); (b) A type in which the base is constructed
on an impermeable layer and, when required, the seeping water is drained, so
that no uplift pressure acts on the underside of the base (Fig. 1(b)); and (c) A
type in which the ground water is cut off by an impermeable layer and a cut-off
wall and the seeping water into the cut-off wall is drained so that the uplift
pressure on the underside of the base is reduced (Fig. 1(c)).
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The present paper deals with type (a), in which the base slab resists the uplift
pressure by its own dead weight or strength. Generally, this type of tanks is
constructed by diaphragm wall and inverted lining or open caisson method
where a deep diaphragm wall is employed to prevent the inflow of ground water
during construction. Figure 2 shows a typical structural section for this type. In
this research an innovative shear connection between the side wall of the
inground tank and the diaphragm wall is developed. The details of the proposed
shear connection are illustrated in Fig. 3. This type of connection has been
introduced in order to increase the buoyant stability of the tank by utilizing both
the counter weight and surface skin friction of the continuous diaphragm wall in
resisting the ground uplift water pressure which acts on the base of the storage
tank. Furthermore, the proposed connection helps in reducing the thickness of
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tank side wall since the earth pressure, ground water pressure, liquid pressure,
and loads caused by the earthquakes are resisted by both the tank side wall and
the diaphragm wall. Therefore, this research work enables the designer to reduce
the cost of construction and enhance the safety for such underground tanks.
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Fig. 3 Proposed Steel Pipes Shear Connections

The main objectives of this paper are: (1) to represent a simplified and efficient
nonlinear finite element analytical model for the proposed shear connection; (2)
to verify the applicability of the proposed model by comparing the predicted
analytical results with the calculated ones obtained using the principles of static
and material properties; and (3) to give the design equations for calculating the
proposed shear connections in a simple, integrated and concise method. The
following chapters of this paper are organized as follows. First, the nonlinear
finite element model is presented. Next, the numerical technique is outlined.
Then, the analytical results are presented followed by the discussion. After that,
the simplified equations for the design of the proposed shear connections are
given. Finally, the main conclusions of this work are withdrawn.

2. NONLINEAR FINITE ELEMENT MODELING
2.1 Finite Element Model

The finite element idealization of the proposed shear connection is shown in
Fig. 4. The finite element mesh consists of 358 elements and 1111 nodes. To
account for the varied material properties the analytical model is divided into
concrete and steel elements.
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Fig. 4 Finite Element Model

Two-dimensional isoparametric eight nodes quadrilateral plane stress elements
having two degrees of freedom at each node are used to idealize both concrete
and steel parts (see Fig. 5). The interface between concrete and steel elements
is represented by special six nodes quadratic line interface elements shown in
Fig. 6. Each interface element contains two tractions, one acting parallel to the
interface and the other acting perpendicular to it. The interface elements have no
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physical dimensions and thus they are used to connect two separate nodes
occupying the same physical position.
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Fig. 5 Isoparametric Quadrilateral Plane Stress Element
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Fig. 6 Quadratic Line Interface Element

2.2 Material Idealization

The analytical model consists of concrete and steel materials. Therefore, realistic
constitutive relationships for both materials should be used in calculations to
obtain adequate accuracy. The aspects that are considered in the present
nonlinear analysis are as follows: (a) tensile cracking and tension softening of
concrete; (b) crushing of concrete in compression; and (c) yielding of steel. The
following subsections are devoted to describe the nonlinear material modeling
for concrete and steel elements. Further details about the used models are
documented in [2] and [3].

2.2.1 Modeling of concrete
In compression, as shown in Fig. 7, the concrete is modeled by the equivalent

uniaxial elasto-plastic model with Drucker-Prager’s yield criterion. It should be
noted that, the point of maximum compressive stress and strain (0,/g,) under
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biaxial loading is a function of the principal stress ratio a=0,/05, the uniaxial
compressive strength f,,, and the strain at the peak uniaxial stress. Typical
expressions for ¢, and &, are given in [3]. The surface of failure is expressed as
follows:

F(I,J,)=al,+./],-K=0 (1)
o= tan @ o K= 3C @)
J9+12tan’ ¢ J9+12tan’ ¢

where I, 1s the hydrostatic component of the stress tensor 6;;, J> is the second
invariant of the deviatoric stress tensor s;;, and o0 & K are the positive material
constants which can be related to the friction angle ¢ and the cohesion C. For
concrete the cohesion can be calculated from the following equation:

C = fcu I_Sﬂ (3)
2cos@

where f_, is the characteristic compressive strength of concrete. If the concrete is
crushed in compression at an integration point, all stresses then remain at the
ultimate level while the stiffness matrix for the same integration point drops to a
zero matrix. Furthermore, for simplicity the dilatancy angle y is assumed to be
equal to the friction angle @ (i.e. associated flow rule).

In tension, the concrete material is modeled as a linearly elastic material with the
inclusion of a descending branch in the stress-strain curve as illustrated in Fig. 8.
A gross (or smeared) cracking concept was utilized, in which any cracking is
assumed to be embedded, smeared over the tributary area (volume) of an entire
integration point. After cracking has occurred (usually defined when the major
principal tensile stress exceeds a tensile strength criterion for the concrete), the
tangent modulus of elasticity is reduced to zero perpendicular to the principal
tensile stress direction. Furthermore, in the direction parallel to the crack surface
the shear modulus G with a reduction factor S is reinserted in the element
constitutive matrix. Six possible crack configurations are included: (1) no crack;
(2) one crack; (3) first crack closed; (4) first crack closed and second crack
open; (5) both cracks closed; and (6) both cracks open. The incremental
constitutive anisotropic tangent stiffness matrix for cracked concrete plane stress
state is defined as follows:
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in which E, is the tangent modulus of concrete, the /-direction is perpendicular
to the crack and 2-direction is parallel to the crack.

Moreover, since the intact concrete between cracks is still capable of
transferring some tensile stress, a descending branch for the tensile stress-strain
curve of concrete was utilized in the present analysis (see Fig. 8). The use of this
descending branch is often referred to as tension softening. Equation 5 gives the
tension softening model which is used in this paper [4].
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Fig.7 Equivalent Uniaxial Stress-Strain Curve for Concrete in Compression
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with ¢;=3.0 and ¢,=6.93. Where f; is the concrete tensile strength, G,, is the
tensile strength normal to the crack, €,,”" is the tensile strain normal to the crack,
and g, is the ultimate tensile strain.

2.2.2 Modeling of steel

Similar treatment as for concrete is proposed for steel. The steel material is
idealized as an elastic-perfectly plastic model with a Von Mises yield criterion
(i.e. the yielding begins when the octahedral shearing stress 7, reaches a critical
value). Table 1 summarizes the various parameters used to describe the yield
surfaces for concrete and steel.

Table 1 Various Parameters of the Yield Surfaces

. Material Type
Material Property Steel Concrete
Yield Criterion Von Mises Drucker-Prager
Description of Yield . Cohesion, Friction Angle
Surface Yield Stress and Dilatancy Angle
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2.2.3 Modeling of interface

The interface shear stiffness for all interface elements was assumed to be zero
value. On the other hand, in order to simulate the bearing resistance of the
concrete on the deformation of the steel plates, the normal stiffness for the
interface elements number 349,350,354 and 355 was assumed equal to 1x10®
KN/m’. The normal stiffness for all other interface elements was assumed to be
Zero.

2.3 Materials Properties

In the present analytical model, the material properties were taken as follows:

A. Concrete

Compressive strength =30 MPa

Tensile strength =3 MPa
Modulus of elasticity =20 GPa
Poisson’s ratio =0.20

B. Steel
Yield stress = 240 MPa
Modulus of elasticity =210 GPa
Poisson’s ratio =0.30

3. NUMERICAL TECHNIQUE

A nonlinear analysis of the present model accounting for all important effects on
internal stress distribution, crack propagation and external deformations can
only be realized by a step-by-step solution procedure. Therefore, an incremental-
iterative technique is utilized in the present analysis. This technique involves an
incremental loading and two different iteration procedures to satisfy equilibrium
and constitutive relations within each load increment.

The solution process starts with incrementation of the external loads. In each
load increment the increments of nodal deformations and internal stresses are
first obtained by using a global stiffness matrix containing tangential values of
stiffness obtained in the previous load step. After computing the resulting stress
and strain increments the total stresses of elements are not corresponding to the
stress state obtained from constitutive relations for total strains. The
“unbalanced” stresses are now integrated to get “unbalanced” nodal forces
which are applied to the element nodes in the next iteration. In order to fully
account for nonlinear material behavior an iterative technique is used as shown
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in Fig.9 until satisfying the constitutive relations. It should be noted that the
global stiffness matrix remains unchanged in this case.
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Fig. 9 Iterative Solution Procedure for Nonlinear Material Behavior

The analysis was carried out on a Sun/Sparc work station using the finite
element program DIANA, version 8.0. The material is coded as a user-defined
subroutine to the program. More information about DIANA may be found in [5].

4. ANALYTICAL RESULTS AND DISCUSSIOIN

First, a linear static analysis with an applied uniformly distributed load equal to
100 KN/m (see Fig. 4) was carried out in order to estimate the maximum
stresses and to scale the first load-step for the nonlinear analysis. It should be
noted that, the effect of self weight of the model was neglected in the analysis.
Furthermore, at both right and left edges the displacements in the x-direction are
suppressed and at the bottom edge of the concrete part the displacements in the
y-direction are also restrained. From the obtained results, it can be seen that if
the applied load is multiplied by 0.20, the tensile stress of element number 155
will just reach the cracking stress. Consequently, in the nonlinear analysis, the
first two load steps were carried out using a 10 KN/m step for which the
structure should still be completely linear, followed by 20 load steps each of 7.5
KN/m, then 10 load steps each of 4.5 KN/m until a total load of 215 KN/m is
reached. After then, the analysis does not converge any more for further load
steps, as the concrete elements are almost completely collapsed due to cracking.
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Figure 10 shows the analytical load-relative slip relationship at node number 7
obtained from the load controlled analysis. In general, the shape of this curve is
similar to that obtained from the push-out tests on headed studs shear connectors
[6]. Furthermore, the ultimate strength of the shear connectors obtained from the
present analytical model is 92% of that obtained from the well-known formula
given by Ollgaard et al. [7].

The obtained principal stresses, deformed shape, plastic areas and cracking
patterns at the last load step are illustrated in Figs. 11 to 14. From these figures,
it can be concluded that the fracture of concrete occurred with two different
configurations: (1) fracture which occurred when the principal stresses are either
in tension-tension state or tension-compression state and their value exceeds the
limit value; and (2) after then, the concrete is yielding when the principal
stresses are in compression-compression state and their value exceeds the limit
value (see Figs. 13 and 14). Moreover, the deformed shape, the cracking patterns
and the modes of failure obtained from the present analytical model are identical
to the findings of the experimental works on shear connectors that have been
conducted by many researchers [8] and [9]. Consequently, it can be concluded
that the proposed analytical model is accurate enough to simulate the nonlinear
behavior of the proposed shear connections.
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Fig.12 Deformed Shape
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Fig. 11 Principal Stresses
at Load Step Number 32



Fig. 13 Plastic Area at

Fig. 14 Open Cracks Pattern
Load Step Number 32

at Load Step Number 32
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S.  DESIGN OF THE PROPOSED SHEAR CONNECTION

In this section, the simplified design equations for the proposed shear connection
are presented. In this sense, the present research covers the gab between the
elaborate theoretical treatments of the connections on one hand, and, the
practical aspects of the design of shear connectors, on the other hand. The
following subsections summarize the required design equations as provided by
ECP’01 [10].

(1) Ultimate Bearing Resistance of Steel Pipe (see Fig. 3)
P=0.45x(DXL)f,, (6)

where DxL is the bearing area and f;, is the characteristic compressive strength
of concrete.

(2) Calculation of Hoop Reinforcement

_0.288P

As
Jy

(7)

where f, is the yield stress for steel reinforcement.

(3) Calculation of Shear Reinforcement Around Steel Pipe

A = 20P
fy

(4) Calculation of Anchor Bolts

8)

P
n=
AXT,

9)

where n is the number of anchor bolts, A is the cross-sectional area of the bolt,
and 7, is the ultimate shear strength of the bolt.

6. CONCLUSIONS

This research presents an innovative shear connection for large inground storage
tanks constructed by diaphragm walls and inverted lining or open caisson
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method. This connection is proposed to increase the stability of the tank by
utilizing both counter weight and surface friction of the continuous diaphragm
wall in resisting the ground uplift water pressure which acts on the base of the
storage tank. Also, this connection helps to reduce the thickness of the tank side
wall since the horizontal and vertical loads are resisted by both the side and
diaphragm walls. A general nonlinear finite element model to analyze the
proposed shear connection is presented. In the finite element model, two-
dimensional isoparametric eight nodes quadrilateral plane stress elements having
two degrees of freedom at each node are used to idealize both concrete and steel
parts. Six nodes quadratic line gap elements having both normal and shear
stiffness are used to model the interface between concrete and steel elements.
The steel is modeled as an elasto-perfectly plastic material with a Von Mises
yield criterion. The concrete behavior under compression is modeled using an
elasto-plastic model with a Drucker-Prager yield criterion and associated
plasticity. On the other hand, the concrete in tension is modeled using a smeared
cracking model with tension cut-off, tension softening, and variable shear
retention.

The load-relative slip relationship, cracking patterns, principal stresses, and
plasticity areas can be obtained using the proposed analytical model. The
obtained analytical results are compared well with both the calculated values
and those obtained experimentally by other researchers . The comparison
indicates that the proposed model is accurate enough to simulate the nonlinear
behavior of the proposed shear connection. Also, simplified design equations for
the proposed structural system are given.
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