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Abstract. In this paper, a vector form intrinsic finite element (VFIFE or V-5 ) method is used
to compute the nonlinear responses of reinforced concrete (RC) structure. In addition, the
fiber-element model of VFIFE frame element is formulated. Material models of both concrete
and steel on the cross section of the member are considered. The VFIFE method is a particle-
based method. They have three key VFIFE processes such as the point value description, path
element and convected material frame [1]. The RC structure is represented by finite particles.
Each particle is subjected to the external forces and internal forces. The particle satisfies the
Newton’s Law. A fictitious reversed rigid body motion is used to remove the rigid body
motion from the deformations of the element [2]. The internal forces of the element in
deformation coordinates satify the equilibrium equations. Comparing the results of numerical
simulations and experiments of the reinforced concrete members subjected to external loads,
the proposed method demonstrate accuracy and efficiency.

1 INTRODUCTION

For nonlinear material structures, most of the existing nonlinear material models can be
classified into two main categories: lumped and distributed plasticity models. The lumped
model is an efficient way to represent inelasticity in frames. A typical finite element method
considering the geometrical and material nonlinearities requires iterations at each incremental
step to achieve the equilibrium. This method encourages flexural yielding and can ensure that
plastic hinge rotation will occur at the member ends rather than along the column length. The
second-order plastic hinge concept based on the use of stability interpolation functions has
been proposed for frame structure analysis proposed a general criterion of localization and
two plastic hinges at the end of the frame member. Some researches improved the lumped
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plastic hinge method, such as for example the distributed plasticity model (also called plastic-
zone model), which allows for the gradual spread of yielding within the member. In the
distributed plasticity model, the frame element stiffness can be computed by using either the
displacement or the force-based approach. This allows plastic hinges to form at any location
in an element. In addition, the element cross-section can be a fiber section using different
stress-strain models for different fibers within the cross-section. Without properly taking into
account the internal forces due to pure deformations, most of these studies may not be able to
simulate inelastic structural responses of moving structures subjected to extremely-large
displacements or deformations.

Recently, the VFIFE method has been proposed by Ting, et al. [1] and Wang [2]. This
method applies a unique approach to compute the effects of rigid motion, allowing the
simulation of extremely large deformation of elastic motion structures. The key objective of
this study is to construct a fiber-section of the frame element subjected to extremely large
deformation having inelastic material properties. In this study, in order to model the
reinforced concrete member, the fiber-element formulation has considered two material types
such as steel and concrete is proposed. It can be used to compute nonlinear responses of
reinforced concrete structure. Three numerical examples are presented to illustrate the
capability and the accuracy of the proposed method.

2 FUNDAMENTALS OF VFIFE METHOD

In this study, the VFIFE method is extended in order to analyze reinforced concrete
members containing multiple deformable bodies with the following characteristics: (1)
interact with each other, (2) or are discontinuous, (3) undergo large deformations and arbitrary
rigid body motions. The VFIFE method establish a new analysis strategy based on the
intrinsic theories of mechanics and avoid the difficulties such as the iterative and perturbation
procedures in solving partial differential equations commonly adopted in the conventional
nonlinear structural analysis methods (CNSAM). The key VFIFE concept is that the structure
1s viewed as a system composed of particles and forces components. The forces on the
particles include the internal forces and external forces. In order to describe the deformation
of the structure, the following general assumptions are adopted: (1) the internal forces are
computed from the deformations of the structural members such frame element, (2) each
structural member has geometry and position changes simultaneously. In addition, the
changes of the geometry and the position for the deformable structure are not separated, and
(3) each particle may have a motion trajectory. Base on these assumptions, the associated
analytical operations are using: (1) the point value description (PVD), (2) the path element,
and (3) the convected material frame (CMF).

Figure 1 shows the characteristic of the VFIFE analysis using the PVD concept. The
motions and deformations of a structure are described by the positions of the particles and
discrete time points as shown in Fig. 1(a). The PVD uses many discrete time points to
describe the entire time trajectory of the deformable body. VFIFE analysis is not required to
solve the partial differential equations for structural members. This is because the equations of
motion on particles at each time point are established using Newton’s Law. The reference
configuration of the structure at time ¢, can be identified by connecting the representative
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particles (i4, ja» 14). The trajectory of any representative particle satisfies the definition of a
path element at each set of time points (e.g. i-ij, ij-ia, Ig-ls, Ir-ip, Ip-Ic, Ic~iy In Fig. 1(b)). Details
of the path element will be explained in the following sections. The PVD and the function of
time trajectory are shown in Fig. 1(b). The dotted line represents the particle trajectories from
the positions at time 7 to positions at time #.

In order to introduce the concept of the path element, the motion of a structure member is
considered as shown in Fig. 2(a). The PVD is used to describe the entire time trajectory of
particles i and j. For example, a series of time points (#y<t;<.....t;<t<t)<t....<ty) is used to
describe the entire time for the particle i. Figure 2(b) shows four configurations, original
configuration V) at time ¢y, configuration ¥, at time ¢#,, current configuration J at time ¢ and
the fictitious configuration V,. The position vectors used to describe the motion of the
deformable body are continuous functions of time. In the VFIFE method, the deformable
body is represented by many particles using PVD to describe its motion as shown in Fig. 1.
The entire time trajectory of the deformable body uses many path elements. For the purpose
of discussion, choose the time interval (7, #;) as one of the path elements in the entire time
trajectory of the deformable body. The position, material properties, stress and the geometric
features of the deformable body at time ¢, is known as the configurationV, . In Fig. 2(b), the

relative position dx between particles i and j in the current configuration V is computed from
dx,:
dx =Fdx, = RUdx, (1)

where F is the deformation gradient. R is a rigid body rotation matrix. U is a matrix of the
deformation. The fictitious configuration V, can be computed as follows:

dx, =F.dx =Rdx (2)
where F, is a virtual deformation gradient and R, is a reversed rigid body rotation matrix. In
this study, F. is equal to a reversed rotation matrix R . Substitute equations (1) into (2), the
following can be obtained:

dx, =F Fdx, = (R'R)Udx, 3)

If the reversed rotation matrix R, is close to R, the R, can be used to reduce the effects of the
rigid body rotation on the deformation gradient F of a deformable body. Then:

dx, =Udx, 4)

In this study, a procedure to obtain the best approximate rotation matrix R is proposed for
the VFIFE method. The internal forces of the structural members are computed from using

the CMF, PVD and path element.
4 REINFORCED CONCRETE FIBER FRAME ELEMENT

The internal force formulation of reinforced concrete fiber frame element (RCFFE) is
introduced. The internal virtual work in the deformation coordinates of the RCFFE is:

oW =d)'f +@)f (5)
The deformations of the RCFFE are based on Euler beam theory. The pure deformations Az*
of the RCFFE at any cross section can be computed by the pure concrete deformation Aﬁf and
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steel deformation A’ along the axis of the frame element in the deformation coordinates. In
Fig. 3, Total deformation of RCFFE can be represented as:

A = AG + NG (6)
where
~dv!
Au = u Ve (7)
v’
Au =u —(h —h, ) = (8)
0! =a +a,x (9)
V=a, +ai+af’ +ax’ (10)

where h; is a center line of the frame section. The compatibility conditions of the frame
element are:

£=0, a°=0, =0, —=4¢ (11)
m dx 1z
~d
=1, a'=A,, ¥ =0, %:@ (12)

The deformation functions are used to compute the internal forces of the frame element. In
VFIFE method, the effects of rigid body motion must be removed from the deformation

functions in each path element. Then, the internal forces in the fictitious configuration/, can

be evaluated from the traditional procedures. The pure deformationAi’ satisfy Egs. (11) to
(12). The concrete deformation A’ and steel deformation Az can be written as:

i = sA, ~{(1-4s+35")g, +(-25+35°4,)} 5 (13)
Al = sA, ~{(1-4s+35")g, +(~25+35°4,)} (h.—h, ) (14)

where s=%/[ is a non-dimensional parameter. Because the deformation of the RCFFE is
small deformation in each path element, the infinitesimal concrete strain £, , steel strain £, and

total axial strain &, are:

£=8 +é (15)
L)owad) [ o ST @t 1dnaty

2 =g +AE, A == ¢ =—¢=—""<=-Bd 16

Fe = Fae T B8es B & | a || & 1 ds ‘ (16)
Lol [ ami T @t 1dnaty

2 =g +AE, AE =~ s =—t=——",=Bd 17

BTETETES TN TR & || a4 1 ds ; a7

Where
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A@
d'=1{¢ (18)
4.
Bszll[l (4—6s)(h,~h;) (2-6s)(h,~h,)] (19)
BU:ZL[I (4-65)y (2-69)9] (20)

a

where ¢, and ¢, are the concrete and steel axial strain at time?,. The A, and A£, are the
concrete and steel relative axial strains from time ¢, to ¢. The /, is the length of the frame
element at time?, . In Egs. (19) and(20), the A&, and A&, can be written as
~ A .
Ag, :l—e+K(s)y (1)

a

. A
Ag = l_ +K(s)(h,—hy) (22)

where K(s) is the incremental curvature from time ¢, to 7. The concrete stress G, , steel stress

0, and total axial stress & of the section can be computed from:

6=6.+3, )
6.=0,+A6., A6, =E, AE, (24)
6 =0, +AS., A, =E, A& (25)

where o, and o, are the concrete and steel axial stress at time?,. The AG, and AG, are the
concrete and steel relative axial stress from time 7, to ¢. In Egs. (24) and (25), the £, and E

represents the instantaneous constitutive relationships of the concrete and steel at time?, . The
virtual strain energy oU :

SU =68U, + 68U, (26)
SU, = jp SN 6.dV 27)
SU, = jﬁ 5 &.dV (28)

In the deformation coordinates ( X,y ), the internal virtual work 3/ equals to the virtual
strain energy dU :

oU =W (29)
The three internal forces f can be computed from:
f=f,+af={77 Al | (30)

f={UD, @D, 6, a1
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af={af] il il (32)
The remaining three internal forces can be obtained from the equilibrium equations:
ZF;CZO Ax/':_f]’i (33)
Tij 1 o .y
ZM; =0 fj; =_l—(ml.fz +mjf.z) (34)
2F=0 fi==f) (35)

The internal forces (f/, f ) at the particle i and j in the deformation coordinates are (see Fig.
4):

N S AR (36)

i x y J JX Jy
In order to compute the actual internal forces, the internal forces in fictitious configuration/,

must be rotated back to the current configuration V. In addition, since all the force directions at
each particle are defined in the global coordinates, they need to be transformed into global
coordinates. Thus, the internal forces in the global coordinates can be computed:

£/ =R7Q'f/, £/ =R/ Q/f’ (37)
fiber section method is used to analyse various material on crass section of member as show
in Fig. 5. These materials include the reinforced steel, steel, well-confined concrete and not
well-confined concrete. The fiber section method can consider the effects of frame element
axial force-bending moment interaction on nonlinear dynamic structural simulation for
behavior of real reaction. In this paper, we focus on numerical analysis of reinforced concrete
structures. The fiber-element model can be used fiber section model in each area using
different stress-strain models. The stress-strain relation of confined concrete model is adopted
for each fiber as show in Fig. 6. Thus, the bending moment-curvature relation of complex
section can be calculated. Wang and Restrepo [3] have suggested a formulation of Mander
concrete model on rectangular section. Now, this formulation is written on VFIFE method in
this paper. It can be expressed as:
O =00, f! (38)

where

o, = 1.4f—l;—0.6£ﬁJ -0.8 /fizﬂ (39)
I i 1!

" :1.25@.8 /1+m_1.6&_1j 40)
1) 1

iy =max| fi. fi ] (41)
Sy =min[ £, f; ] (42)
Thus, f.=k.f, and f; =k, f, was the effective lateral confining stress for rectangular

confined concrete in the spiral of x and y direction and k, was effective confined coefficient.
For the stress—strain model for confined concrete, the modified Mander confined model is
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used to analyse numerical simulation analysis of reinforced concrete members. For steel
material model, the stress-strain relation of steel by Mirza and MacGregor [4] is adopted.

S NUMERICAL EXAMPLES

In this paper, three numerical examples are given. Comparison experimental and numerical
results of reinforced concrete members are studied. Firstly, example has been studied by Yang
[5]. Figures 7 and 8 are design details of the specimens for the C1 and C1W. Figures 9 and 10
show that the analytical results computed from the VFIFE method are close to experimental
results. It has been demonstrated that the proposed method can be used to compute responses
of the reinforced concrete members

6 CONCLUSIONS

In this paper, following the VFIFE approach, we developed a numerical procedure for
the analysis of fiber-element model using different stress-strain models. The numerical
procedure can be used to simulate the extremely large deformation of inelastic structures. One
example has been presented. It has been demonstrated that the proposed method can be used
to analyze the large static deformation responses of reinforced concrete members under loads
or deformations.
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Figure 1: Motion of a structure in VFIFE method
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Figure 2: Path element and convected material frame adopted in VFIFE
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(b) Frame eclement section.
Figure 3: Reinforced concrete section of the frame element.
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Figure 4: Internal forces in the deformation coordinates
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Figure 5: Fiber section of the RCCFE.
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Figure 6: Mander concrete model
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Figure 7: Design details of the specimens for the C1 by Yang [5]
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Figure 8: Design details of the specimens for the C1W by Yang [5]
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Figure 9: Comparison experimental and numerical results (C1)

235



REN-ZUO WANG, BING-CHANG LIN AND CHAO-HSUM HUANG

Drift ratio(%)
0.0 0.5 1.0 1.5 2.0
1.8E+4 . . . .
o o °
"g 1.2E+4 é
§ Experiment
e 1 LS - CAAM_Park(unconfined)
S — — — CAAM_Park(confined)
] 6.0E+3 1 —=f  CAAM_Kawashima
—4  CAAM_Mander
() V-5_Mander
0.0E+0 — T
0 2 3. 4 5 6
Tip deflection(cm)

Figure 10: Comparison experimental and numerical results (C1W)
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