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Abstract

A three-field mixed finite element is proposed for the non-linear analysis of composite beam with deformable
shear connection. The formulation considers the non-linear behaviour of materials and shear connectors. The
established mixed element is compared to the locking-free displacement element from which it derives and
to a refined locking-free displacement element previously tested by the authors. In order to evaluate the way
to better improve the solution in the non-linear range (three-field mixed formulation or refined displacement
formulation), numerical applications are performed using, as working example, a steel-concrete cantilever,
representing a difficult test for composite beam elements.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Composite beams are widely used in structural and bridge engineering and a beam model account-
ing for the non-linear behaviour of both materials and deformable shear connectors is needed for
an accurate and reliable description of the deformability and the ultimate carrying load capacity. If
the study is limited to the in-plane bending behaviour, i.e. symmetric cross-sections are considered
and no torsion and out-of-symmetry-plane bending occur, the analysis of this type of structures can
be based on the Newmark kinematical model [1]: the Kirchhoff beam theory is used to model the
two parts of the composite beam; the effects of the deformable shear connection are accounted for
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Fig. 1. Kinematical model for the composite beam with weak shear connection.

by using an interface model with distributed bond, preserving the contact between the components
(Fig. 1).

Numerical solutions provided by the finite element method are very helpful in the analysis and
design of this type of structures but an efficient and reliable composite beam element is required.
Different displacement-based finite element models have been proposed [2—4]. Finite elements based
on the displacement method have a simple formulation but their behaviour is not always satis-
factory. For example the finite element satisfying the lower regularity requirements is affected by
locking when shear connection stiffness increases [5]. Moreover, even if locking-free elements are
adopted, a high number of DOF may be necessary in order to obtain reliable results in non-linear
analysis [4].

Models that attempt to overcome the limitations of the displacement based formulations have been
proposed. Salari et al. [6] and Salari et Spacone [7] adopted a finite element based on the force
method (flexibility formulation), demonstrating that a more accurate calculation of the stress and
strain fields, with respect to displacement based elements, is possible. However in the flexibility
formulation a not straightforward iterative procedure is needed to determine the element state, as
described in [8,9]. Moreover difficulties arise in selecting the force interpolation functions that strictly
satisfy equilibrium for cases that involve interaction between beam displacements and internal forces,
as occurs in composite beams with weak shear connection.

In view of the limitations of the displacement formulation and the difficulties of the flexibility
formulation, Ayoub et Filippou [10] and Ayoub [11] introduced a displacement-stress mixed element.
The mixed approach seems to combine the advantages of both displacement and force formulations,
while overcoming most of their limitations. In the finite element described in [10,11] only three
components of the stress field (the two axial forces and the summation of the bending moments
of the two components) are described by force shape functions while the interface force is derived
from the displacement field.

In this paper, the authors propose a three-field mixed element in order to evaluate its efficiency in
comparison with locking free displacement elements with internal nodes tested in [4,5]. In the case
of linear or non-linear elastic materials the proposed formulation is equivalent to the formulation
based on the Hu-Washizu variational principle (see [12] for historical and technical details).
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The displacement field of a locking-free element, the strain field (two axial deformations, curvature,
interface slip) and the stress field (two axial forces, summation of the bending moments of the
two components, interface shear force) are introduced and independently approximated. Since the
definition of the three-field mixed element starts from a locking-free displacement field (that of
the 10DOF displacement element [5]), the mixed formulation is adopted here as a stress recovery
technique to enhance the stress representation [13], and not as a method to reduce or eliminate
locking. Such an approach has been developed for improving the effectiveness in the non-linear
range of the 10DOF element, while in the linear range the proposed mixed element has the same
behaviour of the element from which it is derived, as can be deduced from the Limitation Theorems
[14,15]. The established three-field mixed element is compared to the 10DOF element and to a refined
locking-free displacement based element (16DOF) obtained by improving the 10DOF element with
further internal nodes and previously tested by the authors [4,5]. Both the three-field element and the
16DOF displacement element require more tedious computation with respect to the 10DOF element
and the comparison is developed in order to establish the better approach to use in order to overcome
the problems involved in the 10DOF element.

In the sequel, the kinematical model of the composite beam with interlayer slip is described
and the main equations are introduced. The finite element displacement formulation is then briefly
summarized. Finally the proposed three-field approach is introduced and numerical applications are
illustrated. In the examples, a steel-concrete cantilever beam is considered and uniform loads were
applied downward (cracking of the concrete slab) and upward (softening of the concrete slab). The
cantilever structural scheme was analysed since it is a difficult test for composite beam elements,
due to high slip gradient and strain localizations. The same problems affect continuous beams (a
problem of practical interest in structural engineering); the main difficulties can however be more
clearly highlighted in the simpler cantilever scheme.

2. Kinematical assumptions and governing equations
2.1. Kinematical model

In the reference configuration, the composite beam occupies the cylindrical region ¥V =4 x [0, L]
generated by translating its symmetrical cross-section 4 along a rectilinear axis, orthogonal to the
cross-section. The cross-section is divided into two parts 4 = A4, U 4,. We introduce an orthonormal
reference frame {O;X,Y,Z} where Z is orthogonal to A; YZ is the symmetry plane for 4, 4; and
Ay; 1, j, k are the unit vectors of axis X, Y,Z respectively. It is assumed that the connection does
not permit a displacement jump in the direction orthogonal to the beam axis and only discontinuities
parallel to the beam axis may occur, so that the jump condition can be expressed as follows:

[u,]-j =0, (1)

where u, is the displacement field of part o («=1,2) with u, -i =0; this condition implies the same
displacement in the Y-direction for the two beam components.
The deformed configuration is described by the following displacement field:

u,(y,2) = v(2)j + [wa(2) + (v — ¥)'(2)]k  on 4, (x=1,2), (2)
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where the prime denotes the derivative with respect to the z co-ordinate and v, w, are the scalar
components in Y and Z directions of the displacement of the centroid of 4, located at the ordinate

vy (see Fig. 1).

2.2. Balance and compatibility conditions
The Virtual Work Principle permits obtaining compatibility and balance conditions and identify-
ing the dynamic entities which are duals of the kinematic entities introduced by the kinematical

assumptions. Such dynamic entities are resultants of the stresses which make work (active stress).
The Virtual Work Principle specified for the problem in examination becomes:

L L R
> / / 024bey Ay dz + / fsodz
5 J0 J4, 0
L L
= b-i,dA,dz + // t-u,ds,dz

where #, is the admissible displacement field, €., is the axial strain given by

Vi, (3)

e(,2) = &(2) + (¥ = y)y(z) on 4y (x=1,2) 4)

(e, = W, is the axial strain evaluated at the centroid of 4, and y = —v” is the curvature); o is the
slip between the two parts of the composite beam:

(z) = wa(z) — wi(z) + ht'(2), (5)

where &= y, — yy is the distance of the two components centroids (Fig. 1); o, is the normal stress
(it can be calculated from the axial strain after the introduction of the constitutive relationship for
the composite beam materials); fs is the shear connection force, assumed to be distributed along
the interface (it can be calculated from the slip after having assigned the connection constitutive
relationship); b and ¢ are the body and surface forces respectively (for the sake of brevity no forces
are prescribed at the end sections).

Once the stress resultants:

N(x = / Ozy dAoz: M(x = Uzoc(y - yoc)dAoc (6a,b)
Aﬁ Al

M, = M, + M,, and the load resultants:

gm:/ b~dea+/ t-kds,, (7a)
Ay 04,

0= [ beiane 3 [ s, (7b)
o o o 0Ay
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=3 [ bkt 3 [tk - ) ds, (7¢)
7 Ay o 04y
have been introduced, the Virtual Work Principle can be expressed in the concise form:
L L
/ r-édz:/ g - Hadz VI[a,é (8)
0 0

having introduced the displacements vector (9), the vector of generalized strains (10), the vector of
stress resultants (11), the generalized load vector (12):

u' = [wi wy ], 9)
g =[er & gy 0] (10)
=[N Ny My fil (11)
g =M1 92 g9y ml] (12)
and the differential operator

1 0 0
H oo (13)
S0 0 1

0 0 0o

The compatibility condition is expressed by

e=u, (14)
where the differential operator
o 0 0
0 o0 O
9 = 0 0 o (15)
-1 1 ho

permits obtaining the generalized strain vector from the displacements field (0 denotes the derivative
with respect to the z co-ordinate).

The local equilibrium conditions are obtained by integrating by parts of (8) (Euler problem) and
they have the following expression:

Dr=H"g (16)

(the apex T denotes the adjoint of the differential operators) while the eight boundary conditions are

Noc(z)wa(z)|z=0,L =0 Wiy, (17a)
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My (2)i'(2) =0 =0 V5, (17b)
(M,(z) + hf(2)0(z)|.=0. =0 V0. (17¢)

2.3. Constitutive law

The generalized constitutive law can be derived from the materials and shear connection consti-
tutive laws

Ozq = Coc(gzoc)a (183)

Ss=¢(9), (18b)
where ¢, and ¢, are non-linear functions, and assumes the form

r=c(s). (19)

The non-linear generalized constitutive law can be linearized referring to stress and strain
increments

Ar = D,(g)Ae (20)
(Ar=r;yy —r; and Ag =g, — &) having introduced the symmetric operator

Dy 0 Dz 0

Di(s) or 0 Dy Dy 0 a1
&)=~ - 5
t 0|, Dis Dy D3z 0
0 0 0 Dy
where
0N, do,,
D,, = = d4.,, 22
0&y 4, dezy (222)
0N, do,,
D13 = - (y - ya)dAaa (22b)
Oy 4, dezy
oM, do
D == 2 — = - Yo 2dAO(? 22
s= =2 o (220)
dfs
Das = d/; (22d)

since all other terms are null.
In the linear elastic case constitutive laws of materials and shear connection are linear functions

Oz = Eotngxa (233)
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fs=ko (23b)
and the generalized linear constitutive law assumes the form
r= De¢ (24)
having introduced the symmetric operator
EA; O 0 0
D 0O E4, 0 0 ’ 25)
0 0 EJ, O
0 0 0 £

where the following quantities, containing the inertial properties of the cross-section and constitutive
parameters, are introduced

EA, = / E,dA,, (262)

EJ,— / Ey — yo) dd, (26b)
Ay

and EJy, = EJy + EJ, (i.e. the bending stiffness in absence of shear connection).

3. Displacement formulation
3.1. Finite element displacement formulation

The problem can be approached by assuming the displacements as unknown and using the balance
condition (16), the compatibility condition (14) and the generalized constitutive law (19). The strong
form of the balance condition (16) in terms of displacement is

De(Du)=H"g (27)

while the weak form is
L
/ (2 c(Tu)— #Tg]-idz=0 Vi, (28)
0

where # is the admissible displacement field.

An approximated solution can be calculated using the displacement approach of the finite ele-
ment method. The displacements formulation of the finite element method introduces a polynomial
approximation of the displacement field at the interior of each element

i =Nd, (29)

where N is the matrix of shape functions and d is the vector of the nodal displacements parameters
(hereinafter & denotes the approximation of field e). The strain vector &, is obtained from the
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approximated displacement field
&, =9Nd = Bd. (30)

Using constitutive laws it is possible to relate the generalized stress vector to the nodal dis-
placement vector. The stress vector 7, deduced from the approximated displacement field has the
expression

i, = c(8,) = c(Bd). (31)

The weak form of the balance condition at element level, after substituting the approximations
(29), (30) and (31), becomes

L . .
/ (2 c(Bd) — #"g]-Nddz=0 Vd (32)
0
from which the following solving balance equation is obtained:
Srpe(d) —f =0, (33)
where
Le
Sfore(d) :/ B'c(Bd)dz, (34)
0
Le
f:/ (#N)gdz (35)
0

are the element internal forces vector and the element loads vector respectively. In the case of linear
and non-linear elastic materials, the same result is obtained making stationary the functional of Total
Potential Energy.

Since the equilibrium equations are non-linear an iterative method must be used. If the Newton—
Raphson method is adopted then the equilibrium equation are solved using the iterative formula

Kipe(d)(dip1 — d;) — (f — fr.pe(d;)) =0 (36)

where
L,
K, pe(d) = / B'D,(Bd)Bd:z (37)
0

is the element tangent stiffness matrix.

3.2. Displacement based elements

In previous works by the authors, three different displacement based elements were used and
compared, with reference to linear [5] and non-linear analyses [4]. The elements considered are the
8DOF (also called PE012, the simplest element with only external nodes, linear axial displacement
and cubic Hermite polynomials for transverse displacement), the 10DOF (also called PE112) and
the 16DOF (also called PE334) elements (see Fig. 2 and Table 1).
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PE002 (8DOF) PE112 (10DOF) PE334 (16DOF)
—> —> —> —> —> D> —D —D —pD +—D
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ﬁ—b —> —> %—D —P>
v v
Fig. 2. Displacement fields of the 8DOF, 10DOF and 16DOF elements.
Table 1
Displacement based elements previously tested [4,5]
Element Shape functions polynomials degree
Displacements Strains
w v € b J
PE012 (8DOF) 1 3 0 1 2
PE112 (10DOF) 2 3 1 1 2
PE334 (16DOF) 4 5 3 3 4

The numerical applications performed and the analytical examination of the displacement field
evidenced that the 8DOF element shows locking problems and furnishes large errors for high values
of the connection stiffness. This pathology can be avoided by appropriately selecting additional inter-
nal nodes in order to have both contributions to slip description, deriving from axial and transverse
approximations, represented by polynomials of the same degree [5]. By starting from the 8DOF
element, the problem can be surpassed by introducing an additional DOF for each of the two axial
displacements, obtaining a 10DOF element with two internal nodes for w; and w,. In this element,
both contributions to slip description are second order polynomials.

Another element based on the choice of calibrated internal nodes is the 16DOF element, obtained
from the 8DOF displacement field introducing an internal node, with one translational and one
rotational DOF, for the transverse field description (v is now a fifth order Hermite polynomial), and
three internal nodes for each of the two axial displacement fields. The resulting slip description is a
fourth order polynomial.

However, even if locking-free displacement elements are used, a large number of elements may
be required in order to obtain an accurate description of the stress and strain fields in a non-linear
analysis. If, in fact, an inadequate discretization is adopted, strong irregularities in stress and strain
description may arise when the beam reaches the plastic range, as illustrated in [4].

4. Three-field mixed formulation
4.1. Finite element three-field formulation

The problem can be approached by assuming the displacement, strain and stress fields as unknowns
and solved using the strong formulation made by the compatibility condition (14), balance condition
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(16) and the generalized constitutive law (19). The problem can also be approached using the weak
form

L
/ {([2"r — #"g]l G+ [r—c(e)] - é+[e— Zul - dz=0 V[a,é 7], (38)
0

where [#, ¢, 7] are the admissible displacement, strain and stress fields.

An approximated solution can be obtained using a three-field formulation of the finite element
method. The method introduces polynomial approximations of the displacement field, of the strain
field and of the stress field at the interior of each element:

i = Nd, (39a)
& = Ee, (39b)
i = Ss, (39¢)

where N, E and S are the matrices of shape functions and d, e and s are the vectors of nodal
displacement, strain and stress parameters.
The weak form (38), after substituting the approximations (39), can be written at element level:

L
/ {[2"Ss — #7g]- Nd +[Ss — c(Ee)] - E¢ + [Ee — Bd] - S§}dz =0 V[d,é,§] (40)
0
and the following solving equations can be obtained
B's—f=0, (41a)
a(e) — E"s =0, (41b)
Ee— Bd =0, (41c)
where
- Le
B= / STBdz, (42)
0
- L"’
E= / STE dz, (43)
0
Le
a(e) = / E"¢(Ee)dz. (44)
0

Note that the equations of compatibility and equilibrium are linear, since the non-linear constitutive
law does not involve the relation between displacement and strain and between stress and applied
loads. In the case of linear or non-linear elastic materials, the same system (41) is obtained making
stationary the Hu-Washizu variational principle.
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The non-linear problem can be solved using an iterative method. If the Newton—Raphson method

is adopted then the problem is solved using the iterative formulas

D-t(ei)(ei+l —e)— (ETS —a(e;)) =0,
E(ei.1 —e;) — B(diy — d;) =0,

B's—f=0,

where

Le
D,(e)= / E'D,(Ee)E dz.
0

4.2. Condensation of the strain and force degrees of freedom

(45)
(46)

(47)

(48)

Since the stress and strain fields can be inter element discontinuous, the system of equations (45)—
(47) will be simplified in the following, performing a static condensation of stress and strain nodal

parameters.
The deformation nodal parameters are calculated from Eq. (45)

iy — € = [Dt(ei)]_l[ETs —a(e;)]

(49)

(see Appendix B in [15] for the conditions under which the matrices (48) and (51) are invertible

assuming that (21) is not singular) and substituted in Eq. (46) thus obtaining

E[D/(e)] 'E's — E[D,(e;)] 'a(e;) — B(d;y.) — d;) = 0.
After introducing the matrix
D(e)= E[D(e)]"'E"
from the previous equation the stress parameters are obtained
s =[Dy(eN] {EID (en) " ale)) + B(di1 — d)}
and are substituted in the equation of equilibrium
B'[D/(e)]” Bdis1 — d)) = f — B'[Di(e)) ' E[Dy(e)] ' ale)
or with a different notation:
K nw(e)divr — d;) — (f — frnw(e)) =0,
where

K.uw(e) = B'[D,(e)] B,

fonw(e) = BT[D,(e)] ' E[D,(e)] ' a(e)

(50)

1)

(52)

(53)

(54)

(55)

(56)

are the element displacement-strain tangent stiffness matrix and internal force vector, respectively.
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Observe that the formulas obtained are similar to those of the finite element displacement formu-
lation and can be easily used in a displacement based program.

5. The proposed three-field mixed element
5.1. Element formulation

Starting from an assigned displacement field, different choices can be made to represent the strain
and stress fields at the interior of each element. In the linear elastic case, a proper definition of
the shape functions for the three fields requires particular attention due to the Limitation Theorems
[14,15]. If certain relationships between the displacement, strain and stress fields are satisfied, then
the three-field mixed approach becomes identical to a two-field mixed approach, with the same
displacement and stress fields, or can even become identical to a displacement-based element with
the same displacement field (details in [14,15]). However, in the non-linear case, the Limitation
Theorems are not effective, and more possibilities are available.

The mixed element proposed by the authors in this paper is based on the displacement field of the
locking-free 10DOF element (quadratic polynomials for the axial displacements, third order Hermite
polynomial for the transverse displacement). The strain field has linear shape functions for the two
axial strains and curvature, while the slip shape functions are second order polynomials. The same
representation is used for the stress field (linear axial forces and bending moment, second order
interface force). The proposed element will be indicated hereafter as HW112, where the three digits
indicate the polynomial degree of the axial, bending and interface shape functions respectively, used
for both stress and strain.

The HW112 shape functions are collected in the following matrices:

i 00 0 w3 O wup O 0 O
Nawiz=1|1 0 w1 0 0 0 3 0 pup 0 0], (57a)
0 0 m nm O 0 0 0 n mn

W w0 0 0 0 0 0 07

0 0 wm w O 0 0 0 O

Enwinn = , (57b)
0 0 M U2 0 0 0

[en)
oS O

L 0 0 0 0 0 o1 po Moz

(g w2 0 0 0 O 0 0 0 7
H1 U2 0 0 0 0 0
Shwinz = ) (57¢)
0 0 Hi U2 0 0 0

0 0 0 0 o o s

o O
o O

(e}
(e}
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HW112 displacement field HW112 strain field HW112 stress field

—> — > = —
T T P B PR TTT T TSI T

B — Hr & NN @

kA2

Fig. 3. Displacement, strain and stress fields of the HW112 element.

where the nodal parameters vectors are

diwin=[Wia W U4 @4 Wic Wic wig Wi U @pl, (58a)
eiwin =lé4 €5 &4 Es 1 Iz 04 Op Ocl, (58b)
stwiz =[Ny Nig Noy Nap My Mis T4 s fscl, (58¢)

(letters 4 and B refer to the end nodes at z =0 and z = L., respectively, C indicates the internal
node at z = L./2, see Fig. 3) and the shape functions:

w(z) =31+, (59a)
w(z) =31+ &), (59b)
i (z) = 3(& = 9), (59¢)
pun(z) = 5(& +©), (59d)
po3(z)=1-&, (59¢)
mz) =32 -3¢+ &), (59f)
mE)= - -8+, (%)
n3(z) =32 +3E - &), (59h)
na(z) = %(—1 —E+E -8, (591)

with ¢ =2z/L, — 1, (e[ —1,1], z€[0,L,].

This element satisfies the Third Limitation Principle [15], i.e. in the linear elastic case it performs
like the 10DOF element, while improvements in stress calculations are expected in the non-linear
case. Note that the authors start from a locking-free displacement element, thus the mixed formulation
is used only as a stress recovery technique to enhance the stress representation, and not as a method
to reduce or eliminate locking.
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Table 2
Displacement and mixed elements compared

Element Shape functions polynomials degree

Displacements Strains Stresses

w v & % ) N M fs
PE112 2 3 1 1 2 N.L. N.L. N.L.
PE334 4 5 3 3 4 N.L. N.L. N.L.
HWI112 2 3 1 1 2 1 1 2
HWI111 2 3 1 1 1 1 1 1
HW222 2 3 2 2 2 2 2 2

Starting again from the 10DOF displacement field, other mixed elements, with richer and poorer
stress and strain fields (HW222 with second order stress and strain shape functions polynomials and
HWI111 with linear stress and strain shape functions), were tested, but the best results were obtained
from the previously described HW112 element. The three mixed elements fulfil the conditions under
which the matrices (48) and (51) are invertible when matrix (21) is not singular (Appendix B in
[15]); in fact the matrices E and S are identical and the number of strain nodal parameters equals
the number of stress nodal parameters.

In Table 2, the degrees of the polynomials of the shape functions of HW112, HW111, HW222,
PE112 and PE334 are compared. The strain and stress polynomial degree of displacement-based
elements are indicated in italics because they are not independent from the displacement shape func-
tions: the strain shape functions are derived from the displacement field by means of compatibility
conditions while the stress field is non-linear since the constitutive law is non-linear.

5.2. Numerical details

The element stiffness matrix (55) and the internal force vector (56) are obtained integrating the
matrices (42,43) in closed form, while the calculation of matrix (48) and vector (44) is performed
by means of numerical integration, using the trapezoidal rule through the thickness (the cross-section
is subdivided into rectangular strips parallel to the x-axis) and by using the Gauss-Lobatto rule [16]
with 5 integration points, along the element length. Note that the matrices (42,43) are calculated only
once at the beginning of the analysis, while only matrix (48) and vector (44) need to be updated
during the non-linear solution procedure. Once the solution is obtained, the proposed mixed approach
permits a simple calculation of stress and strains nodal parameters, allowing a prompt determination
of the stress and strain fields, by means of the shape functions (39b) and (39c).

6. Applications

Some of the numerical applications performed are illustrated and discussed hereafter in order to
compare the PE112 element (the simpler locking-free displacement element) with the HW112 and
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Static scheme Cross section
i ‘ As =/500m?
HEENENENNREREN G
As = 50cm?
1600
L =8.00m \ :r 50
Non-linear constitutive laws Materials data
Fma
f, Beam steel Reinfor cement steel
-0.0039-00022 | f, fy=275 MPa fy=430 MPa
4 b f,=360 MPa fi=473 MPa
Es N du E<= 200000 MPa  E<= 200000 MPa
) ey !’ «=0.04 e =0.02
4,=0.18 g,=0.12
f
e — -B Sh ecti
= fmax(1- € 9% ) Concrete ; eir CO””k /'0“
a=0558 g=1mm®* f.= 33 MPa max = 2000 kN/m
Beam steel dy=6mm

Concrete Shear connection

Reinfor cement steel

Fig. 4. Problem tested with data of the materials and non-linear constitutive laws.

PE334 elements for evaluating the better way to improve the solution (three-field mixed formulation
or refined displacement formulation).

The geometry of the test problem is described in Fig. 4 (a cantilever with constant cross-section
along the beam axis). Two load conditions are considered: a uniform load applied downward (crack-
ing of the concrete slab) and a uniform load acting upward (softening of the concrete slab). With
regard to the shear connection device, for the sake of simplicity a uniform distribution of stud con-
nectors, designed to obtain a full shear connection, is adopted (i.e. the shear connection is designed
not to collapse before the reinforced concrete slab and/or steel beam reach their ultimate state). The
cantilever structural scheme was analysed since it is a difficult test for composite beam elements,
due to the high slip gradient and strain localizations. The same problems affect continuous beams (a
problem of practical interest in structural engineering), although the main difficulties can be more
clearly highlighted in the simpler cantilever scheme.

The non-linear constitutive laws adopted for materials and shear connectors are the following.
Elastic—perfect plastic—hardening constitutive laws are assumed for beam steel and reinforcements
bars [17]; the non-linear law suggested by the CEB-FIP Model Code 1990 [18] is considered for
concrete under compression while, for the sake of simplicity, null strength is used under traction;
furthermore, the Ollgaard constitutive law [19] is adopted for the shear connection. The mechanical
characteristics of the materials are reported in Fig. 4.

The solution of the algebraic non-linear problem obtained assembling the composite beam ele-
ments, is attained by a displacement control incremental procedure [20] whose prediction is corrected
by the Newton—Raphson iterative procedure (predictor—corrector scheme, see [4] for more details and
other solution procedures tested). The non-linear analyses, performed controlling the free-edge de-
flection, were stopped when the ultimate strain of one of the materials is achieved. When load
levels near collapse were reached, the HW112 element provided a slower convergence rate than
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Fig. 5. (a—c) Load-deflection curves with different types and numbers of elements.

displacement based elements and smaller increments of the controlled displacement were needed to
accomplish the assigned tolerance of the unbalance force vector.

The case of uniform load applied downwards is firstly considered. The structural global response
is illustrated in Fig. 5, where the load-displacement curves, obtained with different elements number
and type, are reported. The solutions achieved with a four-element mesh are compared in Fig. 5a,
while eight and sixteen elements mesh solutions are illustrated in Figs. 5b and c, respectively. The
HW112 mixed element and the PE112 displacement element practically supply the same results (see
also Table 3), while the PE334 element gives lower values of collapse load and ultimate deflection,
even if discretizations with the same total displacement DOF are considered (the PE334 has a more
accurate approximation of the strain peaks).
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Table 3
Ultimate loads and deflections using different types and number of elements
Element Number of Total displacement Ultimate load Ultimate
clements DOF (kN/m) deflection (mm)
PE112 4 24 550.00 786
8 48 505.00 431
16 96 470.40 193
HW112 4 24 549.60 781
8 48 505.00 430
16 96 471.20 195
PE334 4 48 484.00 306
8 96 469.60 180
16 192 443.40 75
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Fig. 6. (a,b) Load-displacement curves with different numbers of elements.

In Fig. 6, the load-displacement curves calculated with the same element type are considered:
in Fig. 6a the three curves are obtained using the PE112 and the HW112 elements (equivalent
global results), while the three curves in Fig. 6b are those obtained with the PE334 element. Note
that the PE334 gives a smaller error in the ultimate load level, even if a coarse mesh is
adopted.

In Figs. 7-9 the stress resultant trends along the beam axis are reported for three steps: 15 mm
of free-edge deflection (dotted lines) when the steels are in the elastic range and the concrete slab
cracked; 30 mm of deflection (dashed lines) when the beam and reinforcements steels are yielded
and 60 mm of deflection when the plastic deformations of the steels have reached the near hardening
point (for the corresponding load levels see Table 4). The steel beam axial force N, is normalized
with respect to the steel beam plastic force Ny, (i.e. the yielding stress multiplied by the steel beam
cross-section area); the summation of steel beam bending moment and concrete slab bending moment
M. is normalized with respect to the steel beam plastic moment My ; finally the interface shear force
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Fig. 7. Stress trends computed by a uniform mesh of 4 elements.

f's 1s normalized with respect to the connection strength fn.x. The axial force and bending moment
are inter-elements discontinuous in the displacement based elements while the interface shear force
is inter-element continuous as calculated from a continuous slip (the displacements of Eq. (5) are
assembled in the solving system and the distance / between the two beam components centroids is
constant along the beam axis). The mixed element gives inter-elements discontinuities in both axial,
bending and interface shear force, due to the static condensation of the strain and stress DOF; this
results in a non compatible trend of the interface shear force (i.e. the shear force must be zero at
the constrain since here the slip is zero).

In Fig. 7 the stress trends, obtained with the three types of elements from a uniform four-element
mesh, are compared. Despite the global behaviour is practically the same, the PE112 element and
the HW112 element perform in a different manner if the stress resultants are observed. Strong
irregularities in axial force and bending moment arise in the PE112 when the load level increases,
while the HW112 furnishes a smooth description of axial force and bending moment, whenever low
or high load levels are considered. The PE334 displacement element is affected by some irregularities
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Fig. 8. Stress trends computed by a uniform mesh of 8 elements.

in the axial force and bending moment description for high load levels, while the shear force
description is closer to the reference solution (sixteen PE334 elements reported in Fig. 9) compared
with the other two elements; the PE334 is however based on richer displacement shape functions
and the comparisons are made between solutions with different total DOF.

In Figs. 8 and 9 the same stress resultants trends are reported with reference to a uniform
eight-element mesh and a uniform sixteen-element mesh, respectively. It is interesting to note that
a refined mesh does not eliminate the previously described problems. In fact the irregularities in
the axial force and bending moment computed by the PE112 element are still evident. The HW112
furnishes the smoother description of N; and M., but the interface shear force presents the same
irregularities analysed in the four element discretization, although a solution closer to the reference
solution is obtained by means of the increment of the number of elements.

The strain trends are not reported here for the sake of brevity. However the strain field obtained
from the PE112 and PE334 eclements present problems (see [4] for details) analogous to those
illustrated in the stress field, while the mixed element gives the same results of the PE112 element,
since the relation between displacement and strain is still linear. Consequently the proposed mixed
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Fig. 9. Stress trends computed by a uniform mesh of 16 elements.

element permits a smoother description of axial force and bending moment than the equivalent
displacement element PE112, while the other results (global behaviour, strain and displacement) are
practically equivalent. Notice furthermore that the interface slip, even if it is not assembled since it
is condensed out, is equal to the slip computed from the displacement field. Hence, if the interface
shear force is computed from the displacement field or from the strain field, the results obtained are
the same as those of the PE112 element.

In Figs. 10 and 11 some results regarding the cantilever under negative load (i.e. load applied
upwards) are reported. In this load case the slab is under compression and softening of concrete
occurs under high deformations. In Fig. 10 the load-displacement curves are reported: in Fig. 10a
the three curves are obtained using the PE112 and the HW112 elements (once again equivalent
global results), while the three curves in Fig. 10b are those obtained with the PE334 element. Note
once more that the PE334 gives a smaller error in the ultimate load level, even if a coarse mesh
is adopted. In Fig. 11 the stress trends, obtained with the three types of elements from a uniform
four-element mesh, are compared. The stress resultants trends along the beam axis are reported for
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Table 4
Compared solutions
Element Number of Deflection 15 mm Deflection 30 mm Deflection 60 mm
elements Load (kN/m) Load (kN/m) Load (kN/m)
PE112 4 202.37 398.46 488.30
8 202.36 396.99 460.20
16 202.36 396.80 443,51
HWI112 4 202.37 398.46 488.30
8 202.36 396.99 460.20
16 202.36 396.80 443.51
PE334 4 202.36 396.23 451.60
8 202.36 396.60 439.41
16 202.36 396.29 435.53
-300 -250 -200 -150 -100 -50 0 160 -140 -120 -100 -80  -60  -40  -20 0
. . . . . 0 . . . . . . . 0
--------------------------------------------------- - -100 e e e 11100
--------------------------------------------------- L 200 e L 200
= T S S A L -300
2 166l PE112 2 16el PE334
S e L N T i NSy L 400
e 4el PE112 8el PE112 e 4el PE334 8el PE334
------------------------------------------------- - 500 T N ECEETEIA CEEREEY AR Wy
--------------------------------------------- L 600 = -----------1 600
* -700 -700
@ v (mm) (b) v (mm)

Fig. 10. (a,b) Load-displacement curves with different numbers of elements (negative load case).

three steps: 10 mm of free-edge deflection (dotted lines) when the steels are in the elastic range;
20 mm of deflection (dashed lines) when the steel beam is yielded and 40 mm of deflection when
the reinforcement steel is also yielded and the concrete undergoes softening. The same considerations
made in the previous case can be repeated here. In effect the axial force Ny and bending moment
M, trends are quite similar to those of Fig. 7, apart from the sign. The different trend of the
interface shear force f is due to the more complex behaviour of the reinforced concrete slab under
compression.

In the previous figures only the HW112 element is analysed between mixed elements since it
provides the best results with respect to the other three-field elements tested. However, for the sake
of completeness, the different mixed elements are compared in Fig. 12. If the HW111 element is
adopted, the descriptions of the axial force and bending moment are practically equal to those of
the HW112 element, but the description of the interfacial shear force is too poor (piecewise linear).
If the HW222 element is used, despite the higher degree of shape functions in the axial force and
bending moment, the element provides, in these stress resultants, worse results than the HW112
element.
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Fig. 11. Stress trends computed by a uniform mesh of 4 elements (negative load case).

7. Conclusions

A three-field mixed finite element for the non-linear analysis of composite beam with weak
shear connection is proposed. The formulation considers the non-linear behaviour of materials and
deformable shear connectors. The proposed element is compared with the two locking-free
displacement elements previously used by the authors. In the applications a steel-concrete cantilever
beam is considered and uniform loads were applied downward (cracking of the concrete slab) and
upward (softening of the concrete slab). The cantilever structural scheme was analysed since it is
a difficult test for composite beam elements, due to high slip gradient and strain localizations. The
same troubles affect continuous beams (a problem of practical interest in structural engineering),
however the main difficulties can be more clearly highlighted in the simpler cantilever scheme. The
non-linear analyses performed show that the established mixed element furnishes more regular dis-
tributions of axial forces and bending moment with respect to the locking-free 10DOF displacement
element from which it is derived. However the mixed element requires a more cumbersome for-
mulation, longer computational times and has a slower convergence for high non-linearity. If the
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Fig. 12. Stress trends computed by a uniform mesh of 4 elements (mixed elements).

mixed element is compared to the refined locking-free 16DOF displacement element, only slight
advantages are obtained with the mixed formulation in the description of axial forces and bending
moment distributions, while the refined displacement element gives a more accurate description of
the interface slip and the shear force, has a simpler formulation and convergence in the non-linear
range is achieved with good reliability.
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