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Abstract. The behavior of steel-concrete composite beams is strongly influenced by the type of shear
connection between the steel beam and the concrete slab. For accurate analytical predictions, the structural
model must account for the interlayer slip between these two components. This paper focuses on a procedure
for response sensitivity analysis using state-of-the-art finite elements for composite beams with deformable
shear connection. Monotonic and cyclic loading cases are considered. Realistic cyclic uniaxial constitutive
laws are adopted for the steel and concrete materials as well as for the shear connection. The finite element
response sensitivity analysis is performed according to the Direct Differentiation Method (DDM); its
analytical derivation and computer implementation are validated through Forward Finite Difference (FFD)
analysis. Sensitivity analysis results are used to gain insight into the effect and relative importance of the
various material parameters in regards to the nonlinear monotonic and cyclic response of continuous
composite beams, which are commonly used in bridge construction.

Keywords: steel-concrete composite beams; beam elements; finite element method; nonlinear
analysis; response sensitivity analysis; material parameters.

1. Introduction

The last ten years have shown a growing interest in finite element modeling and analysis of steel-
concrete composite structures, with applications to seismic resistant frames and bridges (Spacone and
El-Tawil 2004). The behavior of composite beams, made of two components connected through shear
connectors to form an interacting unit, is significantly influenced by the type of connection between the
steel beam and the concrete slab. Flexible shear connectors allow development of partial composite
action (Oehlers and Brandford 2000) and, for accurate analytical predictions, structural models of composite
structures must account for the interlayer slip between the steel and concrete components. Thus, a
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Fig. 1 Kinematics of 2D composite beam model

composite beam finite element able to capture the interface slip is an essential tool. The three-
dimensional model under general state of stress (Dall’ Asta 2001) simplifies to the model introduced
by Newmark et al. (1951) if only the in-plane bending behavior is considered. In the Newmark’s
model, the geometrically linear Euler-Bernoulli beam theory (i.e., small displacements, rotations and
straing) is used to model the two parts of the composite beam; the effects of the deformable shear
connection are accounted for by using an interface model with distributed bond, and the contact
between the steel and concrete components is enforced (Fig. 1). The interface slip is small since
computed from the difference in longitudinal displacements of the steel and composite fibers at the
steel-concrete interface.

Compared to common monolithic beams, composite beams with deformable shear connection present
additional difficulties. Even in very simple structural systems (e.g., simply supported beams), complex
distributions of the interface slip and force can develop; furthermore these distributions can be strongly
influenced by the shear connection properties. Different finite elements for composite beams with
deformable shear connection have been proposed (e.g., Ayoub and Filippou 2000, Salari and Spacone
2001, Dall’ Asta and Zona 2004a). Despite the difficulties of the problem in the nonlinear range, refined
locking-free displacement-based elements (such as the one used in this study) produce accurate global
and local results provided that the structure is properly discretized (Dall’ Asta and Zona 2002, 2004a,
2004b, 2004c).

In the last few years, in addition to model-based response simulation of structures, growing attention
has been given to the analysis of structural response sensitivity to various geometric, mechanical, and
material properties defining the structure, and to loading parameters. This increasing interest is due in
part to the fact that finite element response sensitivities represent an essential ingredient for gradient-
based optimization methods needed in structural optimization, structural reliability analysis, and finite
element model updating (Ditlevsen and Madsen 1996, Kleiber ef al. 1997, Melchers 1999). In addition,
finite element response sensitivities are invaluable for gaining deeper insight into the effect and relative
importance of the various geometric, material, and loading parameters defining the structure and its
loading environment.

This paper focuses on the materially-nonlinear-only static response sensitivity computation using dis-
placement-based, locking-free finite elements for composite beams with deformable shear connection
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(Dall’Asta and Zona 2002). Realistic uniaxial cyclic constitutive laws are adopted for the steel and
concrete materials of the beam and for the shear connection. The monotonic and cyclic responses of
these material and finite element models were already validated previously (Zona et al. 2004, 2005)
through comparison with experimental data available in the literature (Ansourian 1981, Bursi and
Gramola 2000). The sensitivity analysis is performed following the Direct Differentiation Method
(DDM), the derivation and computer implementation of which are validated through Forward Finite
Difference (FFD) analysis (Conte 2001, Conte ef al. 2003). Results of sensitivity analysis are used to
investigate and quantify the effect and relative importance of the various material parameters in regards
to the monotonic and cyclic nonlinear response of continuous composite beams, which are commonly
used in bridge construction.

2, Finite element response analysis

After spatial discretization using the finite element method, the equilibrium equations of a materially-
nonlinear-only model of a structural system under quasi-static loading condition can be expressed as

R(u(z, 6), 0)=F(, 0) )

where = pseudo-time, &=scalar sensitivity parameter (material or loading variable), u = vector of
nodal displacements, R = history dependent internal resisting force vector, F =applied quasi-static
load vector. The solution u,.; of Eq. (1) at discrete time ¢,,, is obtained through the Newton-Raphson
iterative procedure, which consists of solving the following linearized system of equations at each
iteration:
RO ("~ u,1) = F,oy ~ R, (6, 0) @
U,

until
W(ul1+l) = Fn+I_R(un+I) =0 (3)

is satisfied within an assigned tolerance. In the above equations, the subscript (...),.; indicates that
the quantity to which it is attached is evaluated at time ¢,,;, while the superscript i refers to the i-th
iteration. The problem can be easily extended to the dynamic load case by adding inertial and damping
forces in Eq. (1) and integrating the resulting equations of motion (or equations of dynamic equilibrium)
using the Newmark- 8 time-stepping scheme (Chopra 2001), yielding a linearized equation similar to
Eq. (2) (Conte 2001, Conte et al. 2003, 2004). The matrix operator on the left-hand-side (LHS) of
Eq. (2) is the structure consistent tangent stiffness matrix:

(K", = R0 @

i
U,

The second term on the right-hand-side (RHS) of Eq. (2) represents the internal resisting force vector,
which is obtained by assembling, at the structure level, the vectors of elemental internal resisting forces,

Q(U), as
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Nel
R(u(8),0) = A {Q(q"(9).0)} )
where Afill {-+} denotes the direct stiffness assembly operator from the element level (in local
element coordinates) to the structure level in global reference coordinates; Nel represents the total
number of finite elements in the model; and q'“ is the vector of element nodal displacements in local
coordinates. In the displacement-based finite element methodology, the element internal resisting
force vector is obtained as

Q(q(9).0) = [B'()D(B(2)q(0).0)dz ©)

where B is the transformation matrix between the vector of element nodal displacements q and the
vector of generalized section deformations d, i.e.,

d(z, ) = B(2)q(9) (7

and D denotes the vector of active stress resultants at the section level. In the case of a composite
beam with deformable shear connection (Dall’Asta and Zona 2002), the vector of generalized
section deformations is defined as

d'(z,0) = [61(z,0) &(60) 2(:0) 5 )] ®)

where g and & are the axial strains at the reference points G, (concrete slab) and G, (steel beam),
respectively, y is the curvature (same for concrete slab and steel beam) and ¢ is the slip at the interface
between the concrete slab and the steel beam (Fig. 1). The vector of section stress resultants is
defined as

D'(z,0) = [N,(z,0) Ny(z,0) My(z,0) fi(z,0)] ©9)

where N, is the axial force in the concrete slab, N, is the axial force in the steel beam, M, is the
summation of the bending moments in the concrete slab and steel beam, and f; is the interface shear
force per unit length (Dall’Asta and Zona 2002). The stress resultants N, N, and M, are calculated
by numerical integration over the concrete and steel parts of the beam cross-section, which are
discretized using a fiber model, i.e.,

N2.0) = [o0.2q(0).0)dd, a=12 (10)
2&
Myz0) = 3 ([0-r)o0. 2 a0).0)d4) (an
a=1 Aa

where o( y, z, 0) is the normal stress; y, and y, are the reference points of the two components of
the composite beam (Fig. 1) (usually, but not necessarily, taken as the centroids of the concrete slab
and the steel beam, respectively); and 4, and 4, are the cross-sections of the concrete slab and steel
beam, respectively. The calculation of the stress on the RHS of Eqs. (10) and (11) and of f; is
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Fig. 2 Typical cyclic response of steel material model

performed at the material level, thus the nonlinear constitutive laws adopted in this study are
defined next.

The constitutive law used for the steel of the beam is a uniaxial cyclic plasticity model with the von
Mises yield criterion in conjunction with linear kinematic and isotropic hardening laws. The detailed
formulation of the steel constitutive law together with all material parameters defining it can be found
in (Conte ef al. 2003). The same constitutive law is also used for the reinforcing steel in the concrete
slab. A typical cyclic response of the steel material model adopted in this study is shown in Fig. 2.

The selected constitutive law for the concrete material is a uniaxial cyclic law with monotonic
envelope given by the Popovics-Saenz law (Balan ef al. 1997, 2001, Kwon and Spacone 2002). The
details of the formulation of this constitutive law and related material parameters can be found in (Zona
et al. 2004). A typical cyclic response of the concrete material model adopted herein is given in Fig. 3.

The constitutive law used for the shear connectors is a slip-force cyclic law with monotonic envelope
given by the Ollgaard et al. law (1971). The cyclic response of the shear connectors is a modified
version of the model proposed by Eligenhausen ef al. (1983) and is similar to the model used by Salari
and Spacone (2001). The details of the formulation of this constitutive law and related material
parameters can be found in (Zona ef al. 2004). A typical cyclic response of the constitutive model for
the shear connectors used in this study is shown in Fig. 4.
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Fig. 4 Typical cyclic response of constitutive model
Fig. 3 Typical cyclic response of concrete material for shear connectors
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3. Finite element response sensitivity analysis by the direct differentiation method

If r denotes a generic scalar response quantity (e.g., displacement, strain, stress), then by definition,
the sensitivity of » with respect to the material or loading parameter @ is expressed mathematically as

the absolute partial derivative of » with respect to the variable 6, 5—2 o=, Where €, denotes the nominal
value taken by the sensitivity parameter & for the finite element response analysis.

In the sequel, following the notation proposed by Kleiber et al. (1997), the scalar response quantity
() =r(f($), $) depends on the parameter vector ¢ (defined by » time-independent sensitivity

parameters, i.e., $ =16, ] ), both explicitly and implicitly through the vector function f (9). It

dr

r
is assumed that denotes the gradient or total derivative of r with respect to 3, 7@, is the

absolute partial derivative of the argument » with respect to the scalar variable 8, i = 1,..., n, (i.e., the
derivative of the quantity » with respect to the parameter & considering explicit and implicit dependencies),

and g’g ‘ is the partial derivative of r with respect to parameter 6 when the vector of variables z is kept
constant/fixed. In the particular and important case in which z = f (9), the expression 56? reduces to

the partial derivative of » considering only the explicit dependency of » on parameter 8. For $= 0= 6
(case of single sensitivity parameter), the adopted notation reduces to the usual elementary calculus
notation. The derivations in the sequel consider the case of a single (scalar) sensitivity parameter ¢
without loss of generality, due to the uncoupled nature of the sensitivity equations with respect to
multiple sensitivity parameters.

Following the Direct Differentiation Method (DDM) (Conte 2001, Conte et al. 2003), the consistent
response sensitivities are computed at each time step, after convergence of the response computation.
This requires an exact differentiation of the finite element algorithm for the response calculation
(including the numerical integration scheme for the material constitutive law) with respect to the
sensitivity parameter 8. Consequently the response sensitivity calculation algorithm affects the various
hierarchical layers of finite element response calculation, namely: (1) structure level, (2) element level,
(3) section level and (4) material level.

Assuming that u,,; is the converged solution (up to some iteration residuals satisfying a specified
tolerance) at discrete time ¢,,,, and differentiating Eq. (3) with respect to & using the chain rule of
differentiation, yields

JR(u, ,(0),0) +5R(“n+|(9),0) du,,, _ dF,., (12)

20 ou,., |, do do

Ut

and the following response sensitivity equation at the structure level is obtained:

(K""f”) dun +1 an+ 1 é’R(un + 1 (0)99)
romTge de 20

(13)

Wy

The second term on the RHS of Eq. (13) represents the partial derivative of the internal resisting force
vector, R(u,;;), with respect to sensitivity parameter @ under the condition that the displacement
vector u,,,; remains fixed (conditional derivatives). It can be expressed as

IR(u,. (6).9) ¥ 10Q(q(9).0) (14)
o0 o0 o

e=1
W, v
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The calculation of the conditional derivative on the RHS of Eq. (14) is performed at the element
level, computing the conditional derivative of the element internal resisting force vector as

=LJB"(z) ﬁD(B(;)g(H)ﬁ) s (15)

Qy+1 0 [ PR

2Q(q(6). 0)
20

The finite element used in this study is a displacement-based shear locking free composite beam
element with 10 degrees of freedom, two of which are internal. For computational efficiency, these
internal degrees of freedom are not assembled at the structure level, but are taken into account using a
static condensation procedure (Bathe 1995). The algorithm for response sensitivity computation in the
presence of static condensation has been derived by the authors and presented elsewhere (Zona et al.
2005).

The calculation of the conditional derivative on the RHS of Eq. (15) is carried out at the section level as

dA, a=1,2 (16)

Qp+1

ON (2, 9)‘ _ ﬁa(y,z,q(e), 0)
20

oM, (z,
o0

dA) (17)

Qp+1

_ 3 00y, 2, q(6), )
> (A{(y—ya) -4

The conditional derivative on the RHS of Eqs. (16) and (17) and the conditional derivative of f;
(given q,) are calculated at the material level, hence the (discretized) material constitutive equations
must be differentiated analytically with respect to the material parameters (Zona et al. 2004).

du,
Once the RHS of Eq. (13) has been formed, the nodal displacement response sensitivities —7 5 L can
be solved for and subsequently the unconditional derivatives of all history/state variables at all integration
points are updated. The nodal displacement sensitivities at the structural level are transformed into local

coordinates for each element, thus yielding the element nodal displacement sensitivities, d(clz”é L. Then,

using the compatibility relations, the sensitivities of the generalized section deformations are obtained as

ddn +1 (9)

dq,H (D)
o B@O——— 1

(18)

and the sensitivities of the section stress resultants are evaluated using the unconditional derivatives
(with respect to the sensitivity parameter &) of the material constitutive relations as

dN ,(z, 0) _ cdo(y,z q(6), 0) -

T J' ¥y dA, a=1,2 (19)
dMy(z,0) 2 do(y, z, q(8), 0
T = Y ([o-r) 2o a0 0) @0)

a=1 4,

Notice that, once the numerical response of the structural system is known at time ¢,.;, the matrix
sensitivity equation, Eq. (13), is linear and has the same LHS matrix operator (consistent tangent
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stiffness matrix) as the consistently linearized global equilibrium equations, Eq. (2), at the end of
the iteration which satisfies convergence for the response calculation at discrete time ¢,,,. Therefore,
only the RHS of Eq. (13) needs to be recomputed and since the factorization of the consistent
tangent stiffness matrix is already available at the converged time step £,.;, solution of the response
sensitivity Eq. (13) is computationally efficient.

4. Finite element response sensitivity analysis by the forward finite difference method

The Forward Finite Difference (FFD) method is used to validate the derivation and computer
implementation of the Direct Differentiation Method (DDM) (Conte 2001, Conte et al. 2003, 2004) as
applied to composite frame structures. The FFD method consists in estimating the derivative of the
response by finite difference approximations, i.e., imposing a perturbation of the sensitivity
parameter 6 and using a first-order approximation (Kleiber et al. 1997). For example, the following
expression:

dul1+l ~ un+1(9+A9)_un+l(9)
de A6

ey

where A@ is an assigned small perturbation of the sensitivity parameter, is used for estimating the
sensitivities of the element nodal displacements to parameter €. The optimum value of A8 is determined
by studying the convergence of the finite difference approximation of the response derivatives with
decreasing values of A6. It has been observed that there is an optimum value of A6/6 that makes the
finite difference result closest to the DDM result. However, this optimum value of A46/8 usually
depends on both the loading case and the sensitivity parameter € itself. When the relative sensitivity
parameter increment grows above this optimum value, the finite difference results worsens due to
truncation error (i.e., effects of higher order terms in Taylor series expansion of response parameter). If
the relative sensitivity parameter increment is decreased below this optimum value, so as to reduce
the truncation error, we have an excessive condition error. The latter is due to round-off errors in the
computer (i.e., finite precision arithmetic) or occurs if the response is calculated by an iterative process
which is terminated early (as is the case for the incremental-iterative Newton-Raphson method typically
used in nonlinear finite element analysis). In some cases, there may not be any sensitivity parameter
increment A9 which yields an acceptable error. This is the so-called “step-size dilemma” (Haftka and
Giirdal 1992, Gu and Conte 2003).

The first-order FFD method requires a repeat of the entire analysis at least once for each desired
sensitivity parameter. Thus, FFD analysis is computationally significantly more expensive than the DDM,
especially when dealing with a large number of sensitivity parameters as in finite element reliability
analysis (Li and Der Kiureghian 1995, Vijalapura et al. 2000).

5. Finite element response sensitivity analysis for gradient-based optimization methods
Optimization problems are very common in many engineering disciplines such as structural

optimization, structural reliability, structural identification and finite element model updating (Kleiber
et al. 1997). These problems can be stated as follows. Given an objective function g(x) of a vector of
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variables x, find the optimal values x* which minimize g(x) with x subjected to the constraints ¢'/(x)=0
and ¢"(x)=0, where ¢"“)(x) and ¢""(x) are vector valued functions of x describing equality and inequality
constraints, respectively.

In structural optimization, for example, the objective function g(x) is a cost function used to measure
the soundness of the design; the variables x are design parameters describing the system; the constraints
¢“(x) and ¢"(x) are limits on the variability of the design parameters assuring the safety of the system,
equilibrium conditions, technical availability of materials, construction procedures, etc. (Kleiber et al.
1997). Another example is in structural reliability analysis, where the optimization problem consists of
finding the design point, defined as the most likely failure point in the standard normal space in which
the calculation of the failure probability is performed (Ditlevsen and Madsen 1996, Melchers 1999).

All classical optimization methods (Newton’s method, quasi-Newton methods, linear programming,
quadratic programming, penalty function methods, etc.) are gradient based, i.e., they require the evaluation
of the gradient of the objective function. In general, the most computationally intensive task in solving
an optimization problem in structural engineering is the calculation of the response sensitivities to
material, geometric and loading parameters. For this reason, accurate and efficient calculation of finite
element response sensitivities is crucial.

6. Application examples

The above framework for finite element response and response sensitivity analysis is illustrated using
a testbed structure consisting of a two-span continuous beam shown in Fig. 5. The two spans are of
equal length (30 m) and the cross-section and material properties are assumed to remain constant along
the beam. The connection between concrete slab and steel beam was designed in order to achieve full
shear connection (Oehlers and Bradford 2000, CEN 1997a,b) using a uniform distribution of shear
connectors along the beam with strength f,,,.. = 1225 kN/m.

A vertical force £ is applied at the mid-point of each span as shown in Fig. 5. Both the structure and
the loading are symmetric; thus, only half of the structure is modeled and analyzed. Two load cases are
considered: (a) monotonic increase of the magnitude of the two concentrated loads; and (b) cyclic
application of the two concentrated loads. The nonlinear analyses were performed until collapse, which
is defined as the point at which the ultimate strain or the ultimate slip was reached for the first time
along any of the material fibers or along the shear connection, respectively.

2g0 | 3750 | Slab concrete:
2 | 490 2500 fum® E = 32000 MPa
lF lF — [ }ﬁ_ ] i fc =33 MPa
‘ _ 25 ﬁ\zsoo mm- Reinforcement steel:
| = e 15 Es =210 GPa
%—ﬁf‘;—ﬁ 1600 fyo = 430 MPa
30 m 30 m
50 Beam steel:
=l gir s=210 GPa
Elinr‘rllensions in W fy =275 MPa

Fig. 5 Configuration and cross-section of continuous beam analyzed
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Fig. 6 Computed load-deflection curve for monotonic load case
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Fig. 7 Sensitivity of mid-span deflection, v, to f, (monotonic load case)

This example represents a structural system commonly used in bridge construction and presents all
the typical difficulties encountered in nonlinear analysis of composite structures, e.g., cracking of concrete in
traction, softening of concrete under compression, wide spread yielding in the steel beam and in the
slab steel reinforcements, high gradients of slip and shear force along the connection.

Nine material parameters are considered for the sensitivity analysis presented below: the yield stress
(;), modulus of elasticity (£j) and kinematic hardening modulus (/) of the steel beam material, the
strength ( f,,...) of the shear connection, the compressive strength ( f.) and modulus of elasticity (£,) of
the concrete, the yield stress ( £, ,.;), modulus of elasticity (£,,) and kinematic hardening modulus
(Hy ) of the steel reinforcements of the concrete slab.

The sensitivity results are presented in normalized form, i.e., multiplied by the value of the parameter
and divided by the value of the response quantity, the sensitivity of which is considered. Consequently,
the normalized sensitivities represent the percent variation of the subject response quantity for a unitary
percent variation of the sensitivity parameter. In this way, the normalized response sensitivities reveal
directly the relative importance of all the material parameters considered in regards to a given response
quantity at various loading stages of the structure.

All the results shown below have been computed using the DDM and validated by the FFD method
using increasingly small perturbations of the sensitivity parameter. For the sake of brevity, the comparison
between DDM and FFD results is shown only for a few cases.
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6.1. Monotonic load case

The load-deflection curve under monotonic loading is plotted in Fig. 6. Collapse as defined above is
reached at the load F'= 4360 kN with a mid-span deflection of 463 mm, when the ultimate slip (§ mm)
in the shear connection is attained for the first time (at 18.75 m from the moment-free end of the beam).

The sensitivity of the mid-span deflection, v, to the yield stress of the steel beam (6= f)) as a function
of the mid-span deflection itself is shown in Fig. 7. The sensitivity is zero before the steel beam yields
for the first time, since prior to first yield, /, does not affect the response. Once the yielding of the steel
beam initiates and propagates, the sensitivity to f, increases in magnitude. For example, when the
structure is in its initial linear elastic range, a 1% variation of the yield stress £, does not produce any
variation of the mid-span deflection, since the sensitivity is zero. When the structure is in the yielding
plateau, a 1% increase of the yield stress £, produces an approximately 5% reduction in the mid-span
deflection.

The sensitivities of the mid-span deflection, v, to (i) the modulus of elasticity of the steel beam
material (0= E,), (ii) the hardening modulus of the steel beam material (6= H,), (iii) the shear
connection strength (6= f;,..), and (iv) the yield stress of the steel reinforcements (6= f, ), are plotted
in Fig. 8. The sensitivities of the mid-span deflection, v, to (i) the concrete modulus of elasticity

v (mm)

0 100 200 300 400 500

Fig. 8 Sensitivities of mid-span deflection, v, to £y, Hy, fouax and f, ., (monotonic load case)
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Fig. 9 Sensitivities of mid-span deflection, v, to E,, f., Eq . and Hj ., (monotonic load case)
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Fig. 10 Sensitivity of mid-span deflection, v, to f, using DDM and FFD (monotonic load case)

(6= E,), (ii) the concrete compressive strength (€=/;), (iii) the modulus of elasticity of the steel
reinforcements (6= Ey,.;), and (iv) the hardening modulus of the steel reinforcements (6= H,,.;), are
plotted in Fig. 9.

The sensitivities in Fig. 8 and Fig. 9 assume smaller values than the sensitivity to f, shown in Fig. 7.
Thus, £, is the material parameter that influences the most significantly the nonlinear global response as
measured by the mid-span deflection v. The sensitivity to H, increases considerably after the first
yielding in the steel beam and becomes the second highest sensitivity at collapse. The sensitivity to £,
even though it is the highest during the early stage of loading when the structure is still mostly in its
linear elastic range, decreases steadily as the structure evolves toward collapse, when the material
strength parameters become more important than the elastic ones. The sensitivity to the strength £;,,.. of
the shear connection largely increases as the structure develops inelastic deformations and becomes the
third highest sensitivity at collapse. For example, a 1% increase in the shear connection strength
produces a reduction of about 0.4% in the mid-span deflection at collapse. The sensitivities to the
concrete material parameters behave qualitatively as those to the steel beam material parameters, i.e.,
the sensitivity to the modulus of elasticity £, decreases, while the sensitivity to /. increases as the structure
evolves in its inelastic range towards collapse. However, quantitatively, the response sensitivities to the
steel beam material parameters are higher than those to the concrete material parameters.

The higher response sensitivities to the steel beam material parameters are a consequence of the fact
that the steel beam is carrying the largest part of the applied loads. Thus, even a small variation of the
material properties of the steel beam can significantly affect the structural response. Moreover, the
response sensitivity computation proves the intuitive fact that the most important material parameters
for serviceability (deflection-controlled) limit-states are stiffness related (e.g., £, and E_), while strength
related parameters (e.g., f;, fo» fyua) become predominant for collapse limit-states. An exception is
given by the hardening moduli of the steel beam and steel reinforcement materials: even if they are
stiffness related quantities, they may become important only when hardening of the material develops
significantly, thus when large plastic deformations are attained.

Sensitivities of local response quantities (e.g., beam internal forces, shear connection force, local
plastic deformations) are also computed using the DDM, and are not reported here for the sake of
brevity. Examples of sensitivities of local response quantities for steel-concrete composite beams can
be found in (Zona et al. 2004, 2005).

For validation purposes, the sensitivity results obtained by the DDM have been compared to their
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Fig. 11 Sensitivity of mid-span deflection, v, to f, using DDM and FFD (monotonic load case)

counterparts obtained via FFD analysis. Only comparisons between the sensitivities to £, computed by
the DDM and by FFD analysis are shown here (Figs. 10 and 11). Three levels of perturbation of parameter
Jyhave been considered (A0/0= 104,107, 10™). Fig. 10 and a close-up in Fig. 11 show that the FFD
results converge asymptotically to the DDM results as A8/6 becomes increasingly small. In this
particular case, the FFD results are already converged for A9/6=10"".

6.2. Cyclic load case

In the first load cycle, the two applied forces F' simultaneously increase from zero to 3500 kN, then
decrease back to zero. In the second load cycle, the forces F' increase from zero to 4000 kN and then
revert back to zero. In the third load cycle, the forces F increase from zero to 4250 kN and then are
reduced back to zero. Finally, the forces F increase from zero until collapse (as defined above) is
reached. The computed load-deflection curve obtained for the cyclic load case is given in Fig. 12.
Collapse is reached under the load /= 4360 kN with a mid-span deflection of 464 mm, when the
ultimate slip (§ mm) in the shear connection is attained for the first time (at 18.75 m from the
moment-free end of the beam).

The collapse point nearly coincides with that of the monotonic load case, since the structure unloads

5000 7
4000 -
g 3000 -
N’
R~ 2000 -

1000 -

0 . . | . .
0 100 200 300 400 500
v (mm)

Fig. 12 Computed load-deflection curve for cyclic load case
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Fig. 14 Sensitivities of mid-span deflection, v, to E, and H, (cyclic load case)

and reloads elastically without hysteresis, and once back on the monotonic envelope, it behaves as if it
had never unloaded before. This is a consequence of the material models used in this study (no damage
models have been included in the material constitutive laws) and of the loading history without load
reversals (the materials unload partially along linear paths without reaching the loading branches in the
reversal direction and reload along the same linear paths). The cyclic loading behavior analyzed herein
is not of the most general form. Examples of more complex cyclic behavior (with load reversals) are
given in (Zona et al. 2004, 2005).

The sensitivity of the mid-span deflection, v, to the yield stress of the steel beam material (0= f)) is
shown as a function of the mid-span deflection itself in Fig. 13. It is observed that the response
sensitivity along the unloading and reloading paths is significantly higher than that along the loading
path. The sensitivities of the mid-span deflection, v, to the modulus of elasticity (6= E;) and kinematic
hardening modulus (6= H,) of the steel beam material are plotted in Fig. 14; the sensitivity to the shear
connection strength (6=f,,..) is plotted in Fig. 15; the sensitivity to the yield stress of the steel
reinforcements (6=1,,,) is shown in Fig. 16, while the sensitivities to the concrete modulus of
elasticity (6= E.) and to the modulus of elasticity of the steel reinforcements (6= E, ;) are plotted in
Fig. 17; finally the sensitivity to the concrete compressive strength (8=/£.) and the sensitivity to the
kinematic hardening modulus of the steel reinforcements (8= H, ;) are shown in Fig. 18 and Fig. 19,
respectively.



Finite element response sensitivity analysis of continuous steel-concrete composite girders 197

v (mm)
0 100 200 300 400 500
0.0 . , .

-0.1

-0.2
dvo |
5 -0.3

-0.4 1

0

fomax

-0.5 1

-0.6 -
Fig. 15 Sensitivity of mid-span deflection, v, to ;... (cyclic load case)

v (mm)

0 100 200 300 400 500

0.0 : ! : ! !

-0.1
-0.2 1
-0.3 1
9_29 047 0= fy,reb
dov 0.5 -
-0.6
-0.7 1
-0.8 1
-0.9 -

Fig. 16 Sensitivity of mid-span deflection, v, to £, ., (cyclic load case)

v (mm)
0 100 200 300 400 500
0.1
\9 = EO,reb
QQ 0.1 . e . -'."\ JUUSES)
dov e
o Y e
/ v
-0.2 1 | 0 =E.
-0.3 -

Fig. 17 Sensitivities of mid-span deflection, v, to £, and £, ,; (cyclic load case)

As in the monotonic load case, the sensitivities to parameters Eo, H, fonaxs fos Ees fyrebs Eorens AN Hy e
are significantly smaller than the sensitivity to f,. Moreover, it is observed that the sensitivities along
the unloading and reloading paths are systematically higher than the ones along the loading path if the
response sensitivity considered increases in magnitude along the loading path towards collapse (e.g.,
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Fig. 20 Sensitivity of mid-span deflection, v, to £, using DDM and FFD (cyclic load case)

case of f;,... /. and of first unloading-reloading cycle for E,). The opposite behavior appears if the
response sensitivity decreases in magnitude along the loading path (e.g., case of £, and of the second
and third cycles for E,).
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Fig. 22 Comparison of monotonic and cyclic response sensitivities to f,

Validation through FFD analysis of the sensitivity results obtained using the DDM is shown below in
Figs. 20 and 21 for sensitivity parameter 6= f,. Three levels of perturbation of material parameter f,
have been considered, namely A9/6= 107, 10, 10™". Fig. 20 and a close-up in Fig. 21 show that the
FFD results converge asymptotically to the DDM results as 48/& becomes increasingly small. As in the
monotonic load case, the FFD results are already converged for A0/6= 107,

The continuous beam considered has a very similar response behavior under the monotonic and
cyclic load cases, except for the unloading and reloading paths. During loading, the load-deflection
curves are practically the same, due to the material models selected and the loading protocol. For the
same reasons, the sensitivities of the mid-span deflection to the nine material parameters considered herein
are practically the same for the monotonic and cyclic load cases, as shown in Fig. 22 for example.

7. Conclusions

This paper deals with materially-nonlinear-only analytical response sensitivity analysis, using displacement-
based finite elements, of composite beams with deformable shear connection under quasi-static monotonic
and cyclic load conditions. Computing analytical finite element response sensitivities has two main
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advantages: (i) computational efficiency as compared to finite difference methods for estimating
sensitivities, especially in the presence of a large number of sensitivity parameters as in finite element
reliability analysis, and (ii) circumventing the step size dilemma.

A two-span continuous composite beam is considered as an application example representative of a
structural system commonly used in bridge construction. This example presents the main difficulties
typically encountered in nonlinear analysis of composite structures, e.g., cracking of concrete in traction and
softening under compression, wide spread yielding in the steel beam and in the slab steel
reinforcements, high gradients of deformation and force along the shear connection. Results of sensitivity
analysis, performed following the Direct Differentiation Method (DDM) and validated by means of
Forward Finite Difference (FFD) analysis, are shown to gain insight into the effect and relative importance of
the various material parameters. The computed sensitivities confirm the general intuition that the most
important material parameters for serviceability (deflection-controlled) limit-states are stiffness related,
while strength related parameters become predominant for collapse limit-states. Not only can response
sensitivity analysis confirm or disaffirm engineering intuition about the relative importance of various
material parameters, but also quantify these sensitivities in the various phases of loading/unloading/
reloading at moderate extra computational cost. In the application example considered in this study, the
inelastic global response of the structure near collapse is most sensitive to the yield stress of the steel
beam and then to the shear connection strength. The results presented here can be generalized in the
future to steel-concrete composite structures of various overall geometric configurations and member
cross-section properties, and to different material propetties and shear connector distributions.

Future applications may involve the use of response sensitivity analysis of steel-concrete composite
structures for solving gradient-based optimization problems such as those encountered in structural
optimization (e.g., optimum design of shear connectors), structural reliability analysis (e.g., evaluation
of safety improvement in support of retrofit design), structural identification (e.g., nonlinear finite
element model updating).
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