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Abstract

This work presents a second-order inelastic analysis of steel arches. The analysis of shallow and non-shallow
arches with several cross sections and boundary and loads conditions are discussed. The computational
platform used is the homemade CS-ASA, which performs advanced nonlinear static and dynamic analysis of
structures. The nonlinear geometric effects are considered using a co-rotational finite element formulation;
the material inelasticity is simulated by coupling the Refined Plastic Hinge Method (RPHM) with the Strain
Compatibility Method (SCM), and the static nonlinear solution is based on an incremental-iterative strategy
including continuation techniques. In the simulated nonlinear steel arch models, special attention is given to
the equilibrium paths, the influence of rise-to-span ratio, support and loading conditions and full yield curves
among other factors. The numerical results obtained show good agreement with those from literature and
highlight that the arch rise-to-span ratio has great influence on the structure resistance and that the shallow
arches can lose stability through the snap-through phenomenon.
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1 INTRODUCTION

The function of a structure can be interpreted as its capacity to receive loads, transmit them to the supports and
then to the ground, constituting a stable set. Thus, the structure is understood as a system that receives external
requests, absorbs them internally, and transmits them to the supports, finding the equilibrium (Sussekind, 1981; Nunes,
2009). In some structures, the use of curvature in elements introduces strength gains when compared to straight
elements. Arches are structures that combine the resistance gain to the predominance of compressive forces and
bending moments, becoming particularly advantageous structures from an engineering standpoint because they can
overcome large spans without obstructing spaces with structural elements such as columns, for example, using lighter
materials and new construction techniques (Turner, 1996).

Even with several structural and architectural advantages, the arches can exhibit strongly nonlinear behaviour.
Among the sources of nonlinearity, there are some that should be highlighted: the geometric nonlinearity (large
displacements and rotations, initial imperfection, eccentricity), the material nonlinearity (inelastic and elastoplastic
behaviour, hardening) and boundary conditions (semi-rigid connection, asymmetric supports). Therefore, it is important
that numerical formulations used in the modelling of arched structures consider these nonlinear effects. For this, the
Advanced Structural Analysis, defined as the structural analysis that includes several nonlinear effects, comprising mainly
geometric and material nonlinearities is used.

Most design codes used nowadays by engineers do not present specific methods for the arch design or, in many
cases, use the equivalent of the classical buckling theory (linear beam-column interaction); this does not consider the
pre-buckling effects. However, the arches, especially the shallow ones, are structures that exhibit strongly nonlinear
behaviour. Thus, the pre-buckling deformations are important and must be considered in the formulations to assertively
predict the structural behaviour (Pi and Trahair, 1999; Pi et al., 2002).

The elastic stability of arches has been extensively studied by several authors who used different geometric
characteristics, loading and support conditions in their analyses. Pi et al. (2002) performed the nonlinear elastic analysis
of circular shallow arches under uniform radial loading. Similar analyses were performed with parabolic arches
(Bradford et al., 2015; Moon et al., 2007), crown-pinned arches (Pi and Bradford, 2015), arches with asymmetric support
conditions, one pinned and the other fixed (Pi and Bradford, 2012a, 2013a), arches under concentrated loads
(Bradford et al., 2002; Xu et al., 2014; Pi et al., 2016), vertical distributed loads (Bradford et al., 2015; Guo et al., 2016b),
among many other features. In all cases, the geometric nonlinearity (GNL) was considered, and the results obtained
through the analytical methods were compared to experimental or numerical analyses based on the Finite Element
Method (FEM). In these works, the focus was to develop a specific formulation for the study of arches and obtain their
equilibrium path.

Moreover, in the scope of elastic analysis of arches, the effects of GNL and initial imperfection have been extensively
studied by several authors. Pi and Bradford (2014) verified the effects of GNL on the elastic analysis of crown-pinned
steel arches under uniform radial load and developed an analytical solution based on the stationary potential energy
principle to determine the equilibrium equations of the structural system. These authors verified that GNL significantly
influences the arch behaviour and buckling. Additionally, in their nonlinear elastic analyses, they concluded that the
effect of the bending moment on the crown-pinned arches under radial load reduced the load reserve from serviceability
limit state.

Following their study mentioned in the previous paragraph, Bradford and Pi (2015) verified the effect of GNL in the
elastic analysis of crown-pinned CFST (concrete-filled steel tubular) arches under concentrated load applied at the crown.
Once again, they found that the inclusion of GNL in the analysis resulted in significant increases in axial forces and bending
moments in the node at the crown of the arch.

Zhou et al. (2015) presented an analytical method for the evaluation of shallow arches’ elastic stability with
asymmetric initial geometric imperfections. These authors verified the strong influence of the initial imperfection in the
analyses performed.

Oliveira and Silva (2017) studied shallow and non-shallow arches under various boundary and loading conditions.
A unified beam element that encompasses the Euler-Bernoulli and Thimoshenko theories allied with corrotational
formulation was used in the modelling of arches. The equilibrium paths were obtained with the aid of the arch-length
method through which it was found that the element used had the capacity to represent structures subject to large
displacements and rotations.

In the context of the inelastic analysis of arches, Pi and Trahair (1996a) performed analysis using a computer
program based on the FEM developed by the authors in 1994 (Pi and Trahair, 1994a, 1994b). Through this program, these
researchers studied the inelastic buckling and critical load of circular steel arches with I-section, considering the effects
of curvature, large deformations, initial geometric imperfection and residual stress of the arches. Several symmetric and
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asymmetric loading conditions were applied: the radial load, the uniform distributed load and the concentrate load. They
gave attention to the influence of the rise-to-span ratio of arches f/L (where f is the rise and L the span of the arch), and
of residual stresses in obtaining the internal compression forces and bending moments.

Still considering the inelastic effects, Pi and Trahair (1999) studied the buckling of steel arches in uniform
compression and developed interaction equations for the design of these structures, arriving at analytical solutions for
the buckling loads of shallow and non-shallow arches for this loading condition. Additionally, they obtained a modified
interaction equation that provides the lower limits of shallow and non-shallow arches’ resistance submitted to bending
moments and axial compression force considering non-uniform distributions of bending moment and axial compression
force along the arch and considering redistribution of the bending moment after the plastic hinge formation. The results
obtained by Pi and Trahair (1996a, 1999) were used in the validation of the numerical analyses performed in this work.

Using the upper-bound theorem, lower-bound theorem and kinematic admissibility rules of plastic theory,
Spoorenberg et al. (2012a) developed analytical solutions to obtain the critical load of circular steel arches subjected to
vertical loading. As their analyses were based on first-order plastic theory, the nonlinear geometric effects of the
structure were not investigated.

To validate their studies, Spoorenberg et al. (2012a) used examples of shallow and non-shallow arches and fixed
and pinned arches under two loading conditions: vertical concentrated loading at the top of the arch and vertical
distributed load along the entire horizontal projection of the arch. Previously, the studied arches were compared with
models constructed with FEM through the software ANSYS (2008). In addition to obtaining equations that represent the
behaviour of the arch, these researchers also developed a graphical method to obtain the plastic collapse load using
these equations. Some inelastic analyses proposed by these authors were used in this work.

Dimopoulos and Gantes (2008) studied the inelastic behaviour of circular pinned and fixed arches under vertical
loading distributed along the horizontal projection of the structure. Arches with hollow circular cross sections were
considered according to the provisions of EN 1993-1-2 (2005), and it was also considered that the arches were under the
combined effects of compression forces and bending moments. The insertion of modification factors in the EN 1993-1-2
(2005) interaction equations was proposed so that they fit the structural design of the arches in order to obtain good
results for the lower limit of their resistance. The computational program used by the authors for numerical analysis was
ADINA (2005), which uses the displacement-control method in combination with the full Newton-Raphson procedure to
solve the nonlinear system of equations. In the same article, the authors verified that only the linear beam-column
interaction equation proposed by EN 1993-1-2 (2005) was not really sufficient for the safe design of circular arches and
that it was difficult to find modification factors for the EN 1993-1-2 (2005) equation that would reflect, generically, the
behaviour of most of these structures (especially very shallow arches).

Finally, other works that bring the first- or second-order inelastic analyses of arches are highlighted: steel arches
with asymmetric concentrated loads (Trahair et al., 1997); steel arches under uniformly distributed asymmetric loads
(Pi et al., 2008b); fixed steel arches (Pi and Bradford, 2004; Guo et al., 2015); reinforced concrete arches and composite
steel-concrete arches (Heidarpour et al., 2010a; Pi et al., 2012; Hamed et al., 2015).

The present work is included in the context of the second-order inelastic analysis (SOIA) of steel arches. Several
structural systems are studied from very shallow arches to very non-shallow (deep) arches with I-sections. The boundary
conditions considered are pinned or fixed and the loading conditions comprise the symmetric concentrated loads (mainly
on top of the arch), asymmetric concentrated loads (loads applied to 1/4 of the horizontal projection of the arch),
symmetric vertical distributed loads (load applied throughout the horizontal projection of the arch), asymmetric vertical
distributed loads (applied in part of the horizontal projection of the arch) as well as radial loads. The arches’ SOIA were
made by the homemade computational tool CS-ASA (Computational System for Advanced Structural Analysis; Silva, 2009;
Lemes, 2018), which performs advanced nonlinear static and dynamic analysis of steel, reinforced concrete and
composite structures. A co-rotational formulation (CR) was adopted to introduce the nonlinear geometric effects.
The material inelastic behaviour was simulated by coupling the Refined Plastic Hinge Method (RPHM) with the Strain
Compatibility Method (RPHM/SCM), and the static nonlinear solution was based on an incremental-iterative strategy
(modified Newton-Raphson method and continuation techniques).

As a differential and good products of the whole homemade computational framework developed and used are: a
complete sectional analysis, i.e., the knowledge of any type of arch cross-section bearing capacity (interaction diagrams);
and a complete SOIA of steel arches, i.e., the obtaining of the displacements and internal forces variation with the loading
increase (the entire nonlinear equilibrium path passing through critical points — limits and bifurcation points). Therefore,
a complete numerical assessment of some steel arches is proposed, for which experimental and other computational
responses are available in the literature.
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The next section presents the SOIA formulation considered, detailing the nonlinear finite element employed and
the nonlinear solution strategy adopted. Section 3 presents the nonlinear steel arches’ modelling. Finally, in Section 4,
some important conclusions are established regarding the examples studied.

2 NUMERICAL FORMULATION

This section presents the numerical formulations and procedures developed and implemented in the CS-ASA that
allow the advanced nonlinear analysis of structures: the nonlinear geometric formulation adopted which follows a CR
formulation; the inelastic formulation implemented which couples the RPHM to the SCM; and the nonlinear solution
strategy considered.

2.1 Co-rotational formulation (CR)

In case of relevant changes in the geometry of the structure throughout the loading process, it becomes important
to consider the second-order effects. For this, in this study, the Co-rotational Referential (CR) is adapted to the Updated
Lagrangian Reference (ULR) which allows the explicit separation between rigid body movements and deformational
movements of the structure, considering only the second one in the calculation of the internal forces. This CR/ULR
combination was implemented in CS-ASA by Silva (2016) using the formulations proposed by Battini (2002) and
Tang et al. (2015) based on the Euler-Bernoulli theory and follows the assumptions below:

o The finite element used in the modelling is straight and prismatic;

e The cross section of the arch is compact and remains plane after deformation;
e  The problem is considered two-dimensional (system locked out of plane);

e  The shear strains effects are ignored; and

e large displacements and rigid body rotations are allowed.

2.1.1 Global (ug) and local (u;) nodal displacement vectors

Figure 1 shows the movement of the element and the nomenclature adopted for displacements and nodal rotations
in the global coordinate system. According to Chhang et al. (2017), the rigid body motion is described by the global nodal
displacements of translation and rotation (uj, Vig, and a — o, respectively). The local coordinates system (x’, y’) is always
situated on the initial node of the element and describes the deformational motions of the structure.

y

Figure 1 Displacements in global coordinate system.

The global nodal displacement vector is defined by the following:

u, =|u, v, 0, u, v, 0 (1)
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where u represents the horizontal translation, v the vertical translation and 6 the rotation of nodes i and j. The local
vector of natural nodal displacements is defined by the following:

0] @)

where §, 8;and 6; can be obtained geometrically through Figure 1:

6=L-1I :\/(xOJrujg—uig)2+(y0+ng—vig)2 _\/(xj_””i)Q_(yj_yi)Q (3)

Yy + 0. — 0.
6, =0, —a, =0, —tan" D (4)
x +ujg - U,

0 —q =0 —tanl|2 i
Gj —ng 0, —9].9 tan (5)

T, + Uy = Uy
with L being the updated length of the element, L; is the initial length of the element, xo and yo are, respectively, the
horizontal and vertical projections of the element in the global axes.

From the differentiation of Equations (3) to (5) in relation to degrees of freedom, local virtual displacements are
obtained as a function of global virtual displacements, which in compact form correspond to the following:

Au, = BAug (6)

With Au; e Aug respectively being the incremental displacement vectors in the local and global systems. Matrix B is a
displacement transformation matrix between the global and local systems.

2.1.2 Global (Kg) and local (Ki) stiffness matrices

The relation between global force vector f; and local force vector f, obtained through the Virtual Work Principle
(VWP) is given by the following:

£, = B'f, (7)

Differentiating the previous equation in relation to displacement vector Aug, the tangent global stiffness matrix Ky,
is obtained (Chhang et al., 2017; Silva, 2016):

K, _AL BTK,B+£N+l(rzT +er)(M. +M,)
Au — L I? ' J

: K ®)

ngo

in which K; is the stiffness matrix of the element in the co-rotational local system, N, M; and M are the internal forces
associated with the local degrees of freedom, and the vectors r and z are defined as follows (Silva, 2016):

T
r:[—cosa —sena. 0 cosa  seno 0] (9)

T
z:[sena —coso. 0 -seno cosa 0] (10)
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The first term of Equation (8) represents the elastic stiffness matrix (K.) and the second term represents the
geometric stiffness matrix (Kgeo) in which second-order effects are considered. At each load increment, the internal forces
of the element, the stiffness matrix and the transformation matrix B are updated.

To avoid spurious stiffness increases in nonlinear geometric analysis, Tang et al. (2015) proposed the use of force
equilibrium equations to derive the displacement function and obtain the interpolation functions.

Considering the loads to be conservative and applied at nodal points, the potential energy I1 of the system is
written using the principle of stationary potential energy as follows:

oU
o fl]A“z =0 (11)

Ou,

All =

where we conclude that the first derivative of the deformation energy U in relation to the local displacements vector u;
results in the internal forces vector:

_ov

= o (12)

f;

The second derivative of the deformation energy U in relation to the local displacements vector u; gives the tangent
local stiffness matrix K;:

2 of
K, — v _ oh (13)
aulQ 8ul

2.2 Inelastic formulation: coupling RPHM/SCM

The objective of the RPHM is to capture the advance of the plastification, specifically at the nodal points of the finite
elements from the yield beginning until total plastification of the cross section with the formation of the plastic hinge.
For this purpose, the formulation adopted is based on the Lemes (2018) proposal, where it is considered that the
development of plasticity at the nodal points of the structural members is captured by generalised stiffness calculated
through the SCM used to follow the degradation of the stiffness of the cross section at the nodal points of the element.

The finite element used in arch modelling is the beam-column element delimited by nodal points i and j as shown
in Figure 2 in the local co-rotational system. In this local reference system, the force-displacement relation (Equation 13)
of the element can be rewritten as follows:

AN ky ko k|| Ad
AM, + = ky Ky Ky [1A0, o Af = K/Au, (14)
AM ; kg ks kg A@i Compact form

Incremental form

where AN, AM; and AM, are increments of normal force and bending moments, and AS, AB8; and AB; are increments of
axial displacement and rotations, respectively. According to the inelastic formulation adopted, the terms of stiffness
present in the matrix K; are calculated through the SCM considering the tangent to moment-curvature relationship
(M x @). Initially, the stiffness parameters are calculated on both nodes i and j of the element, and subsequently a linear
variation of these parameters is established along the length of the element (Ziemian and McGuire, 2002):

El(z) = \[1—%]%72, +%EITJ. (15)
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in which L is the length of the element, and EITJ. and EIT,], are the generalised bending stiffness parameters
(Section 2.2.3).

8, M; 8, M,
N
g,l J'./ 5,N
~ L ~

Figure 2 Finite element in the co-rotational system.

The second derivative of the Hermite interpolation functions arrives at the reduced stiffness matrix k* with terms
associated only to bending (McGuire et al., 2014):

L
k' = [N"BL, (z)Ndz (16)
0
with,
N=|N, =22-2) N =212 (17)
" L il L

where N; and N; are interpolation functions related to degrees of freedom of rotation. Using Equations (15) and (17) in
(16), and performing the integration, we arrive at the following:

8Bl + Bl Bl + Bl

EIT,z‘ + EIT’]. E‘[T,j, + 3EIT.’]V

L L

Finally, considering that the axial stiffness in the element is given by the average of the stiffness at nodal points, the
coefficients of the stiffness matrix of the element K; (Equation 14) are defined:

L (gay - BAri T BA L _[BL) _ 3Ly + Bl

w = () == b e
* * (19)

. _|BL) _ Bl + Bl (EL)  El, +3EIL,

k23_k32_7 _f7 33—7 _—L

where EAr7;, EAtj, Elriand Elr;j are the generalised stiffness parameters (Section 2.2.3).

2.2.1 Strain compatibility method

When a structural element is subjected to external loading, it deforms, generating internal forces that balance the
system. At the cross-sectional level, this deformation is contemplated in the SCM, which is a technique based on the
Euler-Bernoulli theory for the evaluation of compact cross sections (AISC, 2016). The SCM allows the generalised use of
constitutive models once the deformed cross section is known.

It is assumed that the strain field is continuous and that the section remains plane after deformation as shown in
Figure 3.

At first, the discretisation of the fiber cross section (exemplified in Figure 3) is performed.
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The purpose of the discretisation is to capture the axial deformation, g, in the plastic centroid (PC) of each fiber and,
through the constitutive relationship of materials, obtain the respective stresses and the tangent modulus of elasticity in
each one. After the section discretisation, it is possible to conduct a nonlinear analysis of the cross section deformed
condition and obtain the section-resistant capacity and stiffness parameters. The following sections present the
constitutive relationship adopted, the moment-curvature relationship and the calculation of generalised stiffness
parameters.

Initial Deformed
Shape Shape

Figure 3 Strain field for a plane problem (Lemes, 2018).

2.2.2 Steel constitutive relationship at room temperature

In this work, at room temperature, the steel trilinear constitutive model was adopted, whose section relative to the
first quadrant is shown in Figure 4, and can be defined through the following equations (Lemes et al., 2017; Lemes, 2018):

—f +Ea3(8+82), se —g, >&> ¢,

-, —I-Ea2(s+8y), s — € >€> €

oc=1FEg¢, se —g, <e<g, (20)
fy—l—EGZ(s—sy), se sy§8§82

fz—l—Eag(s—SQ), se g, <&<§g,

where fy, f>, fu, €, €2 and g, are the stresses and strains that delimit the linear stretches of the constitutive relationship,
and the parameters E,, Eqy, and Eq3 are the modulus of elasticity corresponding to each stretch. The value of g, is
determined by the relation between f, / E, and the value of €, corresponds to 10g,.

o
fu
fZ 1 Eaf:’
E
fy 1 a?
Eq
1
g, & & E

Figure 4 Steel sections constitutive relationship: trilinear model (Lemes, 2018).

The residual stresses are applied directly on the profile and follow the EN 1993-1-2 (2005) model for I-sections,
based on the ECCS (1983) proposal.

2.2.3 Moment-curvature relationship and generalised stiffnesses

The moment-curvature relationship (M x @) can be used to represent the behaviour of the cross section for a given
axial force and allows the definition the region (elastic, elastoplastic, plastic) in which the section is found for different
bending moments.
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The Newton-Raphson method is used to obtain this relation. The incremental strategy used relates the moment as
a function of curvature (Zubydan, 2013):

M, =M, +®EI (21)

in which j refers to the previous increment and j+1 refers to the current increment; @ is a constant increment value for
curvature and E/ is the flexural stiffness of the cross section.

To satisfactorily describe the deformed cross section, section discretisation is performed as mentioned in
Section 2.2.1. In order to capture the axial strains € in the plastic neutral axis (PNA) of each fiber, two variables are
necessary: the fibers’ area and their respective position in relation to the PNA section as in this way, both for the Newton-Raphson
method and quasi-Newton methods, convergence problems are minimised (Caldas, 2004; Chen et al., 2001; Sfakianakis,
2002).

Figure 3 shows the deformed configuration of the I-section for a combination of axial forces and bending moment.
From this, the axial strain in the i-th fiber €; is given by the following:

g, =g + Py +e, (22)

where g is the axial strain at the section PNA, @ is the curvature, y;is the distance between the PNA of the analysed fiber
and the PNA of the cross section, and &, is the residual strain at the i-th fiber.
In matrix form, with €0 and @ being positions of the strain vector X, it is the following:

@f (23)

—f 0 (24)

where the external forces vector is given by

N
fezt = 1M} (25)

where N is the axial force and M is the bending moment.
The internal forces vector is given by classical integrals for axial force and bending moment, that is

N, = fc[a(so,cb)]dA
_ A
M, = [ oe(e,0)]wdd 26)
A

in which Nj,: corresponds to the axial force and M, corresponds to the bending moment.

Using the Taylor series expansion and assuming there is equilibrium at the point X + 6X = F (X + 6X) = 0, knowing
that 6X = X¥*1 - Xk, and isolating the portion X*1, which is the deformed configuration of the cross section in the iteration
k + 1 we have the following:

Xk+ = Xk +[F'(X’“)}71F(X’C) (27)
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where F’ is the cross section constitutive matrix (or Jacobian matrix) of the nonlinear problem (Equation 24). This matrix
is defined as follows:

f . aNint f _ a‘Nvim:
po| 9F|_ oo, P 00 28
B 0X B f _ 8‘]wint f _ aMint ()
whose terms are
iy " jip
hy = fETdA :ZET’ZAi; fy = fET?/dA :ZET,iyiAi
A Z:nl A Z:nl (29)
fib L

by = fET?JdA :EETJ:%A;‘; by = fETQQdA :ZET,Z':UZ‘QAZ'
) P f i—1

where Eris the result of the derivative of stress o in relation to strain €.

At each increment of the deformation vector X, it is verified if the equilibrium of forces in the cross section
(Equation 24) was reached using a convergence criterion.

Figure 5(a) provides the incremental-iterative process to be solved at the cross-sectional level.

During the cross-section analysis, the PNA is initially fixed. As the internal forces are modified, the section deforms,
presents increasing axial strains and the PNA can change position as the section begins to plasticise. The flexural stiffness
tangent to the curve M x ® can be obtained from the updated position of the PNA.

On reaching the deformed configuration of the cross-section compatible with the pair N and M, i.e., when the
convergence of the incremental-iterative process is obtained as described above and represented graphically in
Figure 5(b), the components of the constitutive matrix F' should be used to obtain the axial generalised stiffness (EA7)
and the flexural generalised stiffness (El7) (Chiorean, 2013; Lemes, 2018). Their expressions are given by the following:

fatn habn
EAp = fy — ; Blp = Jp - (30)
22 fll
M M
k+2
Fk+1 _ F‘O/ F=0 /
, ~F
Mext j ; s Mext 71 A
P A7
F|k+1
p k#
e for | g,
]k - fi: -
k+1
f'nt f'nt
F Fk
1 4| / Al N 1
k k+1  k+2
o O o @ o
(a) Iterative process (b) Constitutive matrix in equilibrium point

Figure 5. M x @ relationship for the calculation of generalised stiffness.
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2.2.4 Full yield curve (NM curve)

The numerical procedure previously described can be used in the assembly of the NM curve. This curve is composed
of a set of ordered pairs, in which for each axial force N, there is a maximum bending moment M of the corresponding
moment-curvature relationship.

Therefore, for a given N acting on the cross section, increments are given at the bending moment M until the
ultimate bending moment is reached when the constitutive matrix (F’) determinant is equal to zero, indicating a
horizontal tangent to the moment-curvature curve (M x @). This procedure is repeated for several values of N, arriving
at several pairs of points NM that allow the definition with certain precision of the interaction NM curve.

The plastification start curve can also be defined through this numerical strategy. When the first section fiber
exhibits axial strain € greater than the steel yield strain beginning, the fiber in question starts the degradation process
and consequently the section begins to lose resistance. At that moment, the moment-curvature relation begins to
present nonlinear behaviour. The bending moment responsible for this fact is taken as the bending moment plastification
starts.

2.3 Nonlinear static problem solution

In the nonlinear structural analysis, it is necessary that the stiffness matrix be constantly updated searching for an
equilibrium state, considering the geometric and material nonlinearities of the problem. In order to perform this stiffness
matrix update, it is necessary to use an incremental-iterative strategy in which two steps are identified in the nonlinear
solution process for each load step.

The first one called the predicted step involves obtaining the incremental displacements from a given loading
increment. In this step, the initial increment of the load parameter is determined by the Generalised Displacement
Method (GDM; Yang and Kuo, 1994), and at the end of this step, the load parameter and the total nodal displacement
vector are updated. In general, these vectors do not correspond to an equilibrium point of the structural system, and it
is necessary to adjust them through corrections, which characterises the second stage of the solution of the nonlinear
problem.

In the second stage called corrective step, the evaluation of internal forces occurs through Newton-Raphson's
method (Silva, 2009). The iteration strategy idealised by this method is repeated until the residual forces vector is equal
to zero, which indicates that the equilibrium of the system has been reached. In order to draw the entire equilibrium
path beyond the structure critical points, it is necessary to allow the variation of the load parameter during the iterative
cycle. In this work, the strategy based on the minimum residual displacement norm proposed by Chan (1988) is used to
correct this load parameter.

After obtaining the corrective solution, the incremental and total variables are updated. The internal forces vector
is then compared to the external forces vector, and the equilibrium is checked (residual forces vector). If the structure is
in equilibrium, a new increase of the external load is made; if not, the corrective process is repeated until equilibrium is
reached.

3 NUMERICAL ANALYSIS

In this section, the SOIA of steel arches are performed via CS-ASA (Computational System for Advanced Structural
Analysis; Silva, 2009) using the numerical formulation presented in Section 2 and the results obtained are compared to
the analytical and numerical solutions found in the literature. The MASTAN2 software (McGuire et al., 2014;
www.mastan2.com) is also used to validate the numerical results obtained here through CS-ASA.

In all numerical simulations, the nonlinear problem solution is obtained through an incremental-iterative strategy.
The convergence criterion is based on unbalanced forces, the tolerance adopted is 10 and the maximum iteration
number is equal to 20.

3.1 Arches with | HEB-300 section

Figure 6 and Table 1 show, respectively, the geometric and material parameters of the shallow and non-shallow
steel arches with | HEB-300 section (compact section, with A = 10.71 < Ap = 11.09 - NBR 8800, 2008) analysed in this
section. The behaviour of the steel follows the trilinear constitutive model (Section 2.2.2). For the creation of different
numerical models, the internal angle of the arch (20) was changed according to the rise-to-span ratio of this (f/L) and
the arch length (S) was kept constant.
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Figure 6 Shallow and non-shallow arches.

The analyses are divided in five parts: study of the discretisation mesh (arch and cross section), equilibrium path,
critical load, full yield curve and boundary conditions influence. The results obtained here are compared to those of
Spoorenberg et al. (2012a) who used the software ANSYS (2008) and conducted first-order inelastic analyses.
The residual stress model used in both numerical approaches is described in EN 1993-1-2 (2005).

Table 1 Steel properties.

Steel Properties

| HEB-300 section Modulus of Elasticity (E) 200 GPa
Yield Stress (fy) 235 MPa

3.1.1 Mesh study

Spoorenberg et al. (2012a) adopted 4 different meshes in their analyses (Table 2) to study the behaviour of a pinned
arch with internal angle 20 = 180° (very non-shallow) and length S = 12m subjected to a concentrated load at the top.
Through this table, it is evident that as the number of elements of the mesh increases, the critical load (Fpl) decreases.
These authors took as reference the value of Fpl = 608kN obtained with the Mesh 4 and verified that using Mesh 3 (mesh
adopted), it was possible to reach a satisfactory result for the arch critical load, with only 2.35 % of difference.

Table 2 Mesh study (arch and cross section): Spoorenberg et al. (2012a)

Discretisation

Mesh - Fpr (kN) Difference (%)*
Arch Cross section
1 24 6 685.55 12.8
2 48 12 633.75 4.24
3 96 24 622.20 2.35
4 192 48 608.00 -

! Reference value: Fpl = 608kN (Mesh 4)

In the present work, several sets of meshes were studied for discretisation of the arch and its cross section; the
results of five of them are presented in Table 3 and the same value of F, = 608kN is taken as reference. Note that the
mesh that provided the critical load F, closest to the literature is Mesh 4 (Figure 7) in which there is a difference of
only 0.2% with respect to the reference value. Spoorenberg et al. (2012a) required 96 elements (arch) and 24 divisions
(cross section) to get close to the reference value, whereas in this work only eight elements (arch) and 15 divisions (cross
section) were needed, highlighting the computational efficiency of the numerical formulation employed in this work.
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Table 3 Mesh study (arch and cross section): present work.

Discretisation

Mesh - Fpr (kN) Difference (%)*
Arch Cross section
1 4 9 576.986 -5.1
2 4 30 611.88 0.6
3 8 9 576.472 -5.2
4 8 15 609.166 0.2
5 8 30 614.002 1.0

2 Reference value: Fp = 608kN of Mesh 4 (Table 2; Spoorenberg et al., 2012a)

5 divisions
N 8 elements .

.~ 5 divisions

| 1
' '
— - ey

5 divisions
(a) Arch discretisation (b) Cross section discretisation

Figure 7 Mesh 4 of the Table 3.

The division of the cross section is very important in the calibration of the computational model as can also be seen
in Table 3 through the results presented for meshes 3, 4 and 5 which have the same discretisation for the arch and
different divisions for the cross section.

It should be noted that in the case of arches, the mesh might also depend on other factors such as loading
conditions, the rise-to-span ratio f/L, boundary conditions, geometric cross-sectional shape, etc. In Example 2
(Section 3.2), this subject is resumed, that is, the importance of the mesh (arch and cross section) in the problem
modelling via CS-ASA.

3.1.2. Equilibrium path

Spoorenberg et al. (2012a) obtained the equilibrium path of shallow and non-shallow steel arches, pinned and fixed
subjected to two loading conditions: vertical concentrated load on top of the arch and vertical uniformly distributed load
applied along the entire arch. As mentioned previously, their analyses did not consider the effects of the second order.

Figure 8(a) shows the equilibrium path for the pinned shallow arch with 20 = 20° and S = 12m taken from the
literature and obtained through CS-ASA and MASTAN2. The mesh used was the same as that observed in Figure 7. It was
observed that the nonlinear equilibrium paths obtained through CS-ASA and MASTAN2 presented greater agreement
once the nonlinear geometric effects were considered in both analyses, which does not happen in the numerical
modelling of Spoorenberg et al. (2012a).

Figure 8(b) shows the equilibrium path of the fixed non-shallow arch with 20 =120 °and S =12m. As in the previous
analysis, there is a greater approximation between the results extracted from CS-ASA and MASTAN2. It is noted that in
the centre of the arch where the section yielding occurs, the vertical displacement vc of Spoorenberg is more
pronounced than that obtained in the CS-ASA for the same load level. In both models, for the pinned shallow arch and
the fixed non-shallow arch, the stability lost per load limit point occurs.

3.1.3. Critical load

In this study, the objective is to evaluate the critical load for arches with length S = 12m and 20 varying from
10° to 180°, including shallow and non-shallow arches under concentrated vertical load and two boundary conditions
(pinned and fixed). In the case of pinned arches, the uniformly distributed vertical load was also considered.

Table 4 shows that the shallower the arch, the lower its critical load, but the relationship between the internal angle
20 and the critical inelastic load is not linear. For the loading and boundary conditions considered, as the internal angle
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increases, the critical load also increases but more slowly. As expected, for the same geometry, the fixed arch has the
critical inelastic load higher than that of the pinned arch.

1000 1000
goo -] — CS-ASA 900 |
200 ¢+ Spoorenberg et al. (2012)
00 ] @ MasTan2 _
Z 600 Z
& 500 =
B 400 b
= 300 =
200
100
0
0 20 40 60 80 100
Displacement v_( mm) Displacement v_( mm )
(a) Pinned shallow arch (b) Fixed non-shallow arch

Figure 8 Equilibrium path of steel arches.

3.1.4. Full yield curve

The full yield of the cross section of the arch is now evaluated through the axial force x bending moment interaction
(NM) curve, considering the bending around its major axis. The two arches analysed have length S = 12m, internal
angle 20 = 20 ° (shallow arches) and load concentrated at the top with the first one being pinned and the second one
being fixed. Figure 9 gives the full yield curve for the two systems, which is independent of the boundary conditions of
the structure. In that same figure, the variation of NM in Sections 1, 2, 3 and 4 can be evaluated (see detail in Figure).
Sections 1 and 2 are in the pinned arch, and Sections 3 and 4 are in the fixed arch. Note that in all these points, the total
yield of the cross section occurs. In this figure, there is no significant disparity between the axial compression forces and
bending moment acting on the predetermined sections.

Table 4 Plastic limit load to shallow and non-shallow arches

Characteristics of the Arches

20 (°) Concentrated load (kN) Distributed load (kN/m)
Pinned Fixed Add. load? Pinned
10 135 211 56 % 18
30 360 360 0% 60
60 498 513 3% 119
90 562 599 7% 154
120 597 646 8% 182
150 609 673 10 % 193
180 609 689 13 % 196

3 Increased resistant load of the fixed condition in relation to the pinned condition.
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Figure 9 Full yield curve of | HEB-300 section and variation of NM for selected arch sections.

3.1.5. Influence of boundary conditions

The boundary conditions are factors that influence the behaviour of the arches. Figure 10 shows the nonlinear
equilibrium paths that seek to highlight the influence of the boundary conditions on two sets of structures. The first set
deals with very shallow arches with S = 12m e 20 = 10°; the second set deals with very non-shallow arches S=12me
20 = 150°. As expected, the fixed arches have a limit load higher than the limit load of the pinned arches with a greater
influence on the very shallow arch (20 < 10°) — the limit load of the fixed arch (211kN) was about 56% larger than the
pinned one 136kN. In the case of other arch configurations (20> 10°), the resistance increase of the pinned arch to the
fixed arch is small, ranging from 3% to 13%.

800

700 — 20 = 150°, fixed

600 —
500 20 =150°, pin-ended
400 —

A4
200 m

200 —

Load P( kN )

20 =10°, fixed

100
20 =10°, pin-ended

0 20 40 60 80 100
Displacement v, ( mm)

0

Figure 10 Very shallow and very non-shallow arches with | HEB-300 section: influence of boundary conditions.

3.2. Arches with | 10UB29 section

This section is intended to verify the influence of the loading conditions and the rise-to-span ratio f/L on arches with
| 10UB29 section. It is an even more compact profile than the one presented in the previous example, with A = 6.14 <
Ap = 10.75 (NBR 8800, 2008) and, therefore, local buckling is not considered since it does not occur before the
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plastification of the cross section. These arches were initially studied by Pi and Trahair (1999), and their results are
presented in this example. The steel has modulus of elasticity £ = 200GPa and yield stress 6, = 250MPa. The behaviour
of the steel is described through the trilinear constitutive model (Section 2.2.2). The geometric characteristics of the arch
are shown in Figures 11 (a) and (b).

Numerical models are created from four geometric configurations which represent the very shallow arch (Arch 1)
from the very non-shallow arch (Arch 4) and are shown in Figure 11(c). The loading conditions are shown in Figure 12.

~S

=]

tw h=2613 mml
tw=7.7mm ‘
e~ b=151.0mm)|
! t,=12.3 mm

. — T f

b !

— -

(a) Geometric parameters (b) Cross section: | 10UB29 section
Arch 1 Arch 2 Arch 3 Arch 4
(very shallow arch) (shallow arch) (non-shallow arch) (very non-shallow arch)
f=0.164m f=0.273 m f=1105m f=3.243m
L=10.885m L=10.873m L=10.622 m L=7.730m
20= 6.9° 20=115° 20= 47 20 =160°

(c) Geometric configurations adopted

Figure 11 Arches with | 10UB29 section.

3.2.1. Mesh study

As in the previous example, the study of the mesh (arch and cross section) is very important as this type of structure
naturally, has a strong nonlinear behaviour.

After several attempts to determine the ideal mesh (number of finite elements for the arch and number of divisions
for the cross section) for each one of the four arches, considering each loading condition, it was concluded that
approximately 45 to 60 divisions were necessary for the cross section. Therefore, the following results were obtained
considering 60 divisions in the cross section, 20 being in each of the flanges and 20 in the web.

In the case of arch discretisation, Table 5 presents the number of elements required in each model studied to arrive
at assertive results. In general, less refinement is necessary in cases of arches having an intermediary f/L ratio — the
shallow and non-shallow arches (Arches 2 and 3). In relation to the loading conditions, it was observed that the
symmetrical loads also required a lower refinement than the asymmetrical ones, which accentuates the nonlinear
behaviour of the arches.
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In this section, the nonlinear equilibrium paths for the arches under loading conditions shown in Figure 12 are
displayed through Figures 13—17: concentrated load applied at the top of the arch (Figure 13); concentrated load applied
to 1/4 of the horizontal projection of the arch (Figure 14); vertical load distributed throughout the arch (Figure 15); partial
vertical load distributed in half of the arch (Figure 16); and radial load (Figure 17). In the representation of the structure
response, the vertical displacement, v, at the top of the arch or v, 4 at the 1/4 of the arch span is considered a reference
and dimensionless by the rise of the arch, f; the load, represented by Q or g, is parameterised through the second elastic
buckling load of a column with equivalent length S (about its major axis, Pi and Trahair, 1999).

Table 5 Number of elements used in the discretisation of the arches.

Arches
Loading condition Arch 1 Arch 2 Arch 3 Arch 4
(20=6.9°) (20 =11.5°) (20 =47°) (20 =160°)

Radial load 16 8 8 36
Concentrated load (L/2) 16 8 8 60
Concentrated load (L/4) 60 36 60 200
Distributed load (EA) 8 36 16 60
Distributed load (HA) 200 100 100 200

Note: EA = load in the entire arch; HA = load in a half of the arch
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Figure 14 Equilibrium path: arches under concentrated load at L/4.
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Figure 17 Equilibrium path: arches under radial load.

The results obtained via CS-ASA were compared to those of Pi and Trahair (1999) for the arches under concentrated
load and radial load. The MASTAN2 software was used in the study of all the models and contributes with two different
results, one adopting the tangent modulus of elasticity, E;, and the other adopting the modified tangent modulus of
elasticity, Exm. The last one incorporates in its expression the influence of the bending moment (Gongalves, 2013; Ziemian
and McGuire, 2002).

As evident from these figures, the results found via CS-ASA are close to those of the literature and MAS-TAN2 in
most cases. According to Pi and Trahair (1999), for concentrated loads and radial loads, the Arches 1 and 2 (very shallow
and shallow, respectively) generally lose stability by snap-through. The Arches 3 and 4 (non-shallow and very non-shallow,
respectively) usually lose stability by bifurcation.

3.2.3. Study of rise-to-span ratio and full yield curve

Keeping the arch length S = 10.89m constant and varying the value of the internal angle 20 from 5° to 220°, the
equilibrium paths shown in Figures 18 and 19 were obtained for 12 arches with different f/L values.
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Figure 18 Equilibrium path for different values of f/L.
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Figure 18(a) shows the nonlinear paths for the arches subjected to a concentrated load at the top of the arch
(symmetric case) and Figure 18(b) shows the results considering the load concentrated in L/4 (asymmetric case).
The rise-to-span ratio f/L exerts a great influence on the behaviour of the arches as can be seen in these figures.

For both loading cases, as the f/L value increases, that is, as the arch becomes less non-shallow, the critical load
becomes higher as already seen in the previous example. In the symmetric case (Fig. 18(a)), the resistance initially
increases rapidly at each f/L increase then increases more slowly until it stabilises between 0.3501 < f/L < 0.5, and the
sequence falls to values of f/L > 0.5. In the asymmetric case (Figure 18(b)), the resistance increases sharply for the first
three f/L ratios of the arch and then the increase becomes more constant for each increase of f/L.

To verify more clearly how these two load cases affect the arch behaviour for different f/L ratios, Figure 19 was
drawn. This figure shows the equilibrium paths of the structure with internal angle 20 ranging from 5° to 220°.

Note that for 20 = 5°, a higher limit load is reached for the asymmetric loading case; for 2@ = 20° the situation
reverses, i.e., the arch with symmetric loading case becomes stronger. This difference increases until 20 = 100°. From this
point, this difference decreases until 20 = 180°. For 20 = 200° and 20 = 220°, the arch under asymmetric loading case
has an upper limit load.

Therefore, for this study, in the asymmetric loading case, the very shallow (20 <20°) and the very non-shallow
(26> 200°) arches presented better structural performance. For values of 20 < 20 < 200°, the better structural
performance corresponds to the arches with symmetrical loading case.

3.3. Shed-type frame with steel arch

A complete structural system formed by five shed frames with steel arches is shown in Figure 20(a). A typical
standard frame of this system with the details from geometry, and dimensions of I-sections used in columns and arches
are presented in Figure 20(b) and 20(c), respectively. The steel used is the Q345B. The purlins (load entry points) are
located every meter and the loading condition is represented by nine loads concentrated in the arch spaced equally.
Table 6 shows the properties of the Q345B steel.

(a) Steel Structural system (b) Fixed shed-type frame
| t, COLUMNS  ARCH
.

h =600 mm h =200 mm
tw=125mm  ty=8 mm
i | T b =300 mm b =200 mm
b} t,=16 mm t,=12.5mm

———

(c) Columns and arch cross section

Figure 20 Steel Structural systems with shed-type frames.
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This section aims to discuss the realisation of the SOIA of this standard shed-type frame that has a steel arch as the
primary structural element. The model adopted for the residual stresses follows the one described in EN 1993-1-2 (2005)
(Section 2.2.2).

Figure 21 shows the equilibrium path and the evolution of the deformed shape of the frame whose arch has a
rise-to-span ration f/L = 0.05 (shallow arch). The results obtained using CS-ASA using a mesh with 10 and 16 finite
elements for the columns and the arch, respectively, are compared to those obtained through MASTAN2. There is
similarity between the equilibrium points reached with these two programs as well as the values of the limit loads
obtained: 53.2kN in the CS-ASA and 53.1kN in the MASTAN2.

Table 6 Steel properties.

Steel properties

Modulus of Elasticity (E) 220 GPa
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Yield stress (fy) 360.3 MPa
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Figure 21 Equilibrium path and deformed shape evolution to the fixed shed-type frame with steel arch.

Figure 22 shows the internal forces diagrams (axial force and bending moment) for the equilibrium configurations
in the sections A and B marked in the equilibrium path of the frame (Figure 21).
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Figure 22 Internal forces diagrams for the steel shed-type frame (A and B sections can be seen in Figure 21).
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Figure 23 provides the plastification index of the arch sections when the limit load is reached. The points located
where plastic hinges occurs are marked in red and the percentage of plastification in some sections is shown inside the
ellipses indicated in Figure. The first plastic hinges form at the arch-column connection, and in the sequence, the plastic
hinge formation occurs at the top of the arch as shown in Figure 22. The sections located on the columns did not degrade
because the stiffness of the column profile is much larger than the stiffness of the arch profile.
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Figure 23 Plastification index of selected steel arch sections.

4 FINAL REMARKS

The numerical formulations adopted in this paper allowed, with good precision, the analysis of the second-order
inelastic behaviour of arches ranging from very shallow to very non-shallow with different loading and boundary
conditions. The coupling of the RPHM, which considers the gradual cross-section plastification, to the Stain Compatibility
Method (SCM), which was used in the evaluation of the full yield curves and in obtaining generalised axial and flexural
stiffness, contributed to the success of the arches’ SOIA. The results obtained through the CS-ASA (Silva, 2009) presented
good agreement with those in the literature and with those of the MASTAN2 analyses (McGuire et al., 2014) using the
modified tangent modulus of elasticity, E:m. However, some specific comments deserve attention as follows:

Influence of the structure discretisation and cross section divisions:

In all the models analysed, the structure response was sensitive to the discretisation adopted primarily in relation
to the number of finite elements along the arch. In the comparison of arches with the same value of length S and different
values of internal angle 20, it was found that structures with the values of 20 very small (very shallow arches) or very
large (very non-shallow arches) required a better discretisation of the section transversal in relation to the others with
intermediary values of 20. Similarly, arches under asymmetric loading condition also demanded mesh refinement as this
loading accentuates their nonlinear behaviour. With respect to the number of divisions in the cross section, there was
great variation among the examples used. In some cases, a minimal reduction of the number of elements used in each
case implied numerical instabilities, preventing CS-ASA to map the post-critical equilibrium path of the structure. In the
future, an in-depth study can be performed by varying the incremental-iterative strategy in order to trace the complete
equilibrium path with the least number of cross section divisions as possible.

Influence of the loading conditions:

In the case of the vertical concentrated loads, the position of the load had significant influence on the resistance of
the arches with different rise-to-span ratio f/L. Therefore, a thorough study involving the positioning of the load specific
to each arch configuration is necessary in order to extract its best structural performance. It is a relevant analysis for the
arches used as main structural elements in bridges and roofs, with specific points of positioning of the concentrated
loads. In case of the vertical uniformly distributed loads applied, the arches studied in Sections 3.2 and 3.3 had more
uniform distribution of internal forces. Under radial loading, pinned arches were analysed (Section 3.2) and only
compression forces were observed.

Influence of the rise-to-span ratio (f/L):

The equilibrium paths obtained showed good agreement with the literature data or numerical analyses performed
via MASTAN2. In most of the cases studied, the loss of stability occurred through snap-through, a condition in which
dynamic jumps for other equilibrium configurations may occur from a small increase in load. However, in some cases of
very shallow arches, there also occurred stability loss by bifurcation. The rise-to-span ratio f/L of the arch showed great
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influence on the structure resistance. For an arch of the same length S, the greater the value of f/L, the more resistant
the arch. In addition to this typical behaviour of the arches, the position of the load applied also influences the relation
of f/L versus critical load as observed in Figure 18.
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